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PREFACE

This is the fifth edition of Pediatric Surgery, but the
first edition without the insights and efforts of either
Dr. Tom Holder or Dr. Keith Ashcraft. In 1980, these
two master surgeons had the foresight to develop a
reference text focusing on infants and children with
surgical conditions. The current editors would like
to dedicate this fifth edition to our founding editors,
Drs. Tom Holder and Keith Ashcraft.

Drs. Holder and Aschraft wanted to create a single-
volume pediatric surgical work that was broad in
scope and had some detail about each condition; how-
ever, they did not intend for this work to be encyclo-
pedic. As they stated in their first Preface, “An effort
has been made to provide sufficient information con-
cerning physiology, embryology, and anatomy so that
the reader may gain a thorough understanding of the
patient, the disease process, its symptoms, diagnosis,
and treatment. Authors were selected because they
are acknowledged authorities in the area of their con-
tribution.”

This concept of a single-volume text has persisted
over the subsequent editions. The current editors have
tried to maintain this book in the style originally con-
ceived by Drs. Holder and Ashcraft. Although most
of the chapters in this edition have the same title as
those in the first edition, the information and knowl-
edge in the field of pediatric surgery have dramatically
evolved. More than half the illustrations in this fifth
edition are new. Management of urologic conditions
remains an important part of this book because many
pediatric surgeons around the world also perform uro-
logic operations in children. An effort has been made
to use experts from all over the world to write the
chapters, as this book is read worldwide by surgeons,
pediatricians, residents, and medical students.

Many, if not most, operations are now performed
using a minimally invasive approach. Thus, operative
technique is emphasized more in this edition than in
previous ones. Prenatal diagnosis is an entity now com-
monly encountered by pediatric surgeons. In addition,
so much more about genetic predisposition to certain
conditions and cancers is known now versus 30 years
ago. Finally, in this fifth edition, a chapter on “Evi-
dence Based Medicine” has made its way into a pedi-
atric surgical textbook for the first time. As previously
emphasized, a concerted effort has been made to keep
this book to a single volume. However, as there is so
much more information that is important and known

about pediatric surgical conditions than was available
in 1980, we also need to allow for that growth. In an
effort to limit the book to a single volume, references
have been placed online on the associated Expert Con-
sult website (www.expertconsult.com), rather than
at the end of each chapter in the book itself. While
some readers do not look at the references, those who
do will find that they are easily accessible and linked
to PubMed for easy access to abstracts and full text.
By saving nearly 200 pages of text, we have helped
to maintain the cost of the book. Also, the amount
of paper needed was significantly reduced. In addi-
tion, the full text and color figures are also available
on Expert Consult. Purchasers receive a PIN code and
password with each copy of the book, making this
edition the first pediatric surgery text that is available
online. We hope our readers enjoy and appreciate this
feature as we believe that a definite advantage of this
book will be its portability. Whether in the office, the
operating room, at home, or out of town, Pediatric Sur-
gery, fifth edition, will be available online through a
personal password.

In the fourth edition, videos were available on a
DVD that accompanied the book. Since a companion
book (Atlas of Laparoscopy and Thoracoscopy, Holcomb
GW III, Georgeson KE, Rothenberg SS, editors) was
recently published by Elsevier, access to videos from
this atlas will also be available on Expert Consult to pur-
chasers of this fifth edition.

The editors would like to thank all of the authors
for their extraordinary efforts and time spent in writ-
ing their chapters. In addition, three of our colleagues
(Kathy Smith, Linda Jankowski, and Barbara Juarez)
have provided extraordinary technical support for this
book. This book would not have been possible without
their help. In addition, we would also like to thank the
administration and leadership at The Children’s Mercy
Hospital for their continued full support for this book
for the past 30 years. Finally, the editors would also
like to thank our colleagues at Elsevier for their time-
less attention to detail and support throughout the
process of editing and publishing this textbook. This
book was truly a team effort by a great many people.
We hope you will enjoy this fifth edition and find it
helpful in treating your patients.

GEORGE W. HoLcoMmB III, MD, MBA
J. PATRICK MURPHY, MD

Xvii



Frontmatter

=Copyright

*Dedication

*Contributors

*Preface

[<ISECTION 1 - GENERAL

[+Ichapter 1 - PHYSIOLOGY OF THE NEWBORN

[+Ichapter 2 - NUTRITIONAL SUPPORT OF THE PEDIATRIC PATIENT
[+Ichapter 3 - ANESTHETIC CONSIDERATIONS

[+Ichapter 4 - RENAL IMPAIRMENT

[+Ichapter 5 - COAGULOPATHIES AND SICKLE CELL DISEASE
[+]chapter 6 - EXTRACORPOREAL MEMBRANE OXYGENATION
[+Ichapter 7 - MECHANICAL VENTILATION IN PEDIATRIC SURGICAL
DISEASE

[+Ichapter 8 - VASCULAR ACCESS

[+Ichapter 9 - SURGICAL INFECTIOUS DISEASE

[+Ichapter 10 - FETAL THERAPY

e [ZISECTION 2 - TRAUMA

[+Ichapter 11 - FOREIGN BODIES

[+Ichapter 12 - BITES

[+Ichapter 13 - BURNS

[+Ichapter 14 - EARLY ASSESSMENT AND MANAGEMENT OF TRAUMA
[+Ichapter 15 - THORACIC TRAUMA

[+Ichapter 16 - ABDOMINAL AND RENAL TRAUMA

[+Ichapter 17 - PEDIATRIC HEAD TRAUMA

[+Ichapter 18 - PEDIATRIC ORTHOPEDIC TRAUMA

[+Ichapter 19 - NEUROSURGICAL CONDITIONS

e [ZISECTION 3 - THORACIC

[+Ichapter 20 - CONGENITAL CHEST WALL DEFORMITIES

[+Ichapter 21 - TRACHEAL OBSTRUCTION AND REPAIR

[+Ichapter 22 - CONGENITAL BRONCHOPULMONARY MALFORMATIONS
[+Ichapter 23 - ACQUIRED LESIONS OF THE LUNG AND PLEURA
[+Ichapter 24 - CONGENITAL DIAPHRAGMATIC HERNIA AND
EVENTRATION

[+Ichapter 25 - MEDIASTINAL TUMORS

[+chapter 26 - THE ESOPHAGUS

[+Ichapter 27 - ESOPHAGEAL ATRESIA AND TRACHEOESOPHAGEAL
MALFORMATIONS

[+chapter 28 - THORACOSCOPY IN INFANTS AND CHILDREN

e [ZISECTION 4 - ABDOMEN

[+Ichapter 29 - GASTROESOPHAGEAL REFLUX
[+Ichapter 30 - LESIONS OF THE STOMACH
[+]chapter 31 - DUODENAL AND INTESTINAL ATRESIA AND STENOSIS




[+Ichapter 32 - MALROTATION

[+]chapter 33 - MECONIUM DISEASE

[+Ichapter 34 - NECROTIZING ENTEROCOLITIS

[+]chapter 35 - HIRSCHSPRUNG'S DISEASE

[+Ichapter 36 - IMPERFORATE ANUS AND CLOACAL MALFORMATIONS
[+Ichapter 37 - FECAL INCONTINENCE AND CONSTIPATION

[+Ichapter 38 - ACQUIRED ANORECTAL DISORDERS

[+]chapter 39 - INTUSSUSCEPTION

[+Ichapter 40 - ALIMENTARY TRACT DUPLICATIONS

[+|chapter 41 - MECKEL'S DIVERTICULUM

[+Ichapter 42 - INFLAMMATORY BOWEL DISEASE AND INTESTINAL
CANCER

[+Ichapter 43 - APPENDICITIS

[+Ichapter 44 - BILIARY TRACT DISORDERS AND PORTAL HYPERTENSION
[+Ichapter 45 - SOLID ORGAN AND INTESTINAL TRANSPLANTATION
[+Ichapter 46 - LESIONS OF THE PANCREAS

[+Ichapter 47 - SPLENIC CONDITIONS

[+Ichapter 48 - CONGENITAL ABDOMINAL WALL DEFECTS

[+Ichapter 49 - UMBILICAL AND OTHER ABDOMINAL WALL HERNIAS
[+]chapter 50 - LAPAROSCOPY

e [ZISECTION5 - INGUINAL REGION AND SCROTUM

[+lchapter 51 - INGUINAL HERNIAS AND HYDROCELES
[+lchapter 52 - UNDESCENDED TESTES AND TESTICULAR TUMORS
[+Ichapter 53 - THE ACUTE SCROTUM

e [ZISECTION 6 - UROLOGY

[+Ichapter 54 - DEVELOPMENTAL AND POSITIONAL ANOMALIES OF THE
KIDNEYS

[+Ichapter 55 - URETERAL OBSTRUCTION AND MALFORMATIONS
[+Ichapter 56 - URINARY TRACT INFECTION AND VESICOURETERAL
REFLUX

[+Ichapter 57 - BLADDER AND URETHRA

[+Ichapter 58 - POSTERIOR URETHRAL VALVES

[+Ichapter 59 - BLADDER AND CLOACAL EXSTROPHY

[+Ichapter 60 - HYPOSPADIAS

[+Ichapter 61 - CIRCUMCISION

[+Ichapter 62 - PRUNE-BELLY SYNDROME

[+Ichapter 63 - DISORDERS OF SEXUAL DIFFERENTIATION

[+Ichapter 64 - UROLOGIC LAPAROSCOPY

[+Ichapter 65 - RENOVASCULAR HYPERTENSION

e [=ISection 7 - NEOPLASMS

[+Ichapter 66 - PRINCIPLES OF ADJUVANT THERAPY IN CHILDHOOD
CANCER

[+|chapter 67 - RENAL TUMORS

[+Ichapter 68 - NEUROBLASTOMA




[+Ichapter 69 - LESIONS OF THE LIVER

[+Ichapter 70 - TERATOMAS, DERMOIDS, AND OTHER SOFT TISSUE
TUMORS

[+Ichapter 71 - LYMPHOMAS

[+Ichapter 72 - RHABDOMYOSARCOMA

e [=ISection 8 - SKIN AND SOFT TISSUE DISEASES

[+Ichapter 73 - NEVUS AND MELANOMA
[+Ichapter 74 - VASCULAR ANOMALIES
[+Ichapter 75 - HEAD AND NECK SINUSES AND MASSES

e [=|Section 9 - OTHER

[+Ichapter 76 - PEDIATRIC AND ADOLESCENT GYNECOLOGY

[+Ichapter 77 - BREAST DISEASES

[+Ichapter 78 - ENDOCRINE DISORDERS AND TUMORS

[+Ichapter 79 - BARIATRIC SURGICAL PROCEDURES IN ADOLESCENCE
[+]chapter 80 - EVIDENCE-BASED MEDICINE




PHYSIOLOGY OF THE NEWBORN

Mara Antonoff, MD e Thao Marquez, MD e Daniel Saltzman, MD, PhD

N ewborns may be classified based on gestational
age and weight. Preterm infants are those born
before 37 weeks of gestation. Term infants are those
born between 37 and 42 weeks of gestation, where-
as post-term infants have a gestation that exceeds
42 weeks. Newborns whose weight is below the 10th
percentile for age are considered small for gestational
age (SGA), whereas those whose weight is at or above
the 98th percentile are large for gestational age (LGA).
The newborns whose weight falls between these ex-
tremes are appropriate for gestational age (AGA).

SGA newborns are thought to suffer intrauterine
growth retardation as a result of placental, mater-
nal, or fetal abnormalities. Conditions associated with
deviation in intrauterine growth are shown in Figure
1-1. SGA infants have a body weight below what is
appropriate for their age, yet their body length and
head circumference are age appropriate. To classify an
infant as SGA, the gestational age must be confirmed
by the physical findings summarized in Table 1-1.

Although SGA infants may weigh the same as pre-
mature infants, they have different physiologic char-
acteristics. Owing to intrauterine malnutrition, body
fat levels are frequently below 1% of the total body
weight. This lack of body fat increases the risk of cold
stress with SGA infants. Hypoglycemia develops ear-
lier in SGA infants owing to higher metabolic activ-
ity and reduced glycogen stores. The red blood cell
(RBC) volume and the total blood volume are much
higher in the SGA infant compared with the preterm
average for gestational age or the non-SGA full-term
infant. This rise in RBC volume frequently leads to
polycythemia, with an associated rise in blood viscos-
ity. Owing to the adequate length of gestation, the
SGA infant has pulmonary function approaching that
of a full-term infant or one who is average for gesta-
tional age.

Infants born before 37 weeks of gestation, regard-
less of birth weight, are considered premature. The
physical examination of the premature infant reveals
that the skin is thin and transparent with an absence
of plantar creases. Fingers are soft and malleable, and
ears have poorly developed cartilage. In females, the
labia minora appear enlarged, but the labia majora are

small. In males, the testes are usually undescended
and the scrotum is undeveloped. Special problems
with the preterm infant include the following:
e Weak suck reflex
Inadequate gastrointestinal absorption
Hyaline membrane disease
Intraventricular hemorrhage
Hypothermia
Patent ductus arteriosus
Apnea
Hyperbilirubinemia

SPECIFIC PHYSIOLOGIC PROBLEMS
OF THE NEWBORN

Fetal levels of glucose, calcium, and magnesium are
carefully maintained by maternal regulation. The tran-
sition to extrauterine life can have profound effects on
the physiologic well-being of the newborn.

Glucose Metabolism

The fetus maintains a blood glucose value 70% to 80%
of the maternal value by facilitated diffusion across the
placenta. There is a buildup of glycogen stores in the
liver, skeleton, and cardiac muscles during the later
stages of fetal development but little gluconeogenesis.
The newborn must depend on glycolysis until exog-
enous glucose is supplied. After delivery, the newborn
depletes his or her hepatic glycogen stores within
2 to 3 hours. Glycogen stores are more rapidly reduced
in premature and SGA newborns. The newborn is
severely limited in his or her ability to use fat and pro-
tein as substrates to synthesize glucose.

Hypoglycemia

Clinical signs of hypoglycemia are nonspecific and may
include a weak or high-pitched cry, cyanosis, apnea, jit-
teriness, apathy, seizures, abnormal eye movements,
temperature instability, hypotonia, and weak suck. Some
infants, however, exhibit no signs, despite extremely
low blood glucose levels.
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Figure 1-1. Graph of conditions associated with deviations in
intrauterine growth. The boxes indicate the approximate birth
weight and gestational age at which the condition is likely to
occur. (Adapted from Avery ME, Villee D, Baker S, et al: Neonatology.
In Avery ME, First LR [eds]: Pediatric Medicine. Baltimore, Williams &
Wilkins, 1989, p 148.)

Neonatal hypoglycemia is generally defined as a
glucose level lower than 40 mg/dL. After 72 hours of
age, plasma glucose levels should be greater than or
equal to 40 mg/dL.! Although there is not one spe-
cific threshold at which all infants will develop neu-
rologic sequelae, features associated with adverse
outcomes include blood glucose concentrations that
are extremely low (<20 mg/dL) and/or persistently
low (>1-2 hours).? Infants who are at high risk for
developing hypoglycemia require frequent glucose
monitoring. Because most newborns who require sur-
gical procedures are at risk to develop hypoglycemia,
a 10% glucose infusion is usually started on admission
to the hospital and blood glucose levels are measured
at the bedside and confirmed by periodic laboratory

determinations. If the blood glucose level falls below
40 mg/dL or if any signs of hypoglycemia are pres-
ent, an hourly bolus infusion of 1 to 2 mL/kg (4 to
8 mg/kg/min) of 10% glucose is given intravenously.
If central venous access is present, concentrations
of up to 50% glucose may be used. During the first
36 to 48 hours after a major surgical procedure, it is
not uncommon to see wide variations in serum glu-
cose levels. Therefore, frequent blood and urine glu-
cose determinations should be performed. Rarely,
hydrocortisone, glucagon, or somatostatin is needed
to treat persistent hypoglycemia.

Hyperglycemia

Hyperglycemia is a common problem with the use
of total parenteral nutrition (TPN) in very immature
infants who are less than 30 weeks’ gestation and
weigh less than 1.1 kg at birth. These infants are usu-
ally younger than 3 days of age and are frequently sep-
tic.? This hyperglycemia appears to be associated with
both insulin resistance and relative insulin deficiency,
reflecting the prolonged catabolism seen in very low
birth weight infants.* Hyperglycemia may cause intra-
ventricular hemorrhage and water and electrolyte
losses from glucosuria. The glucose concentration and
infusion rate of the TPN must be adjusted based on
serum glucose levels. Full parenteral caloric support is
achieved with incremental increases in glucose, usu-
ally over several days. Occasionally, insulin, 0.001 to
0.01 U/kg/min, is given intravenously to maintain
normoglycemia and may be helpful in achieving anab-
olism in infants of very low birth weight.*

Calcium

Calcium is continuously delivered to the fetus by active
transport across the placenta. Of the total amount
of calcium transferred, 75% occurs after 28 weeks’
gestation.” This observation partially accounts for the
high incidence of hypocalcemia in extremely preterm
infants. Any neonate has a tendency for hypocalcemia
due to limited calcium stores, renal immaturity, and
relative hypoparathyroidism secondary to suppres-
sion by high fetal calcium levels. Some infants are at
further risk for neonatal calcium disturbances due to

Clinical Criteria for Classification of Low-Birth-Weight Infants

Criteria 36 Wk (Premature)

Plantar creases
Size of breast nodule
Head hair

Rare, shallow

Not palpable to < 3 mm

Cotton wool quality

Earlobe Shapeless, pliable with little
cartilage

Small scrotum with rugal patch;
testes not completely descended

Testicular descent
and scrotal changes

37-38 Wk (Borderline

Premature) 39 Wk (Term)

Heel remains smooth Creases throughout sole
4 mm Visible (7 mm)
Silky; each strand can be
distinguished
Rigid with cartilage

Gradual descent Enlarged scrotum creased with

rugae; fully descended testes

Adapted from Avery ME, Villee D, Baker S, et al: Neonatology. In Avery ME, First LR (eds): Pediatric Medicine. Baltimore, William & Wilkins, 1989,

p148.



the presence of genetic defects, pathologic intrauterine
conditions, or birth trauma.® Newborn calcium levels
usually reach their nadir 24 to 48 hours after delivery,
when parathyroid hormone responses become effec-
tive. Hypocalcemia is defined as an ionized calcium
level of less than 1 mg/dL. At greatest risk for hypo-
calcemia are preterm infants, newborns requiring sur-
gery, and infants of complicated pregnancies, such as
those of diabetic mothers or those receiving bicarbon-
ate infusions. Calcitonin, which inhibits calcium mobi-
lization from the bone, is increased in premature and
asphyxiated infants.

Exchange transfusions or massive transfusions of
citrated blood can result in the formation of calcium
citrate complexes, reducing the ionized serum calcium
levels to dangerous or even fatal levels. Late-onset
(>48 hours of age) hypocalcemia is less frequent now
that most formulas are low in phosphate.

Signs of hypocalcemia may include jitteriness, sei-
zures, cyanosis, vomiting, and myocardial depression,
some of which are similar to the signs of hypogly-
cemia. Hypocalcemic infants have increased muscle
tone, which helps differentiate infants with hypocal-
cemia from those with hypoglycemia. Ionized cal-
cium levels are easily determined in most intensive
care settings. Symptomatic hypocalcemia is treated
with 10% calcium gluconate administered intrave-
nously at a dosage of 1 to 2 mL/kg over 10 minutes
while monitoring the electrocardiogram. Asympto-
matic hypocalcemia is best treated with calcium glu-
conate in a dose of 50 mg of elemental calcium per
kilogram per day added to the maintenance fluid;
1 mL of 10% calcium gluconate contains 9 mg of ele-
mental calcium. Calcium mixed with sodium bicar-
bonate forms an insoluble precipitate. If possible,
parenteral calcium should be given through a central
venous line.

Magnesium

Magnesium is actively transported across the placenta.
Half of the total-body magnesium is in the plasma
and soft tissues. Hypomagnesemia is observed with
growth retardation, maternal diabetes, after exchange
transfusions, and with hypoparathyroidism. Magne-
sium and calcium metabolism are interrelated. The
same infants at risk for hypocalcemia are also at risk
for hypomagnesemia. Whenever an infant who has
seizures that are believed to be associated with hypo-
calcemia does not respond to calcium therapy, mag-
nesium deficiency should be suspected and confirmed
by obtaining a serum magnesium level. Emergent
treatment consists of magnesium sulfate solution,
25 to 50 mg/kg IV every 6 hours, until normal levels
are obtained.

Blood Volume

Total RBC volume is at its highest point at delivery.
Estimation of blood volume for premature infants,
term neonates, and infants is summarized in Table 1-2.
By about 3 months of age, total blood volume per

chapter 1 PHYSIOLOGY OF THE NEWBORN 5

Estimation of Blood Volume

Group Blood Volume (mL/kg)
Premature infants 85-100

Term newborns 85

>1 mo 75

3 mo-adult 70

Adapted from Rowe PC (ed): The Harriet Lane Handbook, 11th eds.
Chicago, Year Book Medical, 1987, p 25.

kilogram is nearly equal to adult levels. The newborn
blood volume is affected by shifts of blood between the
placenta and the newborn before clamping the cord.
Newborns with delayed cord clamping have higher
hemoglobin levels.” A hematocrit greater than 50%
suggests placental transfusion has occurred.

Polycythemia

A central venous hemoglobin level greater than 22 g/dL
or a hematocrit value greater than 65% during the
1st week of life is defined as polycythemia. After the
central venous hematocrit value reaches 65%, further
increases result in rapid exponential increases in blood
viscosity. Neonatal polycythemia occurs in infants of
diabetic mothers, infants of mothers with toxemia of
pregnancy, or SGA infants. Polycythemia is treated
using a partial exchange of the infant’s blood with fresh
whole blood or 5% albumin. This is frequently done
when the hematocrit is greater than 65%. Capillary
hematocrits are poor predictors of viscosity. Therefore,
decisions to perform exchange transfusions should be
based on central hematocrits only.

Anemia

Anemia present at birth is due to hemolysis, blood
loss, or decreased erythrocyte production.

HEMOLYTIC ANEMIA

Hemolytic anemia is most often a result of placental
transfer of maternal antibodies that are destroying the
infant’s erythrocytes. This can be determined by the
direct Coombs test. The most common severe anemia
is Rh incompatibility. Hemolytic disease in the new-
born produces jaundice, pallor, and hepatospleno-
megaly. The most severely affected infants manifest
hydrops. This massive edema is not strictly related to
the hemoglobin level of these infants. ABO incom-
patibility frequently results in hyperbilirubinemia but
rarely causes anemia.

Congenital infections, hemoglobinopathies (sickle
cell disease), and thalassemias produce hemolytic
anemia. In a severely affected infant with a positive-
reacting direct Coombs test result, a cord hemoglobin
level of less than 10.5 g/dL, or a cord bilirubin level
of greater than 4.5 mg/dL, immediate exchange trans-
fusion is indicated. For less severely affected infants,
exchange transfusion is indicated when the total indi-
rect bilirubin level is greater than 20 mg/dL.
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HEMORRHAGIC ANEMIA

Significant anemia can develop from hemorrhage that
occurs during placental abruption. Internal bleed-
ing (intraventricular, subgaleal, mediastinal, intra-
abdominal) in infants can also often lead to severe
anemia. Usually, hemorrhage occurs acutely dur-
ing delivery, and the newborn occasionally requires
transfusion. Twin-twin transfusion reactions can
produce polycythemia in one newborn and profound
anemia in the other. Severe cases can lead to death in
the donor and hydrops in the recipient.

ANEMIA OF PREMATURITY

Decreased RBC production frequently contributes to
anemia of prematurity. Erythropoietin is not released
until a gestational age of 30 to 34 weeks has been
reached. These infants, however, have large numbers
of erythropoietin-sensitive RBC progenitors. Research
has focused on the role of recombinant erythropoietin
in treating anemia in preterm infants.8-1° Success-
ful increases in hematocrit levels using recombinant
erythropoietin may obviate the need for blood transfu-
sions and reduce the risk of bloodborne infections and
reactions. Studies suggest that routine use of eryth-
ropoietin is probably helpful for the very low birth
weight infant (<750 g), but its regular use for other
preterm infants does not likely significantly reduce the
transfusion rate.

Hemoglobin

At birth, nearly 80% of circulating hemoglobin is fetal.
When infant erythropoiesis resumes at about 2 to
3 months of age, most new hemoglobin is adult. When
the oxygen level is 27 mm Hg, 50% of the bound oxy-
gen is released from adult hemoglobin (P50). Therefore,
the P50 of adult hemoglobin is 27 mm Hg. Reduction of
hemoglobin’s affinity for oxygen allows more oxygen to
be released into the tissues at a given oxygen level.

Fetal hemoglobin has a P50 value 6 to 8 mm Hg
higher than that of adult hemoglobin. This higher P50
value allows more efficient oxygen delivery from the
placenta to the fetal tissues. In this situation, the hemo-
globin equilibrium curve is considered to be shifted
to the left of normal. This increase in P50 is believed
to be due to the failure of fetal hemoglobin to bind
2,3-diphosphoglycerate to the same degree as does adult
hemoglobin.!! This is somewhat of a disadvantage to the
newborn because lower peripheral oxygen levels are
needed before oxygen is released from fetal hemoglobin.
By 4 to 6 months of age in a term infant, the hemoglo-
bin equilibrium curve gradually shifts to the right and
the P50 value approximates that of a normal adult.

Jaundice

In the hepatocyte, bilirubin created by hemolysis is
conjugated to glucuronic acid and rendered water
soluble. Conjugated (also known as direct) bilirubin
is excreted in bile. Unconjugated bilirubin interferes
with cellular respiration and is toxic to neural cells.

Causes of Prolonged Indirect
Hyperbilirubinemia

Breast milk jaundice
Hemolytic disease
Hypothyroidism

Pyloric stenosis
Crigler-Najjar syndrome
Extravascular blood

Data from Maisels MJ: Neonatal jaundice. In Avery GB (ed): Neonatol-
ogy. Pathophysiology and Management of the Newborn. Philadelphia,
JB Lippincott, 1987, p 566.

Subsequent neural damage is termed kernicterus and
produces athetoid cerebral palsy, seizures, sensorineu-
ral hearing loss, and, rarely, death.

The newborn’s liver has a metabolic excretory capac-
ity for bilirubin that is not equal to its task. Even healthy
full-term infants usually have an elevated unconjugated
bilirubin level. This peaks about the third day of life at
6.5 to 7.0 mg/dL and does not return to normal until
the 10th day of life. A total bilirubin level greater than
7 mg/dL in the first 24 hours or greater than 13 mg/dL
at any time in full-term newborns often prompts an
investigation for the cause. Breast-fed infants usually
have serum bilirubin levels 1 to 2 mg/dL greater than
formula-fed infants. The common causes of prolonged
indirect hyperbilirubinemia are listed in Table 1-3.

Pathologicjaundice within the first 36 hours of life is
usually due to excessive production of bilirubin. Hyper-
bilirubinemia is managed based on the infant’s weight.
Although specific cutoffs defining the need for therapy
have not been universally accepted, the following rec-
ommendations are consistent with most practice pat-
terns.!? Phototherapy is initiated for newborns (1) less
than 1500 g, when the serum bilirubin level reaches
5 mg/dL; (2) 1500 to 2000 g, when the serum bilirubin
level reaches 8 mg/dL; or (3) 2000 to 2500 g, when the
serum bilirubin level reaches 10 mg/dL. Formula-fed
term infants without hemolytic disease are treated by
phototherapy when levels reach 13 mg/dL. For hemo-
lytic-related hyperbilirubinemia, phototherapy is rec-
ommended when the serum bilirubin level exceeds
10 mg/dL by 12 hours of life, 12 mg/dL by 18 hours,
14 mg/dL by 24 hours, or 15 mg/dL by 36 hours.!> An
absolute bilirubin level that triggers exchange transfu-
sion is still not established, but most exchange transfu-
sion decisions are based on the serum bilirubin level
and its rate of rise.

The use of transcutaneous devices for measure-
ment of plasma bilirubin levels has become increas-
ingly common. However, these devices have limited
reliability and accuracy in determination of bilirubin
levels for those infants who are less than 28 weeks
of gestational age or weigh less than 1000 g.!4!> In
these patients, the total serum bilirubin measurement
should still be utilized.

Retinopathy of Prematurity

Retinopathy of prematurity (ROP) develops during
the active phases of retinal vascular development in
the first 3 or 4 months of life. The exact causes are



unknown, but oxygen exposure (>93%-95%)'¢ and
extreme prematurity are the only risk factors that have
been repeatedly and convincingly demonstrated. The
risk of ROP is probably related to the degree of imma-
turity, length of exposure, and oxygen concentration.
ROP is found in 1.9% of premature infants in large
neonatal units.!” Retrolental fibroplasia is the patho-
logic change observed in the retina and overlying vit-
reous after the acute phases of ROP subsides. A study
conducted by the National Institutes of Health found
that cryotherapy was effective in preventing retinal
detachment, macular fold, and retrolental fibroplasia.!8
Treatment of ROP more recently with laser photoco-
agulation has been shown to have the added benefit of
superior visual acuity and less myopia when compared
with cryotherapy in long-term follow-up studies.!?-21
Both treatments reduce the incidence of blindness by
approximately 25% but do not increase the chance of
good visual acuity (<20/40).

The American Academy of Pediatrics guidelines rec-
ommend that all infants who received oxygen ther-
apy who weigh less than 1500 g and are fewer than
32 weeks’ gestation, and selected infants with a birth
weight between 1500 and 2000 g or gestational age of
more than 32 weeks with an unstable clinical course,
including those requiring cardiorespiratory support
and who are believed by their attending pediatrician
or neonatologist to be at high risk, should undergo a
screening examination for ROP.22 A re-examination
schedule determined by the examining ophthalmolo-
gist, based on visual examination findings,?? should be
closely followed.22

Thermoregulation

A homeotherm is a mammal that can maintain a con-
stant deep body temperature. Although humans are
homeothermic, newborns have difficulty maintaining
constant deep body temperature owing to their rela-
tively large surface area, poor thermal regulation, and
small mass to act as a heat sink. Heat loss may occur
from (1) evaporation (a wet newborn or a newborn
in contact with a wet surface), (2) conduction (direct
skin contact with a cool surface), (3) convection (air
currents blowing over the newborn), and (4) radiation
(the newborn radiates heat to a cooler surface without
contact with this surface).

Of these, radiation is the most difficult to control.
Infants produce heat by increasing metabolic activity
either by shivering like an adult or by nonshivering
thermogenesis, using brown fat. Brown-fat thermo-
genesis may be involved in thermoregulatory feed-
ing and sleep cycles in the infant, with an increase in
body temperature signaling an increase in metabolic
demand.?* Brown-fat thermogenesis may be rendered
inactive by vasopressors, by anesthetic agents, and
through nutritional depletion.25-28 Thermoneutrality
(the optimal thermal environment for the newborn) is
the range of ambient temperatures in which the new-
born with a normal body temperature and a minimal
metabolic rate can maintain a constant body tempera-
ture by vasomotor control. The critical temperature is
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35

Gestational age at birth

1 2 3 4 5 6 7
Postnatal age (days)

Figure 1-2. Neutral thermal environment (°C) during the first
week of life calculated from these measurements: Dew point
of the air, 18°C; flow, 10 L/min. (From Sauer PJJ, Dane HJ, Visser
HKA: New standards for neutral thermal environment of healthy very
low birthweight infants in week one of life. Arch Dis Child 59:18-22,
1984.)

the temperature below which a metabolic response to
cold is necessary to replace lost heat. The appropriate
incubator temperature is determined by the patient’s
weight and postnatal age (Figs. 1-2 and 1-3). For low
birth weight infants, thermoneutrality is 34° to 35°C
up to 6 weeks of age and 31° to 32°C until 12 weeks of
age. Infants who weigh 2 to 3 kg have a thermoneu-
trality zone of 31° to 34°C on the first day of life and
29° to 31°C until 12 days. Double-walled incubators

Body weight (kg)

1.0 Ji

7 14 21 28 35

Postnatal age (days)

Figure 1-3. Neutral thermal environment (°C) from day 7 to 35.
Dew point of air, 18°C; flow, 10 L/min. Body weight is current
weight. Values for body weight greater than 2.0 kg are calculat-
ed by extrapolation. (From Sauer PJJ, Dane HJ, Visser HKA: New stan-
dards for neutral thermal environment of healthy very low birthweight
infants in week one of life. Arch Dis Child 59:18-22, 1984.)
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offer the best thermoneutral environment. Radiant
warmers cannot prevent convection heat loss and lead
to higher insensible water loss.

Failure to maintain thermoneutrality leads to seri-
ous metabolic and physiologic consequences. Special
care must be exercised to maintain the body tempera-
ture within normal limits in the operating room.

Fluids and Electrolytes

At 12 weeks of gestation, the fetus has a total body
water content that is 94% of body weight. This amount
decreases to 80% by 32 weeks’ gestation and 78%
by term (Fig. 1-4). A further 3% to 5% reduction in
total body water content occurs in the first 3 to 5 days
of life. Body water continues to decline and reaches
adult levels (approximately 60% of body weight) by
1Y years of age. Extracellular water also declines by
1 to 3 years of age. These water composition changes
progress in an orderly fashion in utero. Premature
delivery requires the newborn to complete both fetal
and term water unloading tasks. Surprisingly, the pre-
mature infant can complete fetal water unloading by
1 week after birth. Postnatal reduction in extracellular
fluid volume has such a high physiologic priority that
it occurs even in the presence of relatively large varia-
tions of fluid intake.®

Glomerular Filtration Rate

The glomerular filtration rate (GFR) of newborns is
slower than that of adults.>° From 21 mL/min/1.73 m?
at birth in the term infant, GFR quickly increases to
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Figure 1-4. Friss-Hansen's classic chart relating total body
weight (TBW) and extracellular (ECF) and intracellular fluid (ICF)
to percentage of body weight, from early gestation to adoles-
cence. (Adapted from Welch KJ, Randolph JG, Ravitch MM, et al [eds]:
Pediatric Surgery, 4th ed. Chicago, Year Book Medical, 1986, p 24.)

60 mL/min/1.73 m? by 2 weeks of age. GFR reaches
adult levels by 1% to 2 years of age. A preterm infant
has a GFR that is only slightly slower than that of a full-
term infant. In addition to this difference in GFR, the
concentrating capacity of the preterm and the full-term
infantis well below that of the adult. An infant respond-
ing to water deprivation increases urine osmolarity to
a maximum of only 600 mOsm/kg. This is in contrast
to the adult, whose urine concentration can reach
1200 mOsm/kg. It appears that the difference in con-
centrating capacity is due to the insensitivity of the
collecting tubules of the newborn to antidiuretic hor-
mone. Although the newborn cannot concentrate
urine as efficiently as the adult, the newborn can
excrete very dilute urine at 30 to 50 mOsm/kg. New-
borns are unable to excrete excess sodium, an inability
thought to be due to a tubular defect. Term infants
are able to conserve sodium, but premature infants
are considered “salt wasters” because they have an
inappropriate urinary sodium excretion, even with
restricted sodium intake.

Insensible Water Loss

Insensible water loss from the lungs can be essentially
eliminated by humidification of inspired air. Trans-
epithelial water loss occurs by the diffusion of water
molecules through the stratum corneum of the skin.
Owing to the immature skin, preterm infants of 25 to
27 weeks’ gestation can lose more than 120 mL/kg/day
of water by this mechanism. Transepithelial water loss
decreases as age increases.

Neonatal Fluid Requirements

To estimate fluid requirements in the newborn requires
an understanding of (1) preexisting fluid deficit or
excess, (2) metabolic demands, and (3) losses.

Because these factors change quickly in the critically
ill newborn, frequent adjustments in fluid management
are necessary. Hourly monitoring of intake and output
allows early recognition of fluid balance that will affect
treatment decisions. This dynamic approach requires
two components: an initial hourly fluid intake that is safe
and a monitoring system to detect the patient’s response
to the treatment program selected. A table of initial vol-
umes expressed in rates of milliliters per kilogram per
24 hours for various surgical conditions has been devel-
oped as a result of a study of a large group of infants fol-
lowed during their first 3 postoperative days (Table 1-4).
The patients were divided into three groups by condi-
tion: (1) moderate surgical conditions, such as colos-
tomies, laparotomies, and intestinal atresia; (2) severe
surgical conditions, such as midgut volvulus or gastros-
chisis; and (3) necrotizing enterocolitis with perforation
of the bowel or bowel necrosis requiring exploration.

No “normal” urine output exists for a given neo-
nate. Ideal urine output can be estimated by measuring
the osmolar load presented to the kidney for excretion
and calculating the amount of urine necessary to clear
this load, if the urine is maintained at an isotonic level
of 280 mOsm/dL (Table 1-5).



Newborn Fluid Volume
Requirements (mL/kg/24 hr) for
Various Surgical Conditions

Group Day 1 Day 2 Day 3

Moderate surgical 80+25 80x30 80x30
conditions (e.g.,

colostomies, laparotomies

for intestinal atresia,

Hirschsprung’s disease)
Severe surgical conditions
(e.g., gastroschisis,
midgut volvulus,
meconium peritonitis)
Necrotizing enterocolitis
with perforation

14045 9020 80+ 15

145+70 135+50 13040

After administering the initial hourly volume for
4 to 8 hours, depending on the newborn'’s condition, he
or she is reassessed by observing urine output and con-
centration. With these two factors, it is possible to deter-
mine the state of hydration of most newborns and their
responses to the initial volume. In more difficult cases,
changes in serial serum sodium (Na), blood urea nitro-
gen (BUN), creatinine, and osmolarity along with urine
Na, creatinine, and osmolarity make it possible to assess
the infant’s response to the initial volume and to use
fluid status to guide the next 4 to 8 hours’ fluid intake.

Illustrative Examples
INSUFFICIENT FLUID

A 1-kg premature infant, during the first 8 hours post-
operatively, has 0.3 mL/kg/hr of urine output. Specific
gravityis 1.025. Previousinitial volume was 5 mL/kg/hr.
Serum BUN has increased from 4 mg/dL to 8 mg/dL;
hematocrit value has increased from 35% to 37%,
without transfusion. This child is dry. The treatment
is to increase the hourly volume to 7 mL/kg/hr for
the next 4 hours and to monitor the subsequent urine
output and concentration to reassess fluid status.

INAPPROPRIATE ANTIDIURETIC HORMONE
RESPONSE

A 3-kg newborn with congenital diaphragmatic her-
nia during the first 8 hours postoperatively has a urine
output of 0.2 mL/kg/hr, with a urine osmolarity of
360 mOsm/L. The previous initial volume was 120
mL/kg/day (15 mL/hr). The serum osmolarity value
has decreased from 300 mOsm preoperatively to 278
mOsm/L; and BUN has decreased from 12 to 8 mg/dL.
The inappropriate antidiuretic hormone response
requires reduction in fluid volume from 120 to 90 mL/
kg/day for the next 4 to 8 hours. Repeat urine and
serum measurements will guide the further adjust-
ment of fluid administration.

OVERHYDRATION

A 3-kgnewborn, 24 hours after operative closure of gas-
troschisis, had an average urine output of 3 mL/kg/hr
over the previous 4 hours. During that time period, the
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Minimum Newborn Ideal Urine
Output (mL/kg/hr) for Various
Surgical Conditions

Group Day 1 Day 2 Day 3

Moderate surgical 2 +0.96 263171 2.38+0.92
conditions
(e.g., colostomies,
laparotomies for
intestinal atresia,
Hirschsprung'’s
disease)

Severe surgical
conditions
(e.g., gastroschisis,
midgut volvulus,
meconium
peritonitis)

Necrotizing
enterocolitis with
perforation

267092 296+054 296=+1.0

258+1.04 3.17+1.67 3.46=1.46

infant received fluids at a rate of 180 mL/kg/day. The
specific gravity of the urine has decreased to 1.006;
serum BUN is 4 mg/dL; hematocrit value is 30%,
down from 35% preoperatively. The total serum pro-
tein concentration is 4.0 mg/dL, down from 4.5 mg/dL.
This child is being overhydrated. The treatment is to
decrease the fluids to 3 mL/kg/hr for the next 4 hours
and then to reassess urine output and concentration.

RENAL FAILURE

A 5-kg infant with severe sepsis secondary to
Hirschsprung’s enterocolitis has had a urine output of
0.1 mL/kg/hr for the past 8 hours. The specific gravity
is 1.012; serum sodium, 150 mg/dL; BUN, 25 mg/dL;
creatinine, 1.5 mg/dL; urine sodium, 130 mEq; and
urine creatinine, 20 mg/dL.

Fractional Na excretion (FE Na) is shown by the fol-
lowing equation:

FENa= (UNaxPCr) =130x1.5
(PNa)x(UCr)=150 20
=195/3000x100
=6.5%(normal=2% to3%)

FE Na less than 2% usually indicates a prerenal cause
of oliguria, whereas greater than 3% usually implies a
renal cause (e.g., acute tubular necrosis). This patient
is in acute renal failure. The plan is to restrict fluids
to insensible losses plus measured losses for the next
4 hours and to then reassess the plan using both urine
and serum studies.

PULMONARY SYSTEM
OF THE NEWBORN

The dichotomous branching of the bronchial tree is
usually completed by 16 weeks’ gestation. No actual
alveoli are seen until 24 to 26 weeks’ gestation.
Therefore, should the fetus be delivered at this age,
the air-blood surface area for gas diffusion is limited.
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Between 24 and 28 weeks, the cuboidal and columnar
cells become flatter and start differentiating into type I
(lining cells) and/or type II (granular) pneumocytes.
Between 26 and 32 weeks of gestation, terminal
air sacs begin to give way to air spaces. From 32 to
36 weeks, further budding of these air spaces occurs
and alveoli become numerous. At the same time, the
phospholipids that constitute pulmonary surfactant
begin to line the terminal lung air spaces. Surfactant
is produced by type II pneumocytes and is extremely
important in maintaining alveolar stability.

The change in the ratio of the amniotic phospholip-
ids, lecithin and sphingomyelin, is used to assess fetal
lung maturity. A ratio greater than 2 is considered com-
patible with mature lung function. Absence of adequate
surfactant leads to hyaline membrane disease or respi-
ratory distress syndrome. Hyaline membrane disease
is present in nearly 10% of all premature infants and
is the leading cause of morbidity and mortality (30%)
among premature infants in the United States. Other
conditions associated with pulmonary distress in the
newborn include delayed fetal lung absorption (wet
lung syndrome), intrauterine aspiration pneumonia
(meconium aspiration), and intrapartum pneumonia.
In all of these conditions, endotracheal intubation and
mechanical ventilation may be required for hypoxia,
CO, retention, or apnea. Ventilator options and man-
agement are discussed in Chapter 7.

Surfactant

Surfactant deficiency is believed to be the major cause
of hyaline membrane disease. Surfactant replace-
ment therapy improves effective oxygenation. Three
surfactant preparations have been under investiga-
tion: (1) surfactant derived from bovine or porcine
lung, (2) human surfactant extracted from amniotic
fluid, and (3) artificial surfactant. Multicenter-based,
randomized trials for modified bovine surfactant
(Survanta)?! and artificial surfactant (Exosurf Neo-
natal)?? have been published.

In one study, Survanta was given as a single dose
via an endotracheal tube an average of 12 minutes
after birth. The patients who received Survanta dem-
onstrated less severe radiographic changes at 24 hours
of age compared with infants who received placebo.
However, there was no clinical difference at 7 and
28 days after treatment compared with placebo.

In the Exosurf Neonatal study, the premature
infants were randomized to receive one dose of the
artificial surfactant or air placebo. In this study a sig-
nificant reduction was noted in the surfactant-treated
infants compared with the control group in all of the
following: number of deaths attributed to hyaline
membrane disease, incidence of pulmonary air leaks,
oxygen requirements, and mean airway pressure.

An uncontrolled case series, in which surfactant was
given to full-term newborns with pneumonia and meco-
nium aspiration, showed a significant improvement
in oxygenation after treatment.?* Although these and
other reports are promising, further studies are needed
to determine the most effective dose, the number of

doses, and the optimal timing for surfactant treatment.
Regardless, surfactant therapy is an important addition
to the pulmonary care of the preterm newborn.

One multicenter study reported that surfactant
therapy early in the course of full-term newborn respi-
ratory failure resulted in a significantly lower require-
ment for extracorporeal membrane oxygenation and
produced no additional morbidity. Prophylactic treat-
ment as well as rescue treatment with surfactant has
proved to reduce the incidence and severity of respi-
ratory distress syndrome, air leaks, and mortality in
preterm infants (<30 weeks’ gestational age).>* Addi-
tionally, infants suspected of respiratory distress syn-
drome have been shown to have improved outcomes
with early (<2 hour) administration of surfactant when
compared with delayed treatment (2-6 hours).>> This
strategy has been shown to be particularly beneficial
in those infants with a low rate of exposure to ante-
natal steroids.>®37 Several recent multicenter studies
compared the efficacy and complication rates of syn-
thetic versus calf-lung cannula surfactant therapies for
neonatal respiratory failure.38-41

Both natural and synthetic surfactant have been
shown to be effective in the treatment and prevention
of respiratory distress syndrome. In comparative trials
with synthetic surfactant, natural surfactant has dem-
onstrated earlier improvement in ventilator require-
ments, fewer pneumothoraces, a marginal decrease
in bronchopulmonary dysplasia, and decreased mor-
tality.#?> Natural surfactant has been noted to have a
marginal increase in intraventricular hemorrhage, but
without a difference in more serious (grade 3 to 4)
intraventricular hemorrhage. However, support exists
for the synthetic surfactant preparations. This sup-
port is based on the theoretical advantage of a pos-
sibly reduced risk of intraventricular hemorrhage, less
exposure to animal antigen with subsequent reactions,
and lower overall cost. Newer-generation synthetic
surfactant preparations containing peptides that mimic
the action of human surfactant protein-B (SP-B) are
currently being investigated. In recent randomized,
multi-center trials, Lucinactant (Discovery Labora-
tories, Warrington, PA), an SP-B protein—containing
synthetic surfactant, was similar in efficacy and safety
in the prevention and treatment of respiratory dis-
tress syndrome when compared with porcine-derived
(poractant alpha) surfactant, was more effective than
nonprotein synthetic preparations, and resulted in
decreased respiratory distress syndrome-related mor-
tality rates versus the bovine-derived Survanta.*>44
It is hoped that future studies will provide additional
insight into the appropriate applications of the avail-
able agents.

Monitoring

Continuous monitoring of physiologic indices provides
data that assist in assessing response to therapy and
trends that may be used to predict catastrophe. Many
episodes of “sudden deterioration” in critically ill patients
are viewed, in retrospect, as changes in the clinical con-
dition that had been occurring for some time.



Arterial Blood Gases and Derived Indices

Arterial oxygen tension (Pao,) is most commonly
measured by obtaining an arterial blood sample and
by measuring the partial pressure of oxygen with a
polarographic electrode. Defining normal parameters
for Pao, depends on the maturation and age of the
patient. In the term newborn, the general definition
for hypoxia is a Pao, less than 55 mm Hg, whereas that
for hyperoxia is a Pao, greater than 80 mm Hg.

Capillary blood samples are “arterialized” by topi-
cal vasodilators or heat to increase blood flow to a
peripheral site. Blood must be freely flowing and col-
lected quickly to prevent exposure to the atmosphere.
Blood flowing sluggishly and exposed to atmospheric
oxygen falsely raises the Pao, from a capillary sample,
especially in the range of 40 to 60 mm Hg.%> Capillary
blood pH and carbon dioxide tension (Pco,) correlate
well with arterial samples, except when perfusion is
poor. Pao, is the least reliable of all capillary blood gas
determinations. In patients receiving oxygen therapy
in whom Pao, exceeds 60 mm Hg, the capillary Pao,
correlates poorly with the arterial measurement.4¢47

In newborns, umbilical artery catheterization can
provide arterial access. The catheter tip should rest at
the level of the diaphragm or below L3. The second most
frequently used arterial site is the radial artery. Com-
plications of arterial blood sampling include repeated
blood loss and anemia. Changes in oxygenation are
such that intermittent blood gas sampling may miss
critical episodes of hypoxia or hyperoxia. Because of
the drawbacks of ex-vivo monitoring, several in-vivo
monitoring systems have been used.

Pulse Oximetry

The noninvasive determination of oxygen saturation
(Sa0,) gives moment-to-moment information regard-
ing the availability of oxygen to the tissues. If the Pao,
is plotted against the oxygen saturation of hemoglo-
bin, the S-shaped hemoglobin dissociation curve is
obtained (Fig. 1-5). Referring to this curve, hemoglo-
bin is 50% saturated at 25 mm Hg Pao, and 90% satu-
rated at 50 mm Hg. Pulse oximetry has a rapid (5 to
7 seconds) response time, requires no calibration, and
may be left in place continuously.

Pulse oximetry is not possible if the patient is in shock,
has peripheral vasospasm, or has vascular constriction
due to hypothermia. Inaccurate readings may occur in
the presence of jaundice, direct high-intensity light, dark
skin pigmentation, and greater than 80% fetal hemoglo-
bin. Oximetry is not a sensitive guide to gas exchange in
patients with high Pao, due to the shape of the oxygen
dissociation curve. As an example, on the upper horizon-
tal portion of the curve, large changes in Pao, may occur
with little change in Sao,. An oximeter reading of 95%
could represent a Pao, between 60 and 160 mm Hg.

A study to compare Sao, from pulse oximetry with
Pao, determined from indwelling arterial catheters has
shown that Sao, greater than or equal to 85% corre-
sponds to a Pao, greater than 55 mm Hg and that Sao,
less than or equal to 90% corresponds to a Pao, less
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Figure 1-5. The oxygen dissociation curve of normal adult
blood. The P50, the oxygen tension at 50% oxygen saturation, is
approximately 27 mm Hg. As the curve shifts to the right, the oxy-
gen affinity of hemoglobin decreases and more oxygen is released
at a given oxygen tension. With a shift to the left, the opposite
effects are observed. A decrease in pH or an increase in tempera-
ture reduces the affinity of hemoglobin for oxygen. (Modified
from Glancette V, Zipursky A: Neonatal hematology. In Avery GB [ed]:
Neonatology. Philadelphia, JB Lippincott, 1986, p 663.)

than 80 mm Hg.*8 Guidelines for monitoring infants
using pulse oximetry have been suggested for the fol-
lowing three conditions:

1. In the infant with acute respiratory distress
without direct arterial access, saturation limits of
85% (lower) and 92% (upper) should be set.

2. In the older infant with chronic respiratory dis-
tress who is at low risk for retinopathy of pre-
maturity, the upper saturation limit may be set
at 95%; the lower limit should be set at 87% to
avoid pulmonary vasoconstriction and pulmo-
nary hypertension.

3. Because the concentration of fetal hemoglobin
in newborns affects the accuracy of pulse oxi-
metry, infants with arterial access should have
both Pao, and Sao, monitored closely. A graph
should be kept at the bedside documenting the
Sao, each time the Pao, is measured. Limits for
the Sa0, alarm can be changed because the char-
acteristics of this relationship change.

Carbon Dioxide Tension

Arterial carbon dioxide tension (Paco,) is a direct
reflection of gas exchange in the lungs and of the
metabolic rate. In most clinical situations, changes in
Paco, are due to changes in ventilation. For this rea-
son, serial measurement of Paco, is a practical method
to assess the adequacy of ventilation. The discrepancy
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among venous, capillary, and arterial carbon dioxide
tensions is not great under most conditions, although
one study noted a significant increase in Paco, in
venous samples compared with simultaneous arterial
samples.4?

Because it is possible to monitor Paco, and pH
satisfactorily with venous or capillary blood samples
and because pulse oximetry is now commonly used
to assess oxygenation, many infants with respiratory
insufficiency no longer require arterial catheters for
monitoring.

End-tidal Carbon Dioxide

Measuring expired CO, by capnography provides a
noninvasive means of continuously monitoring alve-
olar Pco,. Capnometry measures CO, by an infrared
sensor either placed in line between the ventilator cir-
cuit and the endotracheal tube or off to the side of
the air flow, both of which are applicable only to the
intubated patient. A comparative study of end-tidal
CO, in critically ill neonates demonstrated that both
sidestream and mainstream end-tidal CO, measure-
ments approximated Paco,.’® When the mainstream
sensor was inserted into the breathing circuit, the
Paco, increased an average of 2 mm Hg. Although this
is not likely to significantly affect infants who are ven-
tilated, it might create fatigue in weaning infants from
mechanical ventilation. The accuracy of the end-tidal
CO, is diminished with small endotracheal tubes.

Central Venous Catheter

Indications for central venous catheter placement
include (1) hemodynamic monitoring, (2) inability to
establish other venous access, (3) TPN, and (4) infusion
of inotropic drugs or other medications that cannot be
given peripherally. Measurement of central venous
pressure to monitor volume status is frequently used
in the resuscitation of a critically ill patient. A catheter
placed in the superior vena cava or right atrium mea-
sures the filling pressure of the right side of the heart,
which usually reflects left atrial and filling pressure
of the left ventricle. Often, a wide discrepancy exists
between left and right atrial pressure when pulmo-
nary disease, overwhelming sepsis, or cardiac lesions
are present. To utilize the data effectively, continuous
measurements must be taken with a pressure trans-
ducer connected to a catheter accurately placed in the
central venous system. Positive-pressure ventilation,
pneumothorax, abdominal distention, or pericardial
tamponade all elevate central venous pressure.

Pulmonary Artery Catheter

The pulmonary artery pressure catheter has altered
the care of the child with severe cardiopulmonary
derangement by allowing direct measurement of
cardiovascular variables at the bedside. The indica-
tions for pulmonary catheter placement are listed in
Table 1-6. With this catheter, it is possible to monitor
central venous pressure, pulmonary artery pressure,

Indications for Pulmonary Artery
Catheter Placement
Inadequate systemic perfusion in the presence of elevated
central venous pressure
Fluid management in noncardiogenic pulmonary edema

Evaluation of therapeutic interventions, such as changes in
positive end-expiratory pressure, use of vasoactive drugs, or
assisted circulation

Hemodynamic evaluation in children with pulmonary
hypertension

Severe pulmonary disease with profound hypoxemia

Adapted from Perkin RM: Invasive monitoring in the pediatric inten-
sive care unit. In Nussbaum E (ed): Pediatric Intensive Care, 2nd ed.
Mt. Kisco, NY, Futura Publishing, 1989, p 259.

pulmonary wedge pressure, and cardiac output. A 4-
French, double-lumen catheter and a 5- to 8-French,
triple-lumen catheter are available. The catheter is usu-
ally placed by percutaneous methods (as in the adult)
except in the smallest pediatric patient, in whom a
cutdown is sometimes required.

When the tip of the catheter is in a distal pulmo-
nary artery and the balloon is inflated, the resulting
pressure is generally an accurate reflection of left atrial
pressure because the pulmonary veins have no valves.
This pulmonary “wedge” pressure represents left ven-
tricular filling pressure, which is used as a reflection
of preload. The monitors display phasic pressures, but
treatment decisions are made based on the electroni-
cally derived mean central venous pressure. A low
pulmonary wedge pressure suggests that blood vol-
ume must be expanded. A high or normal pulmonary
wedge pressure in the presence of continued signs of
shock suggests left ventricular dysfunction.

Cardiac output is usually measured in liters per
minute. When related to body surface area, the out-
put is represented as the cardiac index, which is simply
the cardiac output divided by the body surface area.
The normalized cardiac index allows the evaluation of
cardiac performance without regard to body size. The
usual resting value for cardiac index is between 3.5 and
4.5 L/min/m?2. The determination of cardiac output by
the thermodilution technique, which is possible with a
Swan-Ganz pulmonary artery catheter, is widely used
and has a good correlation with other methods. Accurate
cardiac output determination depends on rapid injec-
tion, accurate measurement of injectant temperature
and volume, and absence of shunting. Because ventila-
tion affects the flow into and out of the right ventricle,
three injections should be made at a consistent point in
the ventilatory cycle, typically at end expiration.

Doppler measurement of aortic flow velocity allows
measurement of cardiac output by the following
formula:

Cardiac output (mL/min)= Mean aortic blood
flow velocity (cm/sec) X
Aortic cross - sectional area (cm?) x 60

Aortic cross-sectional area is determined by standard
ultrasonographic techniques. Using this cross-sectional



measurement, pulsed Doppler aortic flow velocity is
measured by a transducer placed at the suprasternal
notch, in the esophagus, or in the trachea to derive
cardiac output. Studies are underway to determine if
cardiac output measured by this technique correlates
well with thermodilution or the Fick method in criti-
cally ill pediatric patients. Previous studies have shown
that cardiac output measured by intermittent Doppler
measurement at the suprasternal notch was not of
sufficient reliability to be employed for hemodynamic
monitoring in critically ill children.>!

Impedance cardiography (bioimpedance) is another
noninvasive technique that measures stroke volume on
a beat-by-beat basis.>? Bioimpedance employs a low-
level current applied to the thorax, where changes in
the volume and velocity of blood flow in the thoracic
aorta result in detectable changes in thoracic conduc-
tivity. Previous application of this technique in criti-
cally ill patients met with only limited success.>> Late
refinements in electrode configuration, algorithms,
and microprocessors have produced more acceptable
results. Studies in pigs demonstrated a good correlation
of bioimpedance-derived cardiac output with thermo-
dilutional cardiac output over a wide hemodynamic
range.>*>> These techniques have yet to be validated
or proved effective in children.

Another study concluded that using right-sided
heart catheters in treating critically ill adult patients
resulted in an increased mortality.’® However, a con-
sensus committee report documents the continued
safety and efficacy of right-sided heart catheters in the
care of critically ill children.>”

Venous Oximetry

Mixed venous oxygen saturation (SvO,) is an indica-
tor of the adequacy of oxygen supply and demand in
perfused tissues. Oxygen consumption is defined as
the amount of oxygen consumed by the tissue as cal-
culated by the Fick equation:

0, Consumption =Cardiacoutput X Arterial —
venous oxygen contentdifference

Reflectance spectrophotometry is currently used
for continuous venous oximetry. Multiple wave-
lengths of light are transmitted at a known intensity
by means of fiberoptic bundles in a special pulmonary
artery or right atrial catheter. The light is reflected
by red blood cells flowing past the tip of the cath-
eter. The wavelengths of light are chosen so that both
oxyhemoglobin and deoxyhemoglobin are measured
to determine the fraction of hemoglobin saturated
with oxygen. The system requires either in-vitro
calibration by reflecting light from a standardized
target that represents a known oxygen saturation or
in-vivo calibration by withdrawing blood from the
pulmonary artery catheter and measuring the satura-
tion by laboratory co-oximetry.

Mixed venous oxygen saturation values within the
normal range (68%-77%) indicate a normal balance
between oxygen supply and demand, provided that
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vasoregulation is intact and distribution of peripheral
blood flow is normal. Values greater than 77 % are most
commonly associated with syndromes of vasoderegula-
tion, such as sepsis. Uncompensated changes in O, sat-
uration, hemoglobin level, or cardiac output lead to a
decrease in SVO,. A sustained decrease in SVO, greater
than 10% should lead to measuring Sao,, hemoglobin
level, and cardiac output to determine the cause of the
decline.’® The most common sources of error in mea-
suring SVO, are calibration and catheter malposition.
The most important concept in SVO, monitoring is the
advantage of continuous monitoring, which allows
early warning of a developing problem.>®

Although most clinical experience has been with
pulmonary artery catheters, right atrial catheters are
more easily placed and may thus provide better infor-
mation to detect hemodynamic deterioration ear-
lier and permit more rapid treatment of physiologic
derangements.®® A study has shown that when oxy-
gen consumption was monitored and maintained at a
consistent level, the right atrial venous saturation was
thought to be an excellent measure.®!

SHOCK

Shock is a state in which the cardiac output is insufficient
to deliver adequate oxygen to meet metabolic demands
of the tissues. Cardiovascular function is determined by
preload, cardiac contractility, heart rate, and afterload.
Shock may be classified broadly as hypovolemic, car-
diogenic, or septic.

Hypovolemic Shock

Preload is a function of the volume of blood presented
to the ventricles. Because of the impracticality of mea-
suring volume, preload is commonly monitored by
atrial pressure measurements. In most clinical situ-
ations, right atrial pressure or central venous pres-
sure is the index of cardiac preload. In situations in
which left ventricular or right ventricular compliance
is abnormal, or in certain forms of congenital heart
disease, right atrial pressure may not correlate well
with left atrial pressure. In infants and children, most
shock situations are the result of reduced preload sec-
ondary to fluid loss, such as from diarrhea, vomiting,
or trauma.

Virtually all forms of pediatric shock have signifi-
cant intravascular and functional interstitial fluid defi-
cits. Hypovolemia results in decreased venous return
to the heart. Preload is reduced, cardiac output falls,
and the overall result is a decrease in tissue perfu-
sion. Invasive infection and hypovolemia are the most
common causes of shock in both children and adults.
The first step in treating all forms of shock is to correct
existing fluid deficits. Inotropic drugs should not be
initiated until adequate intravascular fluid volume has
been established. The speed and volume of the infusate
are determined by the patient’s responses, particularly
changes in blood pressure, pulse rate, urine output,
and central venous pressure. Shock resulting from
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acute hemorrhage is initially treated with the adminis-
tration of 10 to 20 mL/kg of Ringer’s lactate solution or
normal saline as fluid boluses. If the patient does not
respond, a second bolus of crystalloid is given. Type-
specific or crossmatched blood is given as needed.

The choice of resuscitation fluid in shock that results
from sepsis or from loss of extracellular fluid (from
conditions such as peritonitis, intestinal obstruction,
and pancreatitis) is less clear. Our initial resuscitation
fluids include Ringer’s lactate or normal saline in older
infants and children and half-strength Ringer’s or 0.5
normal saline in the newborn. Despite our reluctance
to use colloid-containing solutions for shock, we make
an exception in the desperately ill newborn or pre-
mature infant with septicemia. To correct the reduced
serum factors, for example in those children with a
coagulopathy, we use fresh frozen plasma or specific
factors as the resuscitation fluid.

The rate and volume of resuscitation fluid given is
adjusted based on data obtained from monitoring the
effects of the initial resuscitation. After the initial bolus
is given, the adequacy of the replacement is assessed
by monitoring urine output, urine concentration,
plasma acidosis, oxygenation, arterial pressure, central
venous pressure, and pulmonary wedge pressure, if
indicated. When cardiac failure is present, continued
vigorous delivery of large volumes of fluid may cause a
further increase in preload to the failing myocardium
and accelerate the downhill course. In this setting, as
outlined previously, inotropic agents are given while
monitoring cardiac and pulmonary function.

Cardiogenic Shock

Myocardial contractility is usually expressed as the
ejection fraction, which is the proportion of ventricu-
lar volume that is pumped. Myocardial contractility is
reduced with hypoxemia and acidosis. Inotropic drugs
increase cardiac contractility but have their best effect
when hypoxemia and acidosis are corrected.

Adrenergic receptors are important in regulat-
ing calcium flux, which, in turn, is important in
controlling myocardial contractility. The o- and
f-adrenergic receptors are proteins present in the
sarcolemma of myocardial and vascular smooth
muscle cells. f; receptors are predominantly in the
heart and, when stimulated, result in increased con-
tractility of myocardium. §, receptors are predomi-
nantly in respiratory and vascular smooth muscle.
When stimulated, these receptors result in broncho-
dilation and vasodilation. a;-Adrenergic receptors
are located on vascular smooth muscle and result
in vascular constriction when stimulated. a,-Adren-
ergic receptors are found mainly on prejunctional
sympathetic nerve terminals. The concept of dopa-
minergic receptors has also been used to account for
the cardiovascular effects of dopamine not mediated
through a or p receptors. Activation of dopaminergic
receptors results in decreased renal and mesenteric
vascular resistance and, usually, increased blood
flow. The most commonly used inotropic drugs are
listed in Table 1-7.

Epinephrine

Epinephrine is an endogenous catecholamine with
a- and p-adrenergic effects. At low doses, the f-adren-
ergic effect predominates. These effects include an
increase in heart rate, cardiac contractility, cardiac
output, and bronchiolar dilation. Blood pressure rises,
in part, not only due to increased cardiac output but
also due to increased peripheral vascular resistance,
which is noted with higher doses at which a-adren-
ergic effects become predominant. Renal blood flow
may increase slightly, remain unchanged, or decrease
depending on the balance between greater cardiac
output and the changes in peripheral vascular resis-
tance, which lead to regional redistribution of blood
flow. Cardiac arrhythmias can be seen with epineph-
rine, especially with higher doses. Dosages for treat-
ing compromised cardiovascular function range from
0.05 to 1.0 png/kg/min. Excessive doses of epinephrine
can cause worsening cardiac ischemia and dysfunction
from increased myocardial oxygen demand.

Isoproterenol

Isoproterenol is a B-adrenergic agonist. It increases
cardiac contractility and heart rate, with little change
in systemic vascular resistance. The peripheral vascu-
lar f-adrenergic effect and lack of a peripheral vascular
a-adrenergic effect may allow reduction of left ven-
tricular afterload. Isoproterenol’s intense chronotropic
effect produces tachycardia, which can limit its useful-
ness. Isoproterenol is administered intravenously at a
dosage of 0.1 to 0.3 pg/kg/min.

Dopamine

Dopamine is an endogenous catecholamine with
f-adrenergic, a-adrenergic, and dopaminergic effects.
It is both a direct and an indirect f-adrenergic agonist.
Dopamine elicits positive inotropic and chronotropic
responses by direct interaction with the f receptor
(direct effect) and by stimulating the release of nor-
epinephrine from the sympathetic nerve endings,
which interacts with the f receptor (indirect effect). At
low dosages (<3 pg/kg/min), the dopaminergic effect
of the drug predominates, resulting in reduced renal
and mesenteric vascular resistance and improved
blood flow to these organs. The B-adrenergic effects
become more prominent at intermediate dosages
(3 to 10 pg/kg/min), producing a higher cardiac output.
At relatively high dosages (>15 to 20 pg/kg/min), the
a-adrenergic effects become prominent with periph-
eral vasoconstriction.

Experience with the use of dopamine in pediatric
patients suggests that it is effective in increasing blood
pressure in neonates, infants, and children. The pre-
cise dosages for these desired hemodynamic effects are
not known. The effects of low dosages of dopamine
on blood pressure, heart rate, and renal function were
studied in 18 hypotensive, preterm infants.®? The blood
pressure and diuretic effects were observed at 2, 4, and
8 pg/kg/min. Elevations in heart rate were seen only



Vasoactive Medications Commonly Used in the Newborn
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Vasoactive
Agent Principal Modes of Action = Major Hemodynamic Effects
Epinephrine a and B agonist Increases heart rate and
myocardial contractility by
activating B4 receptors
Dopamine, Stimulates dopamine Decrease in vascular resistance in
low dose receptors splanchnic, renal, and cerebral
vessels
Dopamine, Stimulates B, receptors; Inotropic response
intermediate myocardial
dose
Dopamine, Stimulates o receptors Increased peripheral and renal
high dose vascular resistance

Dobutamine

Isoproterenol

Sodium
nitroprusside

Synthetic g4 agonist in
low doses; a and B,
effects in higher doses

B, and B, agonist

Direct-acting vasodilator
that relaxes arteriolar

Increased cardiac output,
increased arterial pressure; less
increase in heart rate than with
dopamine

Increased cardiac output
by positive inotropic and
chronotropic action and
increase in venous return;
systemic vascular resistance
generally reduced; pulmonary
vascular resistance generally
reduced

Afterload reduction; reduced
arterial pressure
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Administration
and Dosage

0.1 ml/kg of
1:10,000
solution given IV
intracardial, or
endotracheal
0.05-1.0 pg/kg/
min IV

<2 pg/kg/min IV

2=10 pg/kg/min IV
>10 pg/kg/min IV

1-15 pg/kg/min IV

0.1-0.3 pg/kg/min
v

1-10 pg/kg/min IV
(for up to 10

Indications

Cardiac resuscitation;
short-term use when
severe heart failure
resistant to other
drugs

Useful in managing
cardiogenic or
hypovolemic shock or
after cardiac surgery

Blood pressure
unresponsive to low
dose

Septic shock with low
systemic vascular
resistance

Useful alternative
to dopamine if
increase in heart rate
undesirable

Useful in low-output
situations, especially
when heart rate is
slow

Hypertensive crisis;
vasodilator therapy

and venous smooth
muscle

Phosphodiesterase
inhibitor relaxes
arteriolar and venous
smooth muscle via
calcium/cyclic adenosine
monophosphate

Milrinone

Increased cardiac output, slight
decreased blood presure,
increased oxygen delivery

min); 0.5-2.0
pg/kg/min IV

75 ng/kg bolus 1V, Useful as an alternative
then 0.75-1.0 or in addition to
pa/k g/min IV dopamine (may act

synergistically) if
increased heart rate
undesirable

Adapted from Lees MH, King DH: Cardiogenic shock in the neonate. Pediatr Rev 9:263, 1988.

at 8 ug/kg/min. Further work is needed to better char-
acterize the pharmacokinetics and pharmacodynamics
of dopamine in children, especially in newborns.

Recent clinical evidence has demonstrated some
beneficial effects from orally administered levodopa for
treating cardiac failure in pediatric patients. Because
enteral medications for heart failure are currently
limited to digoxin and diuretics, using levodopa may
improve our ability to treat heart failure without using
parenteral ionotropes.®>

Dobutamine

Dobutamine, a synthetic catecholamine, has predomi-
nantly p-adrenergic effects with minimal a-adrener-
gic effects. The hemodynamic effect of dobutamine in
infants and children with shock has been studied.®*
Dobutamine infusion significantly increased cardiac
index, stroke index, and pulmonary capillary wedge
pressure, and it decreased systemic vascular resistance.

The drug appears more efficacious in treating cardio-
genic shock than septic shock. The advantage of dobu-
tamine over isoproterenol is its lesser chronotropic
effect and its tendency to maintain systemic pressure.
The advantage over dopamine is dobutamine’s lesser
peripheral vasoconstrictor effect. The usual range of
dosages for dobutamine is 2 to 15 pg/kg/min. One study
found dobutamine significantly increased systemic
blood flow in preterm infants when compared with
dopamine. However, it did not demonstrate differences
in outcomes.®>% The combination of dopamine and
dobutamine has been increasingly used. However, little
information regarding their combined advantages or
effectiveness in pediatric patients has been published.

Milrinone

Milrinone, a phosphodiesterase inhibitor, is a potent
positive inotrope and vasodilator that has been shown
to improve cardiac function in infants and children.67-69



16 section 1 GENERAL

The proposed action is due, in part, to an increase in
intracellular cyclic adenosine monophosphate and cal-
cium transport secondary to inhibition of cardiac phos-
phodiesterase. This effect is independent of p-agonist
stimulation and, in fact, may act synergistically with a
f agonist to improve cardiac performance. Milrinone
increases cardiac index and oxygen delivery without
affecting heart rate, blood pressure, or pulmonary wedge
pressure. Milrinone is administered as a 75-ug/kg bolus
followed by infusion of 0.75 to 1.0 pg/kg/min.

Septic Shock

Afterload represents the force against which the left
ventricle must contract to eject blood. It is related to
systemic vascular resistance and myocardial wall stress.
Systemic vascular resistance is defined as the systemic
mean arterial blood pressure minus right arterial pres-
sure divided by cardiac output. Cardiac contractility is
affected by systemic vascular resistance and afterload.
In general, increases in afterload reduce cardiac con-
tractility and decreases in afterload increase cardiac
contractility.

Septic shock is a distributive form of shock that dif-
fers from other forms of shock. Cardiogenic and hypo-
volemic shock lead to increased systemic vascular
resistance and decreased cardiac output. Septic shock
results from a severe decrease in systemic vascular
resistance and a generalized maldistribution of blood
and leads to a hyperdynamic state.”® The pathophysi-
ology of septic shock begins with a nidus of infection.
Organisms may invade the bloodstream, or they may
proliferate at the infected site and release various medi-
ators into the bloodstream. Evidence now supports the
finding that substances produced by the microorgan-
ism, such as lipopolysaccharide, endotoxin, exotoxin,
lipid moieties, and other products, can induce septic
shock by stimulating host cells to release cytokines,
leukotrienes, and endorphins.

Endotoxin is a lipopolysaccharide found in the outer
membrane of gram-negative bacteria. Functionally,
the molecule is divided into three parts: (1) the highly
variable O-specific polysaccharide side chain (con-
veys serotypic specificity to bacteria and can activate
the alternate pathway of complement); (2) the R-core
region (less variable among different gram-negative
bacteria; antibodies to this region could be cross pro-
tective); and (3) lipid-A (responsible for most of the
toxicity of endotoxin). Endotoxin stimulates tumor
necrosis factor (TNF) and can directly activate the clas-
sic complement pathway in the absence of antibody.
Endotoxin has been implicated as an important factor
in the pathogenesis of human septic shock and gram-
negative sepsis.”! Therapy has focused on developing
antibodies to endotoxin to treat septic shock. Antibod-
ies to endotoxin have been used in clinical trials of
sepsis with variable results.”2-74

Cytokines, especially TNF, play a dominant role
in the host’s response. Endotoxin and exotoxin both
induce TNF release in vivo and produce many other
toxic effects via this endogenous mediator.”>-77 TNF is
released primarily from monocytes and macrophages;

however, it is also released from natural killer cells,
mast cells, and some activated T lymphocytes. Other
stimuli for its release include viruses, fungi, parasites,
and interleukin-1 (IL-1). In sepsis, the effects of TNF
release may include cardiac dysfunction, disseminated
intravascular coagulation, and cardiovascular collapse.
TNF release also causes the release of granulocyte-
macrophage colony-stimulating factor (GM-CSF),
interferon alfa, and IL-1. Antibodies against TNF protect
animals from exotoxin and bacterial challenge.”87°

Previously known as the endogenous pyrogen, IL-1
is produced primarily by macrophages and monocytes
and plays a central role in stimulating a variety of host
responses, including fever production, lymphocyte
activation, and endothelial cell stimulation to produce
procoagulant activity and to increase adhesiveness.
IL-1 also causes the induction of the inhibitor of tissue
plasminogen activator and the production of GM-CSFE.
These effects are balanced by the release of platelet-
activating factor and arachidonic metabolites.

IL-2, also known as T-cell growth factor, is pro-
duced by activated T lymphocytes and strengthens the
immune response by stimulating cell proliferation. Its
clinically apparent side effects include capillary leak
syndrome, tachycardia, hypotension, increased car-
diac index, decreased systemic vascular resistance, and
decreased left ventricular ejection fraction.80-81

Studies done on dogs have suggested that, in imma-
ture animals, septic shock is more lethal and has dif-
ferent mechanisms of tissue injury.8? These include
more dramatic aberrations in blood pressure (more
constant decline), heart rate (progressive, persistent
tachycardia), blood sugar level (severe, progressive
hypoglycemia), acid-base status (severe acidosis), and
oxygenation (severe hypoxemia). These changes are
significantly different from those seen in the adult ani-
mals that also experience improved survival of almost
600% (18.5 vs. 3.1 hours) compared with the prema-
ture animal.

The neonate’s host defense can usually respond suc-
cessfully to ordinary microbial challenge. However,
defense against major challenges appears limited and
provides an explanation for the high mortality rate with
major neonatal sepsis. As in adults, the immune sys-
tem consists of four major components: cell-mediated
immunity (T cells), complement system, antibody-medi-
ated immunity (B cells), and macrophage-neutrophil
phagocytic system. The two most important deficits in
newborn host defenses that seem to increase the risk
of bacterial sepsis are the quantitative and qualitative
changes in the phagocytic system and the defects in
antibody-mediated immunity.

The proliferative rate of the granulocyte-macrophage
precursor has been reported to be at near-maximal
capacity in the neonate. However, the neutrophil stor-
age pool is markedly reduced in the newborn compared
with the adult. After bacterial challenge, newborns fail
to increase stem cell proliferation and soon deplete their
already reduced neutrophil storage pool. Numerous in-
vitro abnormalities have been demonstrated in neona-
tal polymorphonuclear neutrophils, especially in times
of stress or infection.®> These abnormalities include



decreased deformability, chemotaxis, phagocytosis, C3b
receptor expression, adherence, bacterial killing, and
depressed oxidative metabolism. Chemotaxis isimpaired
in neonatal neutrophils in response to various bacterial
organisms and antigen-antibody complexes.8* Granulo-
cytes are activated by their interaction with endothelial
cells followed by entry into secondary lymphoid tissues
via the endothelial venules. Initial adhesion of granu-
locytes is dependent on their expression of L-selectin,
a cell adhesion molecule expressed on the granulocyte
cell surface. Evaluation of cord blood has demonstrated
a significantly lower expression of L-selectin on gran-
ulocyte surfaces when compared with older newborn
(5 days old) and adult samples, indicating a depressed
level of interaction with vascular endothelial cells at
the initial stage of adhesion.> Although phagocytosis
has additionally been demonstrated to be abnormal in
neonatal phagocytes, it appears that this phenomenon
is most likely secondary to decreased opsonic activity
rather than an intrinsic defect of the neonatal polymor-
phonuclear neutrophils.8¢-87 Currently, there is incon-
clusive evidence to support or refute the routine use
of granulocyte transtusions in the prevention or treat-
ment of sepsis in the neonate.38

Preterm and term newborns have poor responses to
various antigenic stimuli, reduced gamma globulin levels
at birth, and reduced maternal immunoglobulin supply
from placental transport. Almost 33% of infants with a
birth weight less than 1500 g develop substantial hypo-
gammaglobulinemia.?® IgA and IgM are also low due
to the inability of these two immunoglobulins to cross
the placenta. Neonates, therefore, are usually more sus-
ceptible to pyogenic bacterial infections because most of
the antibodies that opsonize pyogenic bacterial capsular
antigens are IgG and IgM. In addition, neonates do not
produce type-specific antibodies, which appears to be
secondary to a defect in the differentiation of B lympho-
cytes into immunoglobulin-secreting plasma cells and T
lymphocyte-mediated facilitation of antibody synthesis.
In the term infant, total hemolytic complement activity,
which measures the classic complement pathway, con-
stitutes approximately 50% of adult activity.”® Owing
to lower levels of factor B, the activity of the alternative
complement pathway is also decreased in the neonate.”!
Fibronectin, a plasma protein that promotes reticuloen-
dothelial clearance of invading microorganisms, is defi-
cient in neonatal cord plasma.®?

Using intravenous immunoglobulins (IVIGs) for the
prophylaxis and treatment of sepsis in the newborn,
especially the preterm, low birth weight infant, has
been studied in numerous trials with varied outcomes.
In one study, a group of infants weighing 1500 g was
treated with 500 mg/kg of IVIG each week for 4 weeks
and compared with infants who were not treated with
IVIG.?? The mortality rate was 16 % in the IVIG-treated
group compared with 32% in the untreated group.
Another recent analysis examined the role of IVIG to
prevent and treat neonatal sepsis.”* A significant ben-
efit was noted from the prophylactic use of IVIG to
prevent sepsis in low birth weight premature infants.
However, using IVIG to treat neonatal sepsis produced
a greater than 6% decrease in the mortality rate.
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A review of 19 randomized controlled trials found
a 3% decrease in the incidence of neonatal sepsis in
preterm infants without a significant difference in all-
cause and infection-related mortality when prophy-
lactic IVIG was administered. Based on the marginal
reduction of neonatal sepsis without a reduction in
mortality, routine use of prophylactic IVIG cannot be
recommended.”®

Colony-stimulating factors are a family of glycopro-
teins that stimulate proliferation and differentiation of
hematopoietic cells of various lineages. GM-CSF and
granulocyte colony-stimulating factor (G-CSF) have
similar physiologic actions. Both stimulate the prolifer-
ation of bone marrow myeloid progenitor cells, induce
the release of bone marrow neutrophil storage pools,
and enhance mature neutrophil effect or function.?4%¢
Preliminary studies of GM-CSF in neonatal animals
demonstrate enhancement of neutrophil oxidative
metabolism, as well as priming of neonatal neutrophils
for enhanced chemotaxis and bacterial killing. Both
GM-CSF and G-CSF induce peripheral neutrophilia
within 2 to 6 hours of intraperitoneal administration.
This enhanced affinity for neutrophils returns to nor-
mal baseline level by 24 hours.®” Recent studies confirm
the efficacy and safety of G-CSF therapy for neonatal
sepsis and neutropenia.’® Other studies have demon-
strated no long-term adverse hematologic, immuno-
logic, or developmental effects from G-CSF therapy in
the septic neonate. Prolonged prophylactic treatment
in the very low birth weight neonate with recombinant
GM-CSF has been shown to be well tolerated and have
a significant decrease in the rate of nosocomial infec-
tions.??100 Confirmatory studies are currently being
performed. The current recommended daily pediatric
dose is 5 pug/kg/dose given subcutaneously.

Unique to the newborn in septic shock is the per-
sistence of fetal circulation and resultant pulmonary
hypertension.!?! In fact, the rapid administration of
fluid can further exacerbate this issue by causing left-
to-right shunting through a patent ductus arteriosus
and subsequent congestive heart failure from ventric-
ular overload. Infants in septic shock with a new heart
murmur should receive indomethacin and undergo a
cardiac echocardiogram to evaluate the heart. A single
institution randomized trial demonstrated an improved
outcome from ventricular overload with pentoxifyl-
line in extremely premature infants.!9

The critical care of a patient in septic shock can be
challenging. Septic shock has a distinctive clinical pre-
sentation and is characterized by an early compensated
stage where one can see a decreased systemic vascu-
lar resistance, an increase in cardiac output, tachycar-
dia, warm extremities, and an adequate urine output.
Later in the clinical presentation, septic shock is char-
acterized by an uncompensated phase in which the
patient develops a decrease in intravascular volume,
myocardial depression, high vascular resistance, and
a decreasing cardiac output.'?® Care of these patients
is based on the principles of source control, antibiot-
ics, and supportive care. Patients with severe septic
shock often do not respond to conventional forms
of volume loading and cardiovascular supportive
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medications. Recently, the administration of arginine
vasopressin has been shown to decrease mortality in
adult patients with recalcitrant septic shock.104-106
Vasopressin, also known as antidiuretic hormone, is
made in the posterior pituitary and plays a primary
role in water regulation by the kidneys. The U.S. Food
and Drug Administration (FDA)-approved uses of
vasopressin and its derivatives are for diabetes. Other
non-FDA-approved uses for vasopressin include gas-
trointestinal hemorrhage and in bleeding disorders
such as type I von Willebrand’s disease.!¢ In septic
shock, vasopressin has profound effects on increasing

blood pressure in intravascular depleted states. The
mechanisms behind this observation appear to be
mediated by the ability of vasopressin to potentiate
the catecholamine effects on blood vessels. Several
observational and nonrandomized prospective stud-
ies have demonstrated the efficacy of terlipressin, an
arginine vasopressin analog, to be effective as rescue
therapy in catecholamine-resistant shock in children
and neonates.197.108 A single randomized, double-
blinded, placebo-controlled study has been conducted
that demonstrated a beneficial effect of vasopressin in
recalcitrant septic shock.19?



NUTRITIONAL SUPPORT
OF THE PEDIATRIC PATIENT
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D espite advances in the field of nutritional support,

the prevalence of malnutrition among hospital-
ized patients, especially those with a protracted clini-
cal course, has remained largely unchanged over the
past 2 decades.! The provision of optimal nutritional
therapy requires a careful assessment of energy needs
and the provision of macronutrients and micronutri-
ents via the most suitable feeding route. The profound
and stereotypic metabolic response to injury places
unique demands on the hospitalized child. Standard
equations available for estimating energy needs have
proved to be unreliable in this population.?? In ad-
dition, children with critical illness have marked net
protein catabolism and often lack adequate nutritional
support.* Ultimately, an individualized nutritional reg-
imen should be tailored for each child and reviewed
regularly during the course of illness. An understand-
ing of the metabolic events that accompany illness and
surgery in the child is the first step in implementing
appropriate nutritional support.

THE METABOLIC RESPONSE TO STRESS

The metabolic response to illness due to stressors
such as trauma, surgery, or inflammation has been
well described. Cuthbertson was the first investigator
to realize the primary role that whole-body protein
catabolism plays in the systemic response to injury.’
Based on his work, the metabolic stress response
has been conceptually divided into two phases. The
initial brief ebb phase is characterized by decreased
enzymatic activity, reduced oxygen consumption, low
cardiac output, and a core temperature that may be
subnormal. This is followed by the hypermetabolic
flow phase, characterized by increased cardiac output,
oxygen consumption, and glucose production. During
this phase, fat and protein mobilization is manifested
by increased urinary nitrogen excretion and weight
loss. This catabolic phase is mediated by a surge in
cytokines and the characteristic endocrine response to

trauma or surgery that results in an increased avail-
ability of substrates essential for healing and enhanced
glucose production.

Neonates and children share similar qualitative
metabolic responses to illness as adults, albeit with sig-
nificant quantitative differences. The metabolic stress
response is beneficial in the short term, but the conse-
quences of sustained catabolism are significant because
the child has limited tissue stores and substantial nutri-
ent requirements for growth. Thus, the prompt institu-
tion of nutritional support is a priority in sick neonates
and children. The goal of nutrition in this setting is to
augment the short-term benefits of the pediatric meta-
bolicresponse to injury while minimizing any long-term
consequences. In general, the metabolic stress response
is characterized by an increase in net muscle protein
degradation and enhanced movement of free amino
acids through the circulation (Fig. 2-1). These amino
acids serve as the building blocks for the rapid synthesis
of proteins that act as mediators for the inflammatory
response and structural components for tissue repair.
Remaining amino acids not used in this way are chan-
neled through the liver where their carbon skeletons
are utilized to create glucose through gluconeogenesis.
The provision of additional dietary protein may slow the
rate of net protein loss but does not eliminate the over-
all negative protein balance associated with injury.®

Carbohydrate and lipid turnover is also increased
severalfold during the pediatric metabolic response.
Although these metabolic alterations would be
expected to increase overall energy requirements, data
show that such an increase is quantitatively variable,
modest, and evanescent. Overall, the energy needs of
the critically ill or injured child are governed by the
severity and persistence of the underlying illness or
injury. Accurate assessment of energy requirements
in individual patients allows optimal caloric supple-
mentation and avoids the deleterious effects of both
underfeeding and overfeeding. Children with critical
illness demonstrate a unique hormonal and cytokine
profile characterized by an elevation in serum levels
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of insulin, the catabolic hormones (glucagon, corti-
sol, catecholamines), and specific cytokines known to
interact with the inflammatory process.” Novel ways
to manipulate these hormonal and cytokine altera-
tions with an aim to minimize the deleterious conse-
quences induced by the stress response are the focus
of significant research.

BODY COMPOSITION AND NUTRIENT
RESERVES

The body composition of the young child contrasts to
that of the adult in several ways that significantly affect
nutritional requirements. Table 2-1 lists the macronu-
trient stores of the neonate, child, and adult as a per-
centage of total body weight.®® Carbohydrate stores
are limited in all age groups and provide only a short-
term supply of glucose when utilized. Despite this fact,
neonates have a high demand for glucose and have
shown elevated rates of glucose turnover when com-
pared with those of the adult.!? This is thought to be
related to the neonate’s increased brain-to-body mass
ratio because glucose is the primary energy source
for the central nervous system. Neonatal glycogen
stores are even more limited in the early postpartum
period, especially in the preterm infant.!! Short peri-
ods of fasting can predispose the newborn to hypogly-
cemia. Thus, when infants are burdened with illness
or injury, they must rapidly turn to the breakdown of

The Body Composition of Neonates,
Children, and Adults as a Percentage
of Total Body Weight

Age Protein (%) Fat (%) Carbohydrate (%)
Neonates 11 14 0.4
Children 15 17 0.4

(age 10 yr)
Adults 18 19 0.4

TISSUE REPAIR

WOUND HEALING%\K\\

Acute inflammatory

proteins

!

Protein synthesis

Gluconeo-
genesis Figure 2-1. The metabolic changes
associated with the pediatric stress
response to critical illness and injury
Urea are illustrated. In general, net pro-
tein catabolism predominates and
amino acids are transported from
Fuel for muscle stores to the liver, where
brain, RBC, and they are converted to inflammatory
kidneys proteins and glucose through the

process of gluconeogenesis.

protein stores to generate glucose through the process
of gluconeogenesis. Lipid reserves are low in the neo-
nate, gradually increasing with age. Premature infants
have the lowest proportion of lipid stores because the
majority of polyunsaturated fatty acids accumulate in
the third trimester.!2 This renders lipid less useful as a
potential fuel source in the young child.!?

The most dramatic difference between adult and pedi-
atric patients is in the relative quantity of stored protein.
The protein reserve of the adult is nearly twofold that of
the neonate. Thus, infants cannot afford to lose signifi-
cant amounts of protein during the course of protracted
illness or injury. An important feature of the metabolic
stress response, unlike in starvation, is that the provision
of dietary glucose does not halt gluconeogenesis. Con-
sequently, the catabolism of muscle protein to produce
glucose continues unabated.!'# Neonates and children
also share much higher baseline energy requirements.
Studieshave demonstrated thattherestingenergy expen-
diture for neonates is two to three times that of adults
when standardized for body weight.!>15:16 Clearly, the
child’s need for rapid growth and development is a large
component of this increase in energy requirement.
Moreover, the relatively large body surface area of the
young child may increase heat loss and further contrib-
utes to elevations in energy expenditure.

The basic requirements for protein and energy
in the healthy neonate, child, and adult, based on
recent recommendations by the National Academy
of Sciences, are listed in Table 2-2.17 As illustrated,
the recommended protein provision for the neonate
is almost three times that of the adult. In premature
infants, a minimum protein allotment of 2.8 g/kg/
day is required to maintain in-utero growth rates.!8
The increased metabolic demand and limited nutrient
reserves of the infant mandates early nutritional sup-
port in times of traumatic injury and critical illness in
order to avoid untoward nutritional consequences.

Accurate assessment of body composition is nec-
essary for planning nutritional intake, monitoring
dynamic changes in the body compartments (e.g., the
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Estimated Requirements for Energy
and Protein in Healthy Humans of
Different Age Groups

Age Protein (g/kg/day) Energy (kcal/kg/day)
Neonates 2.2 120
Children 1.0 70

(age 10 yr)
Adults 0.8 35

loss of lean body mass), and assessing the adequacy
of nutritional supportive regimens during critical ill-
ness. Ongoing loss of lean body mass is an indicator
of inadequate dietary supplementation and may have
clinical implications in the hospitalized child. However,
current methods of body composition analysis (e.g.,
anthropometry, weight, and biochemical parameters)
are either impractical for clinical use or inaccurate in a
subgroup of hospitalized children with critical illness.
One of the principal problems in critically ill children
is the presence of capillary leak, which is manifested
as edema and large fluid shifts. These make anthropo-
metric measurements invalid, and other bedside tech-
niques have not been validated.

ENERGY EXPENDITURE DURING
ILLNESS

For children with illness or undergoing operative
intervention, knowledge of energy requirements is
important for the design of appropriate nutritional
strategies. Dietary regimens that both underestimate
and overestimate energy needs are associated with
injurious consequences. Owing to the high individual
variability in energy expenditure, particularly in the
most critically ill patients, the actual measurement of
resting energy expenditure (REE) is recommended.

The components of total energy expenditure (TEE)
for a child, in order of magnitude are (1) REE, (2) energy
expended during physical activity, and (3) diet-induced
thermogenesis (the heat generated by the consumption
of food products). The sum of these components deter-
mines the energy requirement for an individual. In gen-
eral, REE rates decline with age from infancy to young
adulthood, at which time the rate becomes stable. In
children with critical illness, the remaining factors in
the determination of TEE are of reduced significance,
because physical activity is low and diet-induced ther-
mogenesis may not be significant.

REE can be measured using direct or indirect meth-
ods. The direct calorimetric method measures the heat
released by a subject at rest and is based on the prin-
ciple that all energy is eventually converted to heat. In
practice, the patient is placed in a thermally isolated
chamber and the heat dissipated is measured for a given
period of time.!? This method is the true gold standard
for measured energy expenditure. Direct calorimetry
is not practical for most hospitalized children, and REE
is often estimated using standard equations. Unfortu-
nately, REE estimates using standardized World Health
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Organization (WHO) predictive equations are unreli-
able, particularly in underweight subjects.!%-21

REE estimation is difficult in critically ill or post-
operative children. Their energy requirements show
individual variation and are dependent on severity of
injury. For instance, an infant with respiratory distress
on pressure support is likely to have a high energy
requirement owing to increased work of breathing. The
same patient, when started on mechanical ventilation
with muscle relaxants, is unlikely to have sustained
high energy requirements. Infants with congenital dia-
phragmatic hernia on extracorporeal membrane oxy-
genation (ECMO) support have been shown to have
energy expenditures of approximately 90 kcal/kg/day.
After extubation, the same patients may have energy
requirements as high as 140 kcal/kg/day. Although
stress factors ranging from 1.0 to 2.7 have been applied
to correct for these variations, calculated standardized
energy expenditure equations have not been satisfac-
torily validated in critically ill children.22-25

Indirect calorimetry measures VO, (the volume
of oxygen consumed) and Vco, (the volume of CO,
produced) and uses a correlation factor based on uri-
nary nitrogen excretion to calculate the overall rate
of energy production.?® The measurement of energy
needs is “indirect” because it does not use direct tem-
perature changes to determine energy needs. Indirect
calorimetry, usually with the aid of a “metabolic cart,”
provides a measurement of the overall respiratory
quotient (RQ), defined as the ratio of CO, produced to
0O, consumed (VC0,/V0,), for a given patient. Oxida-
tion of carbohydrate yields an RQ of 1.0, whereas fatty
acid oxidation gives an RQ of 0.7. However, the role
of the RQ as a marker of substrate use and as an indi-
cator of underfeeding or overfeeding is limited. The
body’s ability to metabolize substrate may be impaired
during illness, making assumptions of RQ values and
substrate oxidation invalid. Although RQ is not a sen-
sitive marker for the adequacy of feeding in individual
cases, RQ values greater than 1.0 are generally asso-
ciated with lipogenesis secondary to overfeeding.??-28
A recent study has suggested the utility of extremes of
RQ in monitoring feeding adequacy.?° An RQ higher
than 0.85 reliably indicates the absence of underfeed-
ing, and an RQ higher than 1.0 reliably indicates the
presence of overfeeding. However, numerous factors,
related and unrelated to feeding, can alter the value of
a measured RQ in critically ill patients. Some of these
factors include hyperventilation, acidosis effects of car-
diotonic agents and neuromuscular blocking agents,
and an individual response to a given substrate load,
injury, or disease.?? Furthermore, in the setting of wide
diurnal and day-to-day variability of REE in critically
ill individuals, the extrapolation of short-term calori-
metric REE measurements to 24-hour REE may intro-
duce errors. The use of steady-state measurements
may decrease these errors. Steady state is defined by
change in Vo, and Vco, of less than 10% over a period
of 5 consecutive minutes. The values for the mean
REE from this steady-state period may be used as an
accurate representation of the 24-hour TEE in patients
with low levels of physical activity.?! In a patient who
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fails to achieve steady state and is metabolically unsta-
ble, more prolonged testing is required (minimum of
60 minutes), and 24-hour indirect calorimetry should
be considered. With the advent of newer technology,
the application of indirect calorimetry at the bedside
for continuous monitoring shows promise.

Indirect calorimetry is not accurate in the setting of
air leaks around the endotracheal tube, the ventila-
tor circuit, or through a chest tube, or in patients on
ECMO support. High, inspired oxygen fraction (F1o, >
0.6) will also affect indirect calorimetry. Indirect calo-
rimetry is difficult to use in infants on ECMO because
a large proportion of the patient’s oxygenation and
ventilation is performed through the membrane oxy-
genator. The use of indirect calorimetry for assessment
and monitoring of nutrition intake requires attention
to its limitations as well as expertise in the interpreta-
tion. Nonetheless, its application in children at high
risk for underfeeding and overfeeding appears to be
warranted.3?33

Nonradioactive stable isotope techniques have been
used to measure REE in the pediatric patient. Stable
isotope technology has been available for many years
and was first applied for energy expenditure measure-
ment in humans in 1982.3435 Both 13C-labeled bicar-
bonate and doubly labeled water (2H,'80) have been
used to measure TEE in pediatric surgical patients3235
and have been shown to correlate well with indirect
calorimetry.?¢ The !3C-labeled bicarbonate method
allows the calculation of REE solely on the basis of
infusion rate and the ratio of labeled to unlabeled CO,
in expired breath samples.?® Orally administered stable
isotopes of water (?H,0 and H,'80) mix with the body
water, and the 180 is lost from the body as both water
and CO,, while the 2H is lost from the body only as
water. The difference in the rates of loss of the isotopes
180 and 2H from the body reflects the rate of CO, pro-
duction, which can be used to calculate the TEE.3?7-38
However, the doubly labeled water method has its limi-
tations in children with active capillary leak, decreased
urine output, fluid overload, and diuretic use.?”

In general, any increase in energy expenditure dur-
ing illness or after surgery is variable. Recent stud-
ies suggest that the increase is far less than originally
hypothesized. In children with severe burns, the initial
REE during the flow phase of injury is increased by 50%
but then returns to normal during convalescence.?® In
neonates with bronchopulmonary dysplasia in which
the illness increases the patient’s work of breathing,
a 25% elevation in energy requirement is evident.*?
Newborns undergoing major surgery have only a tran-
sient 20% increase in energy expenditure that returns
to baseline values within 12 hours postoperatively,
provided that no major complications develop.4!42
Stable, extubated neonates 5 days after surgery have
been shown to have REE comparable to normal
infants.43 Effective anesthetic and analgesic manage-
ment may play a significant role in muting the stress
response of the neonate. Studies have demonstrated
no discernable increase in REE in neonates under-
going patent ductus arteriosus ligation who received
intraoperative fentanyl anesthesia and postoperative

intravenous analgesic regimens.*> A retrospective
stratification of surgical infants into low- and high-
stress cohorts based on the severity of underlying ill-
ness found that high-stress infants undergo moderate
short-term elevations in energy expenditure after sur-
gical intervention.** Low-stress infants do not manifest
any increase in energy expenditures during the course
of illness. Finally, by using stable isotopic methods, it
has been found that the mean energy expenditures of
critically ill neonates on ECMO are nearly identical to
age- and diet-matched nonstressed controls.4’

These studies suggest that critically ill neonates
have only a small and usually short-term increase in
energy expenditure. Although children have increased
energy requirements from increased metabolic turn-
over during illness, their caloric needs may be lower
than previously considered owing to possible halted
or slow growth*® and the use of sedation and mus-
cle paralysis.*” This could result in overfeeding when
energy intake is based on presumed or estimated
energy expenditure with stress factors. On the other
hand, unrecognized hypermetabolism in select indi-
viduals results in underfeeding with nutritional conse-
quences.>? The variability in energy requirements may
result in cumulative energy imbalances in the inten-
sive care unit (ICU) over a period of time.?* A direct
relation has been reported between cumulative caloric
imbalance and mortality rate in critically ill surgical
patients.48

For practical purposes, the recommended dietary
caloric intake for healthy children may represent a
reasonable starting point for the upper limit of caloric
allotment in the hospitalized child.!” However, as dis-
cussed earlier, energy requirement estimates in select
groups of patients remain variable and possibly over-
estimated, mandating an accurate estimation using
measured energy expenditure where available. Regu-
lar anthropometric measurements plotted on a growth
chart to assess the adequacy of caloric provision will
allow relatively prompt detection of underfeeding or
overfeeding in most cases. However, some critically ill
children may be too sick for regular weights or have
changes in body water that make anthropometric
measurements unreliable.

MACRONUTRIENT INTAKE

Review of Protein Metabolism
and Requirement during lliness

Amino acids are the key building blocks required for
growth and tissue repair. The vast majority (98%) are
found in existing proteins, and the remainder reside
in the free amino acid pool. Proteins are continually
degraded into their constituent amino acids and resyn-
thesized through the process of protein turnover. The
reutilization of amino acids released by protein break-
down is extensive. Synthesis of proteins from the recy-
cling of amino acids is more than two times greater
than that from dietary protein intake. An advantage
of high protein turnover is that a continuous flow of
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amino acids is available for the synthesis of new pro-
teins. This allows the body tremendous flexibility in
meeting ever-changing physiologic needs. However,
the process of protein turnover requires the input of
energy to power both protein degradation and synthe-
sis. At baseline, infants are known to have higher rates
of protein turnover than adults. Healthy newborns
have a protein turnover rate of 6 to 12 g/kg/day com-
pared with 3.5 g/kg/day in adults.4® Even greater rates
of protein turnover have been measured in premature
and low birth weight infants.’® For example, it has
been demonstrated that extremely low birth weight
infants receiving no dietary protein can lose in excess
of 1.2 g/kg/day of endogenous protein.’! At the same
time, infants must maintain a positive protein balance
to attain normal growth and development, whereas
the healthy adult can subsist with a neutral protein
balance.

In the metabolically stressed patient, such as the
child with severe burn injury or cardiorespiratory
failure requiring ECMO, protein turnover is doubled
when compared with that in normal subjects.?>4°
A study of critically ill infants and children found an
80% increase in protein turnover, which correlated
with the duration of the critical illness.>? This process
redistributes amino acids from skeletal muscle to the
liver, wound site, and tissues taking part in the inflam-
matory response. The factors required for the inflam-
matory response—acutely needed enzymes, serum
proteins, and glucose—are thereby synthesized from
degraded body protein stores. The well-established
increase in hepatically derived acute phase proteins
(including C-reactive protein, fibrinogen, transferrin,
and a;-acid glycoprotein), along with the concomitant
decrease in transport proteins (albumin and retinol-
binding protein) is evidence of this protein redistribu-
tion. As substrate turnover isincreased during the stress
response, rates of both whole-body protein degrada-
tion and whole-body protein synthesis are accelerated.
However, protein breakdown predominates, thereby
leading to a hypercatabolic state with ensuing net
negative protein and nitrogen balance.?” Protein loss is
evident in elevated levels of excreted urinary nitrogen
during critical illness. For example, infants with sepsis
demonstrate a severalfold increase in the loss of uri-
nary nitrogen that directly correlates with the degree
of illness.>3 Clinically, severe protein loss can be mani-
fested by skeletal muscle wasting, weight loss, delayed
wound healing, and immune dysfunction.** In addi-
tion to the reprioritization of protein for tissue repair,
healing and inflammation, the body appears to have
an increased need for glucose production during times
of metabolic stress.>® The accelerated rate of gluconeo-
genesis during illness and injury is seen in both children
and adults, and this process appears to be accentuated
in infants with low body weight.!>>4 The increased
production of glucose during illness is necessary,
because glucose represents a versatile energy source
for tissues taking part in the inflammatory response.
For example, it has been shown that glucose utiliza-
tion by leukocytes is significantly increased in inflam-
matory conditions.’® Unfortunately, the provision
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of additional dietary glucose does not suppress the
body’s need for increased glucose production. There-
fore, net protein breakdown continues to predomi-
nate,14.57,58

Specific amino acids are transported from muscle to
the liver to facilitate hepatic glucose production. The
initial step of amino acid catabolism involves removal
of the toxic amino group (NH;3). Through transamina-
tion, the amino group is transferred to a-ketoglutarate,
thereby producing glutamate. The addition of another
amino group converts glutamate to glutamine, which is
subsequently transported to the liver. Here, the amino
groups are removed from glutamine and detoxified to
urea through the urea cycle. The amino acid carbon
skeleton can then enter the gluconeogenesis pathway.
Alternatively, in skeletal muscle, the amino group
can be transferred to pyruvate, thereby forming the
amino acid alanine. When alanine is transported to
the liver and detoxified, pyruvate is re-formed and can
be converted to glucose through gluconeogenesis. The
transport of alanine and pyruvate between peripheral
muscle tissue and the liver is termed the glucose-alanine
cycle.>® Hence the transport amino acid systems involv-
ing glutamine and alanine provide carbon backbones
for gluconeogenesis while facilitating the hepatic
detoxification of ammonia by the urea cycle.

Increased muscle protein catabolism is a success-
ful short-term adaptation during critical illness but is
limited and ultimately harmful to the pediatric patient
with reduced protein stores and elevated protein
demands. Without elimination of the inciting stress,
the progressive breakdown of diaphragmatic, cardiac,
and skeletal muscle can lead to respiratory compro-
mise, fatal arrhythmia, and loss of lean body mass.
Moreover, a prolonged negative protein balance may
have a significant impact on the child’s growth and
development. Healthy, nonstressed neonates require
a positive protein balance of nearly 2 g/kg/day.*%° In
contrast, critically ill, premature neonates requiring
mechanical ventilation have a negative protein bal-
ance of -1 g/kg/day.6%%® Critically ill neonates who
require ECMO have exceedingly high rates of protein
loss, with a net negative protein balance of —2.3 g/kg/
day.®! It has been well established that the extent of
protein catabolism correlates with the ultimate mor-
bidity and mortality of the surgical patient.

Fortunately, amino acid supplementation tends
to promote increased nitrogen retention and posi-
tive protein balance in critically ill patients.’®%2 The
mechanism appears to be an increase in protein syn-
thesis while rates of protein degradation remain con-
stant.®%-¢3 Therefore, the provision of dietary protein
sufficient to optimize protein synthesis, facilitate
wound healing and the inflammatory process, and pre-
serve skeletal muscle mass is the single most important
nutritional intervention in critically ill children. The
quantity of protein needed to enhance protein accrual
is greater in hospitalized sick children than in healthy
children. Table 2-3 lists recommended quantities of
dietary protein provision for hospitalized children.
Extreme cases of physiologic stress, including the child
with extensive burns or the neonate on ECMO, may
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Recommended Protein
Requirements for Critically
Il Infants and Children

Age (yr) Estimated Protein Requirement (g/kg/day)
0-2 2.0-3.0
2-13 1.5-2.0
13-18 1.5

necessitate additional protein supplementation to
meet metabolic demands. It should be noted that tox-
icity from excessive protein administration has been
reported, particularly in children with impaired renal
and hepatic function. The provision of protein at levels
greater than 3 g/kg/day is rarely indicated and is often
associated with azotemia. In premature neonates, the
possible beneficial effects of protein allotments of 3.0
to 3.5 g/kg/day are being actively investigated in an
effort to replicate intrauterine growth rates. Studies
using protein provisions of 6 g/kg/day in children have
demonstrated significant morbidity, including azote-
mia, pyrexia, strabismus, and lower 1Q scores.%% ¢4

Protein Quality

In addition to the sufficient quantity of dietary pro-
tein, an increased focus has been placed on the qual-
ity of protein in nutritional feeding. The specific
amino acid formulation that is best to increase whole-
body protein balance has yet to be fully determined,
although numerous clinical and basic science research
projects are actively researching this topic. It is known
that infants have an increased requirement per kilo-
gram for the essential amino acids compared with the
adult.®® In particular, neonates have immature biosyn-
thetic pathways that may temporarily alter their abil-
ity to synthesize specific amino acids. One example is
the amino acid histidine, which has been shown to
be a conditionally essential amino acid in infants up
to age 6 months. Recent data suggest that cysteine,
taurine, and proline also may be of limited capacity
in the premature neonate.®¢-%° Interest has also been
expressed in the use of arginine as an “immunonutri-
ent” to enhance the function of the immune system
in critically ill patients. Although preliminary studies
show that arginine supplementation may reduce the
risk of infectious complications, its safety and efficacy
in the pediatric population has yet to be established.”°

The restricted availability of the amino acid cys-
teine may have clinical relevance in the critically ill
child. Cysteine is a required substrate for the produc-
tion of glutathione, the body’s major antioxidant. In
critically ill children, cysteine turnover is increased
significantly. At the same time, rates of glutathione
synthesis are decreased by 60%. In this way, cysteine
may become a conditionally essential amino acid in
the sick child. Recent experiments have demonstrated
that the enteral feeding of cysteine in small quantities
to rats dependent on total parenteral nutrition (TPN)
significantly increases the hepatic concentration of

glutathione.”! The enteral supplementation of cyste-
ine in a pediatric nutritional regimen warrants further
investigation.

Glutamine is another amino acid that has been stud-
ied extensively in both pediatric and adult patients in
the ICU. Glutamine is an important amino acid source
for gluconeogenesis, intestinal energy production,
and ammonia detoxification. In healthy subjects, glu-
tamine is a nonessential amino acid, although it has
been hypothesized that glutamine may become con-
ditionally essential in critically ill patients. Because
it is difficult to keep glutamine soluble in solution,
standard TPN formulations do not include glutamine
in the amino acid mixture. Although the preliminary
data on glutamine supplementation in the clinical set-
ting are encouraging, numerous problems with study
methodology have been noted.”> Additional prospec-
tive, randomized trials are needed to define its utility
fully in both the adult and pediatric population.

In summary, during illness and recovery from trau-
ma or surgery, there is increased protein catabolism.
The short-term adaptive benefit of this response is,
in time, outweighed by the loss of protein in critical
organs and the consequent morbidity seen after the
exhaustion of limited protein reserves. This sustained
protein breakdown cannot be stopped by increasing
caloric provision alone (as is the case in starvation),
but protein balance may be restored by optimal (prob-
ably individual and disease specific) quantities of pro-
tein intake during this state. Future studies may also
elucidate if specific amino acid mixtures may be of
benefit to select subpopulations.

Modulating Protein Metabolism

The dramatic increase in protein breakdown during
critical illness, coupled with the known association
between protein loss and patient mortality and mor-
bidity, has stimulated a wide array of research efforts.
The measurement of whole-body nitrogen balance
through urine and stool was once the only way to
investigate changes in protein metabolism. New and
validated stable isotope tracer techniques now exist to
measure the precise rates of protein turnover, break-
down, and synthesis.”> However, the modulation of
protein metabolism in critically ill patients has proved
difficult. Dietary supplementation of amino acids does
increase protein synthesis but appears to have no
effect on protein-breakdown rates. Thus, investiga-
tors have recently focused on the use of alternative
anabolic agents to decrease protein catabolism. Stud-
ies have used various pharmacologic tools to achieve
this goal, including growth hormone, insulin-derived
growth factor T (IGF-I), and testosterone, with vary-
ing degrees of success.’*7¢ One of the more promis-
ing agents, however, may be the anabolic hormone
insulin. Multiple studies have used insulin to reduce
protein breakdown in healthy volunteers and adult
burn patients.’®’” In children with extensive burns,
intravenous insulin has been shown to increase lean
body mass and mitigate peripheral muscle catabolism.”8
A recent prospective, randomized trial of more than
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1500 adult postoperative patients in the ICU demon-
strated significant reductions in mortality and morbid-
ity with the use of intravenous insulin.”® Preliminary
stable isotopic studies demonstrate that an intrave-
nous insulin infusion may reduce protein breakdown
by over 30% in critically ill neonates on ECMO.8° The
use of intensive insulin therapy for critically ill chil-
dren and adults continues to be another active area of
clinical investigation. More recent studies examining
the role of insulin for tight glycemic control in criti-
cally ill patients have been less encouraging and are
discussed in the next section.

A Review of Carbohydrate Metabolism
and Requirement during lliness

Glucose production and availability are a priority in
the pediatric metabolic stress response. Glucose is
the primary energy source for the brain, erythrocyte,
and renal medulla and also is used extensively in the
inflammatory response. Injured and septic adults dem-
onstrate a threefold increase in glucose turnover, glu-
cose oxidation, and gluconeogenesis.'® This increase
is of particular concern in neonates who have an ele-
vated glucose turnover at baseline.'® Moreover, glyco-
gen stores provide only a limited endogenous supply
of glucose in adults and an even smaller reserve in the
neonate. Thus, the critically ill neonate has a greater
glucose demand and reduced glucose stores. During
illness, the administration of exogenous glucose does
not halt the elevated rates of gluconeogenesis. Thus,
net protein catabolism continues unabated.'4 It is
clear, however, that a combination of dietary glucose
and amino acids can effectively improve protein bal-
ance during critical illness, primarily through an aug-
mentation of protein synthesis.

In the past, nutritional support regimens for criti-
cally ill patients used large amounts of glucose in an
attempt to reduce endogenous glucose production.
Unfortunately, excess glucose increases CO, produc-
tion, engenders fatty liver, and results in no reduction
in endogenous glucose turnover.8! Therefore, a sur-
plus of carbohydrate may increase the ventilatory bur-
den on the critically ill patient. Adult patients in the
ICU fed with high-glucose TPN demonstrate a 30%
increase in oxygen consumption, a 57% increase in
CO, production, and a 71 % elevation in minute venti-
lation.®2 In critically ill infants, the conversion of excess
glucose to fat has also been correlated with increased
CO, production and higher respiratory rates.®* In
addition, excessive carbohydrate provision may play
a role in the genesis of TPN-associated cholestatic liver
injury. Finally, some data in critically ill neonates have
shown that excess caloric allotments of carbohydrate
are paradoxically associated with an increased rate of
net protein breakdown.84

When designing a nutritional regimen for the criti-
cally ill child, excessive carbohydrate calories should
be avoided. A mixed fuel system, with both glu-
cose and lipid substrates, should be used to meet the
patient’s caloric requirements. When the postoperative
neonate is fed a high-glucose diet, the corresponding
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RQ is approximately 1.0, and may be higher than 1.0
in selected patients, signifying increased lipogenesis.3>
A mixed dietary regimen of glucose and lipid (at 2
to 4 g/kg/day) lowers the effective RQ in neonates
to 0.83.3¢ This approach will provide the child with
full nutritional supplementation while alleviating
an increased ventilatory burden and difficulties with
hyperglycemia.

Administration of high caloric (glucose load)
diets in the early phase of critical illness may exac-
erbate hyperglycemia, increase CO, generation with
increased load on the respiratory system, promote
hyperlipidemia resulting from increased lipogenesis,
and result in a hyperosmolar state. Recent reports
have linked hyperglycemia with increased mortality
and established the role of insulin-assisted tight gly-
cemic control in improving outcomes in the critically
ill adults.”®87.88 A remarkable 43% reduction in mor-
tality was reported in post—cardiac surgery patients in
an adult ICU by implementing strict glycemic control
(arterial blood glucose levels below 110 mg/dL) using
insulin infusion in the treatment group compared with
patients in the control group (average blood glucose
level of 150-160 mg/dL).”° The precise mechanism(s)
responsible for this beneficial effect of tight glycemic
control with insulin protocol remains unanswered.
A recent meta-analysis of studies examining the role of
tight glycemic control in adult ICUs has shown a high
incidence of hypoglycemia in the treatment group and
less impressive benefit.8? Although the incidence of
hyperglycemia in the pediatric population is high and
may be associated with increased mortality and length
of stay,”® no data exist currently for similar benefits
of tight glycemic control in the pediatric age group.
Studies examining the role of tight glycemic control
strategy (its benefits and risks) in the pediatric popula-
tion are currently underway. Although it is prudent to
avoid prolonged hyperglycemia in the pediatric ICU
patients, in the absence of definitive data, aggressive
glycemic control cannot yet be recommended in the
critically ill children outside of a clinical trial setting.

A Review of Lipid Metabolism
and Requirement during lliness

Along with protein and carbohydrate metabolism,
the turnover of lipid is generally increased by criti-
cal illness, major surgery, and trauma in the pediatric
patient.”! During the early ebb phase, triglyceride lev-
els may initially increase as the rate of lipid metabo-
lism decreases. However, this process reverses itself in
the predominant flow phase. During this time, criti-
cally ill adult patients have demonstrated twofold to
fourfold increases in lipid turnover.®? Recently it was
shown that critically ill children on mechanical ven-
tilation have increased rates of fatty acid oxidation.”?
The increased lipid metabolism is thought to be pro-
portional to the overall degree of illness. The process
of lipid turnover involves the conversion of free fatty
acids and their glycerol backbone into, and hydrolytic
cleavage from, triglycerides. Thirty to 40 percent of
free fatty acids are oxidized for energy. RQ values may
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decline during illness, reflecting an increased utiliza-
tion of fat as an energy source.”* This suggests that
fatty acids are a prime source of energy in metaboli-
cally stressed pediatric patients. In addition to the rich
energy supply from lipid substrate, the glycerol moi-
ety released from triglycerides may be converted to
pyruvate and used to manufacture glucose. As seen
with the other catabolic changes associated with ill-
ness and trauma, the provision of dietary glucose does
not decrease fatty acid turnover in times of illness. The
increased demand for lipid utilization in critical illness
coupled with the limited lipid stores in the neonate
puts the metabolically stressed child at high risk for
the development of essential fatty acid deficiency.”>°¢

Preterm infants have been shown to develop bio-
chemical evidence of essential fatty acid deficiency
2 days after the initiation of a fat-free nutritional
regimen.”” In the human, the polyunsaturated fatty
acids linoleic and linolenic acid are considered essen-
tial fatty acids because the body cannot manufacture
them by desaturating other fatty acids. Linoleic acid
is used by the body to synthesize arachidonic acid, an
important intermediary in prostaglandin synthesis.
The prostaglandin family includes the leukotrienes
and thromboxanes, all of which serve as mediators
in such wide-ranging processes as vascular perme-
ability, smooth muscle reactivity, and platelet aggre-
gation. If an individual lacks dietary linoleic acid, the
formation of arachidonic acid (a tetraene, with four
double bonds) cannot occur and eicosatrienoic acid
(a triene, with three double bonds) accumulates in its
place. Clinically, a fatty acid profile can be performed
on human serum. An elevated triene-to-tetraene
ratio greater than 0.4 is characteristic of biochemi-
cal essential fatty acid deficiency, although this value
is somewhat variable and dependent on the specific
laboratory assay utilized. Signs of fatty acid deficien-
cies include dermatitis, alopecia, thrombocytopenia,
increased susceptibility to infection, and overall fail-
ure to thrive. To avoid essential fatty acid deficiency in
neonates, the allotment of linoleic and linolenic acid is
recommended at concentrations of 4.5% and 0.5% of
total calories, respectively. In addition, some evidence
exists that the long-chain fatty acid docosahexaenoic
acid (DHA), a derivative of linolenic acid, also may be
deficient in preterm and formula-fed infants. At pres-
ent, clinical trials are actively seeking to determine
whether supplementation with long-chain polyun-
saturated fatty acids will be of clinical benefit in this
population.

Parenterally delivered lipid solutions also limit the
need for excessive glucose provision. These lipid emul-
sions provide a higher quantity of energy per gram
than does glucose (9 kcal/g vs. 4 kcal/g). This reduces
the overall rate of CO, production, the RQ value, and
the incidence of hepatic steatosis.”® Some risks must be
considered when starting a patient on intravenous lipid
administration. These include hypertriglyceridemia,
a possible increased risk of infection, and decreased
alveolar oxygen-diffusion capacity.??-1°1 Most institu-
tions, therefore, initiate lipid provisions in children at
0.5 to 1.0 g/kg/day and advance over a period of days

to 2 to 4 g/kg/day. During this time, triglyceride levels
are monitored closely. Lipid administration is gener-
ally restricted to 30% to 40% of total caloric intake in
ill children in an effort to obviate immune dysfunc-
tion, although this practice has not been validated in a
formal clinical trial.

In settings of prolonged fasting or uncontrolled dia-
betes mellitus, the accelerated production of glucose
depletes the hepatocyte of needed intermediaries in the
citricacid cycle. When this occurs, the acetyl-coenzyme
A (CoA) generated from the breakdown of fatty acids
cannot enter the citric acid cycle. Instead, it forms the
ketone bodies acetoacetate and B-hydroxybutyrate.
These ketone bodies are released by the liver to extra-
hepatic tissues, in particular, skeletal muscle and the
brain, where they can be used for energy production
in place of glucose. During surgical illness, however,
ketone formation is relatively inhibited secondary to
elevated serum insulin levels.!92 Therefore, in surgical
patients, ketone bodies do not significantly supplant
the need for glucose and do not play a major role
in the metabolic management of the pediatric stress
response.

In addition to their nutritional role, fatty acids pro-
foundly influence inflammatory and immune events
by changing lipid mediators and inflammatory pro-
tein and coagulation protein expression. After inges-
tion, omega-6 and omega-3 fats are metabolized by an
alternating series of desaturase and elongase enzymes
that transform them into the membrane-associated
lipids arachidonic acid, eicosapentaenoic (EPA), and
docosahexaenoic (DHA) acids, respectively (Figs. 2-2
and 2-3).193 Substitution of the intralipid compo-
nent of TPN (rich in proinflammatory omega-6 fatty
acids) with fish oil (a source of omega-3 fatty acids)
may alleviate some of the toxic effects of long-term
parenteral nutrition on the liver.!% The beneficial
effects of omega-3 fatty acids have been shown in
animal and human models. Omega-3 fatty acids have
an anti-inflammatory effect, with decreased cytokine
production shown in some models.'?*> More recently,
a commercially available omega-3 fatty acid for par-
enteral administration has been used in children with
exciting results. In a cohort of TPN-dependent chil-
dren with TPN-associated hyperbilirubinemia, Ome-
gaven (Fresenius Kabi, Hamburg, Germany), at a low
lipid allocation of 1 g/kg/day, was associated with a
normalization of bilirubin levels.1%> A clinical trial to
test the relative benefits of Omegaven versus reduced
omega-6 lipid allotments alone is underway in surgi-
cal neonates.

ROUTES OF NUTRITIONAL PROVISION
Enteral Nutrition

After the estimation of energy expenditure and mac-
ronutrient requirement in the hospitalized child, the
next challenge is to facilitate the provision of this
nutritional support. In most pediatric patients with
a functioning gastrointestinal tract, the enteral route
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Figure 2-2. Fatty acid synthesis from omega-3, omega-6, and

omega-9 fats. (From Lee S, Gura KM, Kim S, et al: Current clinical
applications of omega-6 and omega-3 fatty acids. Nutr Clin Pract
21:323-341, 2006.)

of nutrient administration is preferable to parenteral
nutrition. Enteral nutrition is physiologic and has been
shown to be more cost effective without the added risk
of nosocomial infection inherent in TPN. Early en-
teral nutrition has been shown to decrease infectious
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episodes and decrease the length of hospitalization
in critically ill patients.!°® Based on level 1 and level
2 evidence in adult critical care literature, the Cana-
dian Clinical Practice Guidelines for Nutrition Support
have strongly recommended the use of early enteral
feeding (within 24-48 hours after ICU admission).107
The optimal route of nutrient delivery has not been
systematically studied in children. In the absence of
a randomized controlled trial comparing the effects
of enteral versus parenteral nutrition, many centers
have adopted institutional guidelines. Current practice
includes the initiation of gastric or postpyloric enteral
feeding within 48 to 72 hours after admission. Paren-
teral nutrition is being used to supplement or replace
enteral nutrition in those patients in whom enteral
nutrition alone is unable to meet their nutritional
goals.

In children on enteral nutrition, there are insuffi-
cient data to make recommendations regarding the site
of enteral feeding (gastric vs. postpyloric). Both enteral
routes have been successfully used for nutritional sup-
port of the critically ill child.198-110 In a study examin-
ing the role of small bowel feeding in 74 critically ill
children randomized to receive either gastric or post-
pyloric feeds, no significant difference was observed
in microaspiration, tube displacement, and feeding
intolerance between the two groups.!''! The study
was not powered to detect differences in mortality
and enteral feedings were interrupted in a large num-
ber of subjects in this study. Moreover, caloric goals
were met in only a small percentage of the population
studied. A higher percentage of subjects in the small
bowel group achieved their daily caloric goal when
compared with the gastric fed group. Critically ill chil-
dren receiving early (<24 hours after ICU admission)
postpyloric feedings have been shown to have better
feeding tolerance (decreased incidence of abdominal
distention) compared with those in whom postpyloric

Arachidonic Eicosapentaenoic
acid acid
20:4n6 20:5n3
[ [
Cyclo- Lipoxygenase Cyclo- Lipoxygenase
oxygenase J v oxygenase v
Prostanoids Leukotrienes Prostanoids Leukotrienes
PGE, LTB, PGE, LTBs
PGl, LTC, PGl3 LTCy
TXA, LTE, TXA3 LTEg
\ 4 \4

| Pro-inflammatory |

Anti-inflammatory

Figure 2-3. The pro- and anti-inflamma-

PGE,: prostaglandin E,
PGl,: prostacyclin
TXA,: thromboxane A,
LTB,: leukotriene B,
LTC,: leukotriene Cy
LTE,: leukotriene E,

PGEg: prostaglandin E;
PGlj: prostaglandin I3
TXAgz: thromboxane A,
LTBs: leukotriene Bg
LTCs: leukotriene Cg
LTEs: leukotriene Eg

tory products that are generated from the
metabolism of arachidonic acid and eicos-
apentaenoic acid. (From Lee S, Gura KM,
Kim S, et al: Current clinical applications
of omega-6 and omega-3 fatty acids. Nutr
Clin Pract 21:323-341, 2006.)
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feeding was initiated late.!!? It may be prudent to con-
sider postpyloric alimentation in patients who do not
tolerate gastric feeding or those who are at a high risk
of aspiration. Intolerance to enteral feeds may be a
limiting factor, and supplementation with parenteral
nutrition in this group of patients allows for improved
nutritional intake.!!3

Prospective cohort studies and retrospective chart
reviews have reported the inability to achieve daily
caloric goal in many critically ill children.*14 The
most common reasons for suboptimal enteral nutri-
ent delivery in these studies are fluid restriction, pro-
cedures interrupting feeds, and feeding intolerance.
In a study examining the endocrine and metabolic
response of children with meningococcal sepsis, goal
nutrition was achieved in only 25% of the cases.”
Similar observations have been made in a group of 95
children in a pediatric ICU where patients received a
median of 58.8% (range 0-277%) of their estimated
energy requirements. In this review, enteral feedings
were interrupted on 264 occasions to allow clinical
procedures. In another review of nutritional intake in
42 patients in a tertiary-level pediatric ICU over 458
days, actual energy intake was compared with esti-
mated energy requirement.* Only 50% of patients
were reported to have received full estimated energy
requirements after a median of 7 days in the ICU. Pro-
longed fluid resuscitation was a major factor hinder-
ing the achievement of estimated energy requirements
despite maximizing the energy content of feeds.

Feeding protocols for transpyloric feeding tubes and
changing from bolus to continuous feeds during brief
periods of intolerance are strategies that may help
achieve estimated energy goals in this population.
Consistently underachieved enteral nutrition goals are
thought to be one of the reasons for the absence of
beneficial effect in multiple studies and meta-analyses
on the efficacy of immunonutrition in preventing
infection.'> Addressing preventable interruptions
in enteral feeding in critically ill children is essential
to attaining goal feedings. At this time, there is not
enough evidence to recommend the use of prokinetic
medications, motility agents (for feeding intolerance
or to facilitate enteral tube placement), prebiotics, pro-
biotics, or synbiotics in critically ill children. Random-
ized studies comparing enteral feeds administered by
bolus or continuously are also lacking.

In summary, enteral nutrition must be initiated
early in hospitalized children with established peri-
stalsis. Postpyloric enteral nutrition may be utilized in
children with a high risk of aspiration or when gastric
feeding is either contraindicated or has failed. Enterally
administered feeds meet nutritional requirements in
critically ill children with a functional gastrointestinal
system and have the advantages of low cost, manage-
ability, safety, and preservation of hepatic and other
gastrointestinal function. Early introduction of enteral
feeding in critically ill patients helps to achieve posi-
tive protein and energy balance and restores nitrogen
balance during the acute state of illness. It maintains
gut integrity and elicits release of growth factors and
hormones that maintain gut integrity and function.!1®

Despite its perceived benefits, current practice in ICUs
shows a significant proportion of eligible patients
deprived of enteral feeds.!!” Figure 2-4 offers an algo-
rithm for initiating and advancing enteral nutrition in
children admitted to the multidisciplinary ICU at Chil-
dren’s Hospital, Boston.

PARENTERAL NUTRITION

TPN bypasses the gut and provides intravenous
administration of macronutrients and micronutrients
to meet the nutritional requirements. TPN is indicated
in children who are unable to tolerate enteral feeding
for a prolonged period of time. Intravenous feeding
may supplement enteral feeding or replace it entirely.
Although widespread in its application, TPN is associ-
ated with mechanical, infectious, and metabolic com-
plications and hence should only be used in carefully
selected patients. In the setting of intact intestinal
function, TPN is not indicated if enteral feeds alone
can maintain nutrition.

The decision to initiate TPN is based on the antici-
pated length of fasting, the underlying nutritional
status of the individual, and a careful examination
of the risks associated with TPN use in relation to
the consequences of poor nutritional intake. If the
expected period during which there will be minimal
or no enteral nutrition is longer than 5 days, the use of
TPN is probably beneficial. In children with underly-
ing malnutrition, prematurity, or conditions associated
with hypermetabolism, TPN can be initiated earlier.
The main limiting factor for provision of full nutri-
tional support in the form of TPN is the availability of
central access. Administration of full TPN requires a
central venous catheter with its tip placed at the junc-
tion of the superior vena cava and right atrium. If a
lower extremity central line is utilized, the tip of the
catheter should be positioned at the junction of the
inferior vena cava and right atrium. The large vessel
diameter and maximal blood flow rate at these sites
allows for the safe administration of the hypertonic
TPN. To avoid the complications associated with mal-
positioned tips of central venous catheters, the practice
at our institution is to document the location of the
central venous catheter tip and the entry site before its
use. Peripheral administration of TPN in the absence
of an ideally located central venous catheter requires
dilution (maximum 900 mOsm/L with 10% dextrose
and 2% amino acids) to avoid the risks of phlebitis and
sclerosis. The osmolarity of the TPN solution can be
calculated using available on-line calculators or simple
equations such as {(dextrose [g/L] x 5) + (protein [g/L]
x 10) + (lipid [g/L] x 1.5) + [(mEq/L of Na* + K* + Ca*
+ Mg?) x 5]}.

The fluid and electrolytes status will guide the ini-
tial TPN prescription. The patient’s hydration, size,
age, and underlying disease will dictate the amount
of the fluid to be administered. Fluid requirements in
the pediatric age group are routinely estimated based
on the Holliday-Segar method (Table 2-4). TPN should
not routinely be used for replacing ongoing losses.
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Unless contraindicated,* begin enteral nutrition support within 24 h of admission to the MSICU.

#1 Select +« | #2 Identify « | #3 Select - #4 Identify
route - goal | formula ”"| advancement plan
Box 1
A. Clear: If? ability to protect
airway
B. 1/2 strength formula: IF -
Oral feeds Bolus «| Full - NPO >2 wk, malnourished, Resume prewou_sly
Alert, unintubated, > feeds > calories > at risk for gut ischemia »| established feeding
strong cough and gag (advance to FS formula after schedule as tolerated
24 h)
C. Full strength (FS) formula
D. Regular or specialty diet A. To start:
Calculate 1/2 the volume of FS
feeds needed to meet caloric
requirements and divide by the
Eull number of_feedings per day. )
—> - —>| Same as Box 1 I »| Usually 8 if <6 months and 6 if
calories >6 months. If volume intolerant,
try small volume more frequent
bolus or continuous feeds.
Nasogastric/GT feeds Bolus B. To advance: Increase each
Oral route inaccessible, [ ¢ | feeding by 25% as tolerated
strong cough and gag
A. Clears: If? ability to 5-20 mL/kg/d
N Trophic g protect airway (advance «| divided doses
feeds “| toFS after 24 h) “| (Smaller volume in
B. Full strength formula larger patients)
A. 1/2 strength formula: IF A. To start: 1-2 mL/kg/h
NPO >2 wk, malnourished, (or 0.5 mL/kg/h if at risk
Full - at risk for gut ischemia - for gut ischemia)
calories - (advance to FS formula after | ” | B. To advance:
Nasojejunal/JT feeds 24 h) <1yr:1-5 mL/h g3-4H
High risk for aspiration - B. Full strength (FS) formula >1 yr: 5-20 mL/h g4H
(depressed gag reflex, > Co?tln’;ous
delayed gastric emptying, eeds
GE reflux, bronchospasm)
Trophic 5-20 mL/kg/d_
feeds —>»| Full strength formula |—> (Smaller vo_Iume in
larger patients)

*Contraindications include potential for endotracheal intubation/extubation within 4 hours; hemodynamically unstable requiring escalation
of therapy; postoperative ileus, upper gastrointestinal bleeding, at risk for NEC/intestinal ischemia, intestinal obstruction, post-allogenic
BMT who have GVHD or post-BMT patients prior to gut recontamination and in patients in whom care is being redirected. If contraindicated,

see Parenteral Nutrition CPG.

Figure 2-4.

(Courtesy of Children’s Hospital, Boston.)

Daily Fluid Requirement for Infants and Children

Body Weight

0-10 kg

10-20 kg

> 20 kg

Maintenance Daily Fluid Requirement

100 ml/kg
1000 mL + 50 ml/kg > 10 kg
1500 mL + 20 ml/kg > 20 kg

Example of an algorithm for a feeding regimen and route for patients admitted to a multidisciplinary intensive care unit.
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Fluid shifts, increased insensible losses, drainage of
bodily secretions, and renal failure can complicate elec-
trolyte management in these patients. Parenteral nutri-
tion should be ordered daily after reviewing the basic
electrolytes (Na*, K*, Cl-, HCO;~, Ca?*) and blood sugar
to allow adjustments in the macronutrient and micro-
nutrient composition. In sick patients with significant
gastrointestinal fluid loss (gastric, pancreatic, small
intestinal, or bile), the actual measurement of electro-
lytes from the drained fluid is recommended. How-
ever, urgent changes in serum electrolytes should not
be managed by changes in TPN infusion rate or com-
position because these represent imprecise methods
to treat a potentially serious electrolyte abnormality.
In addition, careful attention to phosphate and mag-
nesium levels is also important. Hypophosphatemia
may lead to hemolytic anemia, respiratory muscle dys-
function, and cardiac failure. A significant decrease in
serum phosphate also may be seen with the re-feeding
syndrome. In contrast, renal failure can result in the
retention of phosphate and potassium and nutritional
allotments must be reduced accordingly. Deficiency of
magnesium can cause a fatal cardiac arrhythmia in both
children and adults. Abnormalities of acid-base physi-
ology also can influence the nutritional regimen of
the hospitalized child. If a metabolic alkalosis develops
from active diuresis or gastric suction, chloride admin-
istration should be used to correct the alkalosis. Severe,
untreated alkalemia may inhibit the patient’s respira-
tory drive, shift potassium intracellularly, decrease ion-
ized calcium concentrations by increasing the affinity
of albumin for calcium, and promote refractory cardiac
arrhythmias. Metabolic acidosis is often seen in critically
ill children and may be associated with hypotension,
ischemia, or renal failure. In this case, the provision of
acetate instead of chloride in the parenteral nutrition
regimen may be useful.!!8

The three main macronutrients in TPN are carbo-
hydrate, lipid, and protein. Lipid and dextrose are the
principal sources of energy in TPN, whereas protein is
utilized for lean body accretion. Protein is administered
in the form of crystalline amino acids starting at 0.5
g/kg/day in preterm neonates and 1 g/kg/day in oth-
ers. The protein intake is advanced daily in increments
of 1 g/kg/day until the goal intake is achieved. Table
2-3 lists recommended quantities of dietary protein
for hospitalized children. Dextrose provides the main
source of energy in TPN and is initiated at a rate of
5 mg/kg/min using a 5% to 10% concentration. The
glucose infusion rate in milligrams per kilogram per
minute can be calculated with the help of the equation:
[(% dextrose) x (1 dL/100 mL) x (1000 mg/l g)
(hourly rate in mL/hr) x (1 hr/60 min) x (1/weight
in kg]. Infusion rates higher than 12 mg/kg/min are
infrequently required. Moreover, overfeeding with
carbohydrate is associated with lipogenesis (RQ > 1.0),
hepatic steatosis, hyperglycemia, and osmotic diuresis.
Three to 5 percent of the energy needs must be met
using intravenous lipids, which are usually initiated
at a rate of 1 g/kg/day and advanced in increments to
reach a maximum of 3 g/kg/day, or 50% of the total
energy intake. Intravenous lipids prevent essential

fatty acid deficiency and are a concentrated and iso-
tonic source of energy. Triglyceride levels should be
monitored, and the intralipid infusion rate is lowered
when hypertriglyceridemia is found. As noted previ-
ously, available evidence suggests that limiting lipids
to 1 g/kg/day may be indicated in patients with intes-
tinal failure-associated parenteral nutrition cholestasis
or in those susceptible patients (i.e., neonates) who
are likely to require a protracted course of TPN.!1?

The vitamin and micronutrient (trace element)
needs of healthy children and neonates are relatively
well defined in the literature.!” In the neonate and
child, required vitamins include the fat-soluble vitamins
(A, D, E, and K) as well as the water-soluble vitamins
(ascorbic acid, thiamine, riboflavin, pyridoxine, niacin,
pantothenate, biotin, folate, and vitamin B,). Because
vitamins are not consumed stoichiometrically in bio-
chemical reactions but instead act as catalysts, the
administration of large vitamin supplements in meta-
bolically stressed states is not logical from a nutritional
standpoint. The trace elements required for normal
growth and development include zinc, iron, copper,
selenium, manganese, iodide, molybdenum, and chro-
mium. Trace elements are usually used in the synthesis
of the active sites of a ubiquitous and extraordinarily
important class of enzymes called metalloenzymes.
More than 200 zinc metalloenzymes alone exist. Both
DNA and RNA polymerase are included in this group.
As with vitamins, the role of metalloenzymes is to act
as catalytic agents. Unless specific mineral losses occur,
such as enhanced zinc loss with severe diarrhea, large
nutritional requirements would not be anticipated
during critical illness. Selenium and carnitine may be
added after 30 days of exclusive TPN administration.
The addition of copper and manganese in TPN of chil-
dren with cholestasis is controversial. Usually, the dose
is halved due to their biliary excretion. The pharmaco-
logic use of vitamins and trace minerals in pediatric ill-
ness has not been adequately studied. Reviews of both
vitamin and trace mineral toxicity clearly demonstrate
that excessive dosage is a health risk.120-121

Careful biochemical monitoring is mandatory to
prevent acute and long-term complications from TPN
therapy. A TPN profile is recommended at initiation of
therapy and then weekly. The profile includes serum
levels of sodium, potassium, chloride, glucose, carbon
dioxide, blood urine nitrogen, creatinine, albumin,
magnesium, phosphate, total and direct bilirubin, and
transaminases. For children requiring TPN longer than
30 days, selenium, iron, zinc, copper, and carnitine lev-
els should be checked. It is essential to monitor daily
vital statistics and routine anthropometry to ensure
adequate growth and development. Critical care units
benefit from the expertise of a dedicated nutritionist
who should be consulted on a regular basis to guide
optimal nutritional intake of patients.

Immune-Enhancing Diets

Immunomodulation is thought to play a significant
role in the response to infectious insult and impacts
outcome in children with sepsis. In 1997, Bone and
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colleagues outlined the role of the compensatory
anti-inflammatory response that follows the initial
proinflammatory response engendered by trauma or
infection.!22 Therapies aimed at modulating or stim-
ulating the immune response have been a focus of
recent nutritional studies.

Unfortunately, investigations examining the role
of immune enhancing diets in critically ill patients
are marred by heterogeneous clinical populations,
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methodologic flaws, and the use of nutritional formu-
lations that often contain multiple potentially active
components. Thus, studies and meta-analyses often
offer conflicting conclusions.6%114.121-123 Furthermore,
there are no published studies specifically evaluat-
ing the role of immunonutrition in critically ill chil-
dren. Potentially promising, but unproven, additives
include arginine, glutamine, cysteine, nucleic acids,
and omega-3 fatty acids.
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A nesthetizing children is an increasingly safe un-
dertaking. When discussing the risks and benefits
of a surgical intervention with a child and his or her
family, surgeons should feel confident that their pedi-
atric anesthesiology colleagues can provide an anes-
thetic conducive to the demands of the surgery while
safeguarding the child’s health. As such, whether it is
a question of appropriateness for outpatient surgery or
how to manage a difficult clinical problem, surgeons
and anesthesiologists should collaborate. This chapter
is designed to inform surgeons of the considerations
important to anesthesiologists. It is hoped that with
better understanding between surgical and anesthesi-
ology services, efficiency of case planning and opera-
tive patient care will improve.

PREANESTHETIC CONSIDERATIONS
Risk

In an effort to reduce patient complications, anesthesi-
ologists have carefully analyzed their specialty over the
past generation. The Pediatric Perioperative Cardiac
Arrest (POCA) Registry, the Anesthesiology Patient
Safety Foundation (APSF), and the American Society
of Anesthesiologists (ASA) Closed Claims Project are
among the important initiatives that have resulted in
significant reductions in risk to patients undergoing
anesthesia. Whereas anesthesia was historically con-
sidered a dangerous adventure, serious complications
are now relatively rare. The reasons for this improve-
ment include advances in pharmacology, improved
monitoring technology and standards, increased rigor
of subspecialty training, and the ability to target prob-
lems with the aforementioned risk analysis strategy.
Quantifying risk in pediatric anesthesia is fraught
with difficulty owing to the inherent vagaries of deter-
mining just what complications are attributable to an
anesthetic and to what degree. The risk of cardiac arrest
for children undergoing anesthesia has been estimated
at 1:10,000.12 However, this number is hardly applica-
ble universally because it does not discriminate based
on patient co-morbidity or surgical disease. The risk of
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a healthy child suffering arrest during myringotomy
tube placement would be dramatically smaller than
the likelihood of a child with complex cardiac disease
succumbing during a prolonged cardiac repair.>

A recent review of cardiac arrests in anesthetized
children compared 193 events from 1998-2004 to 150
events from 1994-1997.4 Medication-caused arrests
decreased from 37% to 18%, which was attributed to
a corresponding fall in halothane use and its attendant
myocardial depression. It is interesting to note the dra-
matic reduction in unrecognized esophageal intubation
as a leading cause of arrest, due in large part to the
advent of pulse oximetry and an increased awareness
of the problem. Another notable finding was the pre-
dominance of arrests due to inadequate response to
hypovolemia or hyperkalemia associated with transfu-
sion, frequently in spinal and craniofacial surgery. These
events highlight the preventable nature of the most
common arrests, with adequate vascular access and
early recognition of bleeding as key to their avoidance.

Anesthesia Consultation

In some centers, all children are evaluated by an anes-
thesiologist prior to the day of surgery. In others, only
selected patients are referred for anesthesia consulta-
tion. Any child with an ASA classification (Table 3-1)
of 3 or greater should be seen by an anesthesiologist
in consultation before the day of surgery. This may be
modified in cases of hardship due to travel or when
the patient is well known to the anesthesia service and
the child’s health is unchanged. Certain medical con-
ditions are of particular interest to the anesthesiolo-
gist. Although this list is by no means exhaustive, such
diseases would include any family history of malig-
nant hyperthermia, abnormal airways, cardiac defects,
pulmonary disease, neuromuscular disorders, or any
other hypotonic condition. That being stated, when-
ever an organ system is moderately dysfunctional,
consultation is desirable. Open consultation policies
reduce frustration and delay on the day of surgery by
resolving problems and concerns ahead of time.

At the time of consultation, selected laboratory stud-
ies may be ordered, but routine laboratory work is not



ASA Physical Status Classification

ASA Patient Status
Classification

A normal healthy patient

A patient with mild systemic disease

A patient with severe systemic disease

A patient with severe systemic disease that is

a constant threat to life

5 A moribund patient who is not expected to
survive without the operation

6 A declared brain-dead patient whose organs
are being removed for donor purposes

E An emergency modifier for any ASA

classification when failure to immediately

correct a medical condition poses risk to

life or organ viability

A WN =

indicated. Medications should be individually assessed
as to whether their schedule needs to be altered. In
general, seizure medications, cardiac medications, and
pulmonary medications should be continued even
while NPO (nothing per os). Exceptions may include
angiotensin-converting enzyme (ACE) inhibitors and
diuretics; the latter may also require blood chemistries.
Insulin-dependent diabetics have a particular urgency
to be carefully evaluated before elective surgery. Their
history of glucose control along with the length of NPO
time and surgical stress require careful planning.

Upper Respiratory Tract Infections

Upper respiratory tract infections (URIs) deserve special
mention. It is not uncommon for some patients to spend
much of their childhood contracting, suffering from, or
recovering from a URI. Historically, such patients” sur-
geries were cancelled due to concern over severe postop-
erative pulmonary morbidity.” Modern studies indicate
that such morbidity is rare,®” although transient com-
plications are possible. These typically include postop-
erative stridor, laryngospasm, hypoxia, and coughing.
While potentially worrisome, the vast majority of such
complications are readily treatable and can be expected
to resolve in the first postoperative day.

The decision to cancel or postpone a scheduled sur-
gery (usually a delay of 4-6 weeks given concern for
prolonged hyperreactivity of the bronchi) should not
be made lightly. Families have often sacrificed time
away from work, taken children out of school, arranged
child care for other children, or have planned vacation
around the surgical timing, and these social consider-
ations deserve respectful attention. In one study, cases
were more likely cancelled by anesthesia staff with
more than 10 years of practice experience.® Factors to
be considered include severity of illness, with intrac-
table or productive cough, malaise, fever, or hypoxia
by pulse oximetry. All these factors weigh toward can-
cellation. Also, a smaller child is exponentially more
likely to struggle with bronchospasm because airway
resistance is inversely proportional to the fourth power
of the radius of the airway.
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In contrast, clear rhinorrhea with a simple cough
is not usually sufficient grounds for cancellation,
provided the family understands the small chance of
the need for postoperative supplemental oxygen and
bronchodilator therapy. These complications may lead
to delay in discharge or require inpatient admission
for overnight observation. When the decision to can-
cel is uncertain, the best general guideline is probably
to ask whether the child is in his or her usual state of
health. If not, is the child reasonably likely to be bet-
ter if surgery is postponed? Together with consultation
with the surgeon, the answer to that question must in
turn be weighed with the urgency of the surgery.

To summarize, some decisions are easy: a child with
fever, malaise, hypoxia, or a severe cough should have
elective surgery postponed. Similarly, a child with only
clear rhinorrhea or a dry, intermittent cough can usu-
ally proceed to the operating room. Special attention
should be paid to a child with a history of reactive air-
way disease when the absence of optimal management
is more likely to lead to cancellation. For the patients
who fall into the gray spectrum, surgeon, anesthesi-
ologist, and parents must consider the urgency of the
surgery, the likelihood of improvement of symptoms if
the procedure is rescheduled, and the family’s ability
to accommodate a cancellation.

NPO

The most common cause for surgical delay or cancel-
lation is a violation of NPO guidelines. These rules
stipulate preoperative fasting for 6 hours from all
oral intake (except breast milk for 4 hours and clear
liquids for 2 hours). The rigidity of this rule can be a
source of frustration to all. While the risk of aspiration
is generally small, it is a real risk of severe morbidity
or death. At this time, while some would wish to lib-
eralize fasting guidelines, there are no data to support
such changes and the difficulty in obtaining such data
is likely prohibitive.

Mitigating circumstances for NPO rules are lim-
ited to emergent surgical intervention. In some cases,
NPO carries a risk of morbidity from dehydration. One
example would include children with single-ventricle
cardiac physiology for whom prolonged fasting in the
setting of hypotension with an inhalational induction
could be fatal. When in question, NPO fasting should
be compensated with intravenous hydration. Insulin-
dependent diabetics and infants are among those
requiring careful planning so that NPO times are not
extended. They should be scheduled as the first case of
the day when possible.

OUTPATIENT ANESTHESIA
Criteria for Ambulatory Surgery

Ambulatory surgery comprises 70% or more of the case
load in most pediatric centers. Multiple factors should
be considered when evaluating whether a child is suit-
able for outpatient surgery. In most cases, the child
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should be free of severe systemic disease (ASA class 1
or 2). Other factors that may determine the suitability
of a child for outpatient surgery are family and social
dynamics. For instance, will this child be cared for by a
responsible and capable adult? Is the child to be cared
for by a single parent who must work? How far must
the child travel to receive appropriate medical atten-
tion, if needed?

Well-controlled systemic illnesses do not necessar-
ily preclude outpatient surgery, but these questions
must be answered in advance in a cooperative fashion
between surgical and anesthesia services. If a child has
a moderate degree of impairment but the disease is
stable and the surgical procedure is of minimal insult,
outpatient surgery may be acceptable. However, ASA
class 3 children who present for surgery without prior
evaluation run the risk of delaying the turnover of
cases where efficiency is often at a premium.

The Former Preterm Infant

The potential dangers in performing outpatient surgery
on former premature infants were first published in
1982.° The most life-threatening hazard is apnea after
the surgical procedure, normally within the first 12 to
18 hours. Factors that contribute to the increased risk
are not completely understood but may include imma-
ture neurologic development, particularly in the brain
stem respiratory center, and less developed diaphrag-
matic musculature that leads to easier fatigability.!®
The age after birth at which this increased risk of apnea
disappears is still being debated, despite numerous
studies of this issue. A meta-analysis of pertinent stud-
ies was reported in 1995.!! The results of this analysis
indicated that a significant reduction occurred in the
incidence of apnea at 52 to 54 weeks’ postconceptual
age, depending on the gestational age. A hematocrit
less than 30% was identified as a risk factor, and it was
recommended that infants with this degree of anemia
be hospitalized postoperatively for observation no mat-
ter what the age. However, conclusions drawn from
meta-analyses have been challenged for their validity.
Moreover, the sample size of this study may not have
been large enough to draw valid conclusions.!?

No anesthetic technique appears to be clearly supe-
rior to other techniques, although some evidence has
suggested an advantage to spinal anesthesia.!> By far,
general anesthesia is still the preferred anesthetic in
most institutions.'# Likewise, no medications can pre-
dictably prevent apnea, although caffeine may hold
some promise.!> Until more patients are systematically
studied, the choice of when former preterm infants
can undergo operation as outpatients is up to the dis-
cretion and personal bias of the anesthesiologist and
surgeon. Institutional policies most commonly men-
tion ages of 44 to 46 weeks, 50 weeks, or 60 weeks
postconceptual age. Whereas the risk of postanesthesia
apnea for preterm children varies widely depending
on the degree of prematurity, the postconceptual age
at presentation, and the significance of co-morbidities,
one blanket rule for postoperative observation and
monitoring is usually applied. Indeed, a recent survey

of surgical practices showed that approximately one
third of the surgeons chose to wait until 50 weeks’
postconceptual age and that one third waited until
60 weeks if possible.!® Legal issues direct such prac-
tices in some institutions, but regardless of the post-
conceptual age at time of surgery, an infant should
be hospitalized if any safety concerns arise during the
operative or recovery period.

INTRAOPERATIVE MANAGEMENT
Monitoring

Standard monitoring in pediatric anesthesia follows
the ASA “Standards for Basic Anesthetic Monitor-
ing.”16 The requirements are to continually evaluate
the patient’s oxygenation, ventilation, circulation,
and temperature. This can be accomplished by the use
of oximetry, capnography, electrocardiography, and
blood pressure measurement. Temperature monitor-
ing is indicated in most pediatric anesthetics.

Oxygenation is measured indirectly by pulse oxim-
etry with an audible and variable pitch tone and low
threshold alarm, which is also audible to the anesthe-
siologist. Adequate illumination and exposure of the
patient to allow assessment of color is recommended.
Measurement of inspired oxygen concentration is
standard with the use of an anesthesia machine.

Besides traditional methods of ventilation assess-
ment, such as chest rise, movement of the reservoir
breathing bag, and auscultation of breath sounds, con-
tinual monitoring of expired carbon dioxide (CO,)
is required, unless there are special circumstances.
A disconnect alarm device must be used in conjunc-
tion with mechanical ventilators.

Precordial or esophageal stethoscopes have been
used for many years during all phases of general
anesthesia as well as during transport of anesthetized
children. Continuous auscultation provides the anes-
thesiologist with immediate detection of changes in
heart rate and character and breath sounds. The pre-
cordial stethoscope is placed on the left anterior chest,
enabling detection of changes in breath sounds that
may indicate a change in endotracheal tube position
(e.g., a right main-stem bronchus intubation) or criti-
cal changes in hemodynamics.17-18

The Difficult Pediatric Airway

As demonstrated in the POCA registry, many cardiac
arrests result from respiratory complications. The dif-
ficult pediatric airway is implicated as an important
cause in a significant number of these cases. Most dif-
ficult airways in the pediatric age group can be antici-
pated; and, unlike in adults, it is rare to encounter an
unanticipated difficult airway in a normal-appearing
child.

Another major difference between adult and pedi-
atric difficult airways is that awake intubations are
rarely feasible in children. Special equipment in mul-
tiple sizes is needed, and each anesthesiologist must be



proficient in several techniques.!” The ASA developed
practice guidelines for management of the difficult
airway along with the ASA Difficult Airway Algo-
rithm. This guideline and the algorithm are continu-
ally updated and well known to anesthesiologists.20-21
These references emphasize the importance of having
a clear primary plan with multiple back-up contin-
gency plans.

Many congenital syndromes are associated with
difficult airway management, including Beckwith-
Wiedemann, trisomy 21, Pierre Robin sequence, Tre-
acher Collins, Goldenhar’s, Apert, Freeman-Shelden,
Klippel-Feil, Crouzon, and others.'® Most difficult pedi-
atric airways involve obstruction or lack of mobility of
the airway above the glottis, with difficulty ventilating
the patient due to the upper airway obstruction
after the induction of anesthesia. Preservation of spon-
taneous ventilation and the use of continued positive
airway pressure (CPAP) by mask are tools commonly
used by pediatric anesthesiologists in the anesthetic
management of these patients.

There are many useful techniques available to
secure the airway: the lighted stylet, the fiberoptic
intubating stylet, the flexible fiberoptic bronchoscope,
direct laryngoscopy with intubating stylet, fiberop-
tic rigid laryngoscopy, digital intubation, the Bullard
scope, an anterior commissure scope, the laryngeal
mask airway (LMA), retrograde wire techniques, cri-
cothyrotomy, and surgical tracheostomy. When a dif-
ficult airway is anticipated, it is important to have all
necessary airway equipment present in the operating
room before induction of anesthesia. Equally impor-
tant, it is essential to have an individual experienced
in pediatric bronchoscopy and difficult airway man-
agement and a second individual who is skilled in
cricothyrotomy and/or tracheostomy. Indirect intuba-
tion methods should be utilized rather than repeated
attempts at direct laryngoscopy because airway edema
and bleeding increase with each attempt, decreasing
the likelihood of success with subsequent indirect
methods.!?

Anesthetic Management of Anterior
Mediastinal Masses

It has been recognized for many years that the anes-
thetic management of the child with an anterior medi-
astinal mass is very challenging and fraught with the
risk of sudden airway and cardiovascular collapse.
Signs and symptoms of airway compression and car-
diovascular dysfunction may or may not be present,
but the absence of signs and symptoms does not pre-
clude the possibility of life-threatening collapse of the
airway or cardiovascular obstruction.?2-24

The inherent conflict between the need to obtain
an accurate and timely tissue diagnosis and the very
real concern regarding the safe conduct of the anes-
thetic requires an open dialogue between the consul-
tants and the oncologists to reach an agreement on
strategies to achieve these goals. Many experts rec-
ommend the development and utilization of an algo-
rithm for anesthetic management of the child with an
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anterior mediastinal mass (Fig. 3-1). The algorithms
address assessment of signs and symptoms, evalua-
tion of cardiopulmonary compromise, and treatment
options.2>-27

Common symptoms of tracheal compression and
tracheomalacia include cough, dyspnea, chest pain,
dysphagia, orthopnea, and recurrent pulmonary
infections. Cardiovascular symptoms may result from
infiltration of the pericardium and myocardium or
compression of the pulmonary artery or superior vena
cava. Tumor-associated superior vena cava syndrome
develops rapidly and is poorly tolerated. Emergency
radiation therapy is the treatment of choice for this
life-threatening condition.2®

The diagnostic evaluation includes posteroanterior
and lateral chest radiographs and computed tomogra-
phy (CT) scans. Echocardiography is also an essential
investigative tool to assess pericardial status, myocar-
dial contractility, and compression of the cardiac cham-
bers and major vessels, such as the pulmonary artery.
Flow-volume loops and fiberoptic bronchoscopy can
provide a dynamic assessment of airway compression
that other tests cannot assess.

Local anesthesia for biopsy is recommended for
patients with airway and/or cardiovascular obstruction
(orthopnea or superior vena cava syndrome), abnor-
mal echocardiogram, tracheal cross-sectional area less
than 50% predicted and peak expiratory flow rate less
than 50% predicted, or symptoms of stridor or wheez-
ing (Fig. 3-2). If biopsy under local anesthesia is not
feasible for a patient with any of these abnormalities,
radiation therapy or steroid pulse therapy is recom-
mended to reduce the tumor burden.?226:27

The anesthetic plan depends on the age of the
patient, possible peripheral tissue and fluid accessibil-
ity, severity of symptoms, and the presence or absence
of cardiopulmonary compromise demonstrated on the
diagnostic tests. The anesthetic choices include local
anesthesia, sedation, and general anesthesia. Most
children will require general anesthetics for invasive
procedures. Children who present with symptoms
should be considered strongly for preoperative treat-
ment of the tumor to reduce its size and improve
cardiopulmonary compromise. Premedication is inad-
visable in most circumstances because any loss of
airway muscle tone may upset the balance between
negative intrathoracic pressure and gravity, resulting
in airway collapse. Once the decision is made to sedate
or anesthetize a child, the recommended plan includes
maintenance of spontaneous respiration regardless
of induction technique, which may be intravenous,
inhalational, or a combination of these. It is essen-
tial to avoid the use of muscle relaxants because the
resultant airway collapse can be fatal. Depending on
the surgical procedure and the stability of the airway,
the child may be intubated or a laryngeal mask airway
may be used.

Positioning of the child is an important part of the
anesthetic plan. The sitting position favors gravitational
pull of the tumor toward the abdomen rather than
allowing gravity to pull the tumor posteriorly onto
the airway and major vessels in the supine position.
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Figure 3-1.

This algorithm describes management of the patient with a large anterior mediastinal mass. GA, general anesthesia. SVCS,

superior vena cava syndrome. (Adapted from Cheung S, Lerman J: Mediastinal masses and anesthesia in children. In Riazi J [ed]: The Difficult Pedi-

atric Airway. Anesthesiol Clin North Am 16:893-910, 1998.)

However, this position makes intubation challenging.
Positioning the child in the lateral decubitus position
is recommended even before induction for those who
are symptomatic. Turning the child prone and lift-
ing the sternum have been successful maneuvers to
alleviate acute deterioration in ventilatory parameters
or cardiovascular collapse secondary to tumor com-
pression.?® A rigid bronchoscope may also be used
to relieve tracheal obstruction. Performing a median

sternotomy and placing the child on cardiopulmonary
bypass has been reported as an emergency measure
but does not seem to be a practical alternative consid-
ering the time constraints of performing this procedure
in the face of extreme hypoxia and hypotension. It is
extremely important that the anesthesia, surgery, and
the nursing teams be prepared with contingency plans
to intervene emergently with alternative positioning
and airway interventions.



Figure 3-2. A 13-year-old girl presented with dyspnea and cer-
vical adenopathy. As part of the evaluation, the CT scan showed
this relatively large anterior mediastinal mass. The anesthesi-
ologist did not believe that the child should undergo general
endotracheal anesthesia because of concerns about tracheal com-
pression from the mass. Therefore, she underwent cervical lymph
node biopsy in the sitting position under local anesthesia.

Laparoscopic Surgery in Pediatric
Patients

The successful application of minimally invasive surgi-
cal techniques in adults is commonplace now in the
pediatric population. The cardiopulmonary effects of
laparoscopic insufflation have been studied and pub-
lished in adults and infants and deserve discussion
here.

Laparoscopic fundoplication has gained in popular-
ity in infants and children compared with open fun-
doplication because laparoscopic operations have been
shown to reduce both short-term postoperative mor-
bidity and long-term complications such as intestinal
obstruction. In a comparison study of these two tech-
niques in 212 children over 5 years, the laparoscopic
operative time was longer, but the average hospital
stay was reduced from 8.1 days to 3.5 days compared
with the open approach.?® Additional advantages are
reduced discomfort and better cosmetic outcome.?® It
may be important to note that in spite of the many
advantages of minimally invasive procedures, the
systemic stress response is the same as for open sur-
geries.>0 Additionally, a recent study measured respira-
tory gas exchange intraoperatively in 19 open and 20
laparoscopic procedures and found a steady increase
in oxygen consumption and core temperature in the
laparoscopic group. This hypermetabolic response was
more pronounced in younger children.3!

An appreciation of the physiologic cardiocircula-
tory and pulmonary consequences during and after
a laparoscopic operation is an important part of care-
ful patient selection (Table 3-2). The widely varying
nature of coexistent disease mandates close inspection
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Physiologic Effects of Creation
of a Pneumoperitoneum

1 Systemic vascular resistance

1 Pulmonary vascular resistance
1 Stroke volume

| Cardiac index

1 Pco,

| Functional residual capacity

L pH

L PO,

1 Venous return (head up)

of the potential impact of these laparoscopic-induced
physiologic changes on each patient.

Two critical factors create unique considerations for
the anesthetic management of infants and children
undergoing laparoscopic procedures: (1) the creation
of a pneumoperitoneum with the resulting elevation
of intra-abdominal pressure, and (2) the extremes of
patient positioning that may be required for optimal
exposure of intra-abdominal structures.>??

Carbon dioxide remains the gas of choice because,
unlike air, nitrous oxide, and oxygen, it does not pro-
mote combustion. In addition, CO, is also cleared more
rapidly than the other choices. The cardiovascular con-
sequences of intravascular gas embolism are relatively
less risky than an insoluble gas such as helium. CO,
uptake may be significantly greater in children, owing
to the greater absorptive area of the peritoneum in rela-
tion to body weight and the smaller distance between
capillaries and peritoneum. Hypercarbia has been
demonstrated in adult and pediatric studies during
CO, insufflation for laparoscopy.>* Increases in min-
ute ventilation by as much as 60% may be required
to maintain baseline end-tidal CO, (ETco,). Poten-
tially deleterious consequences of hypercarbia are
sympathetic nervous system activation with resultant
increases in blood pressure and heart rate, along with
increases in myocardial contractility and oxygen con-
sumption. Hypercarbia sensitizes the myocardium to
catecholamines and can predispose to cardiac arrhyth-
mias.>> ETcO, is not a reliable estimator of arterial
CO, in children during laparoscopic surgery,?* under-
estimating the value in as many as 30% of pediatric
patients, so it is important to take this into consideration
when planning for high-risk patients and include intra-
arterial monitoring of blood gases in their management.

Some physiologic responses to hypercarbia are
uniquely hazardous to infants, particularly neo-
nates. Hypercarbia is a potent cerebrovascular dila-
tor that, coupled with increased venous pressure due
to increased intra-abdominal pressure, can result in
increased intracranial pressure.?0-32 This presents the
risk of intracranial hemorrhage in infants. Newborns
are also at risk for reactive pulmonary hypertension
when exposed to the stress of surgery, hypoxia, or
hypercarbia. Infants with many forms of congenital
heart disease are particularly vulnerable to the devel-
opment of pulmonary hypertension.
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Patients with preexisting ventriculoperitoneal
shunts have been shown to develop acute intracranial
pressure increases with concurrent decreases in cere-
bral perfusion pressure with an intra-abdominal pres-
sure of 10 mm Hg or less.>®> This was ameliorated by
monitored removal of cerebrospinal fluid. It is impor-
tant to monitor intracranial pressure intraoperatively
in patients with ventriculoperitoneal shunts, to avoid
Trendelenburg positioning, and to use as low as possi-
ble intra-abdominal pressure to prevent neurosurgical
complications.?* In normal young children, creation of
pneumoperitoneum results in an increase in middle
cerebral artery blood flow velocity independent from
hypercapnia, and CO, reactivity is maintained in the
normal range.3°

The increase in intra-abdominal pressure seen with
laparoscopy results in well-documented cardiorespira-
tory changes. Respiratory derangements occur due to
cephalad displacement of the diaphragm. This results
in reduction in lung volume, ventilation-perfusion
mismatch, and altered gas exchange. Bozkurt and
coworkers demonstrated statistically significant
decreases in pH and Pao, and increased Paco, after
30 minutes of pneumoperitoneum.?® Also, a 20%
reduction in functional residual capacity occurs with
induction of general anesthesia with an additional
20% decrease in functional residual capacity during
laparoscopic surgery in adults.?® The magnitude of
the pulmonary effects correlates directly with intra-
peritoneal pressures.?” Pediatric patients have a lower
functional residual capacity relative to oxygen con-
sumption and a higher closing volume than adults.
Accordingly, infants have a smaller margin of safety
and are less likely to tolerate the adverse respiratory
effects of increased intra-abdominal pressure.

Significant cardiovascular changes have been dem-
onstrated in response to increased intra-abdominal
pressure and patient position. In the supine or Tren-
delenburg position, the venous return is augmented
when the intra-abdominal pressure is kept below
15 mm Hg. The position preferred for upper abdomi-
nal procedures is reverse-Trendelenburg or supine.
The head-up position reduces venous return and
cardiac output.?® Several pediatric studies have uti-
lized echocardiography (supine),3® impedance cardi-
ography (15-degree head-down),4° and continuous
esophageal aortic blood flow echo-Doppler (supine)4!
to assess hemodynamic changes during laparo-
scopic surgery. These studies demonstrated signifi-
cant reductions of stroke volume and cardiac index
along with a significant increase in systemic vascu-
lar resistance. Pneumoperitoneum was found to be
associated with significant increases in left ventricu-
lar end-diastolic volume, left ventricular end-systolic
volume, and left ventricular end-systolic meridional
wall stress.® All three studies demonstrated a decrease
in cardiac performance and an increase in vascular
resistance in healthy patients undergoing laparos-
copy for lower abdominal procedures. The cardiovas-
cular changes seen with pneumoperitoneum occur
immediately with the creation of the pneumoperito-
neum and resolve on exsufflation. However, a study

of laparoscopic Nissen fundoplication in a pig model
also showed a significant decrease in cardiac output
that remained after the release of the pneumoperi-
toneum.#? This study demonstrated a concomitant
increase in mediastinal and pleural pressures thought
to be due to dissection around the gastroesophageal
junction. These parameters have not been studied in
infants and children during upper abdominal proce-
dures. However, the cardiopulmonary effects of low
pressure pneumoperitoneum have been evaluated.
Thirteen children, aged 6 to 36 months, undergo-
ing laparoscopic fundoplication were studied in the
10-degree head-up position by noninvasive thoracic
electrical bioimpedance looking at cardiac index,
stroke volume, heart rate, mean arterial pressure, and
peak inspiratory pressure at an intra-abdominal pres-
sure of 5 mm Hg. The authors concluded that low-
pressure pneumoperitoneum with intra-abdominal
pressures not greater than 5 mm Hg does not decrease
cardiac index in infants and children.43

In a study of cardiorespiratory function in 25 chil-
dren undergoing laparoscopic Nissen fundoplication,
6 children developed postoperative hypoxemia, de-
fined as an oxygen saturation of less than 95%. This
desaturation has not been seen after laparoscopic sur-
gery for inguinal hernia repair, leading the authors to
conclude that interference with diaphragmatic func-
tion due to the surgical dissection may be the cause
of the impaired oxygenation. Several of the children in
the study had preexisting respiratory disease, presum-
ably secondary to aspiration, which could also account
for the desaturations.4

In summary, studies of the cardiopulmonary con-
sequences of pneumoperitoneum for laparoscopic
surgery have demonstrated a consistent and signifi-
cant decrease in cardiac index, and an increase in
systemic and pulmonary vascular resistance, unless
low-pressure pneumoperitoneum is used. The reverse
Trendelenburg position results in further reductions
in preload and cardiac index. Postoperative diaphrag-
matic dysfunction may be a result of surgical dissec-
tion around the esophageal hiatus. Healthy infants
and children without significant co-morbid conditions
tolerate the cardiopulmonary effects of pneumoperi-
toneum well. Infants and children with significant
cardiopulmonary disease require advanced planning
and may need invasive monitoring during prolonged
insufflation. Close monitoring of intra-abdominal
pressure to ensure the use of minimally effective
intra-abdominal pressure can minimize the adverse
cardiopulmonary effects of pneumoperitoneum.

Anesthesia for Pediatric Thoracoscopy

Video-assisted thoracic surgery in pediatric patients
has advantages over open thoracotomy, including
reducing postoperative pain, decreasing hospitaliza-
tion, improving cosmetic results, and decreasing the
incidence of chest wall deformity.4>4¢ Challenges for
the anesthesiologist are numerous, making a thorough
knowledge of the physiologic consequences of thora-
coscopy and technical requirements in the ventilatory
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management essential. An optimal anesthetic plan
considers respiratory derangements due to positioning,
lung exclusion, CO, insufflation into the pleural cav-
ity, and methods of airway management for each age
group in the pediatric population. Anesthesiologists
must take into consideration the ventilation-perfusion
mismatch that is induced by the lateral decubitus posi-
tionin the anesthetized patient, single-lung ventilation,
and CO, insufflation. In addition, much like laparo-
scopic insufflation, there are major hemodynamic
implications during CO, insufflation of the chest cavity
that compromises preload, stroke volume, cardiac
index, and mean arterial pressure.4¢

In arecently published study of 50 pediatric patients
undergoing thoracoscopy for a variety of surgical pro-
cedures, systolic and diastolic blood pressure was sig-
nificantly lower and ETco, was significantly higher
during thoracoscopy. There was a statistically signifi-
cant increase in ETcO, during single-lung ventilation
compared with two-lung ventilation with intrapleu-
ral insufflation. Two-lung ventilation with insuffla-
tion was associated with a lower blood pressure than
one-lung ventilation. The length of the thoracoscopy
statistically significantly increased the ETc0,.4¢ These
factors should be considered along with preoperative
respiratory or cardiovascular compromise in planning
the surgical procedure and anesthetic management.
The magnitude of the physiologic changes induced by
either one-lung or two-lung ventilation with insuf-
flation is impacted by the patient’s age, underlying
co-morbid conditions, and the anesthetic agents
utilized.

Multiple methods for single-lung ventilation have
been described for infants and children. The most
common and easiest method is to use a conventional
single-lumen endotracheal tube (ETT) to intubate a
main-stem bronchus (Fig. 3-3A). Fiberoptic bronchos-
copy, in addition to clinical examination, is utilized
to confirm proper placement. It is important to avoid
obstruction of the right upper lobe bronchus or pro-
trusion into the trachea from overinflation of the cuff
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Figure 3-3. There are several methods
available for single-lung ventilation in
infants and children. The most common
method is to use a conventional single-
lumen endotracheal tube to intubate a
main-stem bronchus (A). Another tech-
nique is to position the endotracheal tube
in the trachea followed by insertion of a
balloon-tipped bronchial blocker that is
passed along the endotracheal tube and
occludes the ipsilateral main-stem bron-
chus (B). The position of the bronchial
blocker is usually confirmed using fiber-
optic bronchoscopy.

(Fig. 3-4). A disadvantage of this technique is inad-
equate seal in the main-stem bronchus, causing prob-
lems with poor lung collapse on the operative side.
Advantages of this technique are its simplicity and
availability, because it can be performed in neonates.
Balloon-tipped bronchial blockers can be passed
in or along the ETT and their position can be con-
firmed in the same manner as described earlier

Figure 3-4. This photograph shows the anesthesiologist per-
forming fiberoptic bronchoscopy to confirm proper placement
of the bronchial blocker, which has been placed into the left
main-stem bronchus in this young child.
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(see Fig. 3-3B). Complications of this technique include
obstruction of the trachea by dislodgement of the
blocker balloon proximally, damage or rupture of the
airway, and the inability to provide CPAP to the oper-
ated lung when needed. An Arndt wire—guided endo-
bronchial blocker is now frequently used in pediatrics.
This device utilizes the fiberoptic bronchoscope to
guide the blocker into the desired position by attach-
ing the blocker to the bronchoscope with a releasable
wire. It is then locked into place proximally to stabilize
its position. An additional advantage is its low-pressure
and high-volume balloon, which should decrease the
risk of mucosal injury.4”

A Univent tube is a specially designed ETT with a
second lumen containing a balloon-tipped bronchial
blocker that can be advanced distally into the opera-
tive main-stem bronchus. This also requires a fiber-
optic bronchoscope for placement. The smallest size
available has a 3.5-mm internal diameter.

Double-lumen ETTs (DLTs) are available in right
and left sides and consist of a longer bronchial tube
fused with a shorter tracheal tube and two cuffs, one
on each tube. Left-sided DLTs are used much more
commonly than right-sided DLTs owing to the risk of
obstructing the right upper lobe bronchus lumen. Limi-
tations of these devices are related to the larger dimen-
sions of the ETT, making its use restricted to patients
8 years and older. Advantages of DLTs are their rela-
tive ease of insertion and the ability to suction both
lumens and provide oxygenated CPAP to the opera-
tive lung. Damage to the airway is possible with these
rigid ETTs, as is true with all methods of single-lung
ventilation.46:48

Complications related to anesthetic management
are usually related to mechanical factors, such as air-
way injury and malposition of the ETTs. Additional
problems related to physiologic alterations include
hypoxemia and hypercapnia. An unusual surgical
complication was reported in which a 3.5-kg infant
with a congenital cystic adenomatoid malformation
underwent attempted thoracoscopic resection of the
lung cyst.#° During CO, insufflation there was a sharp
rise in ETco, accompanied by severe hypoxemia and
bradycardia due to occlusion of the ETT by blood. The
procedure was immediately converted to an open tho-
racotomy, and it was discovered that there had been
direct insufflation into the cyst and that the cyst com-
municated directly with the tracheobronchial tree.
Another factor to consider is that ETco, may be inac-
curate during thoracoscopy, especially in small infants,
because of alteration in dead space and shunt frac-
tion, so there is usually a larger than usual gradient
between ETcO, and arterial CO,. In this unusual case,
the abrupt rise in ETco, was distinctly abnormal.

Risks associated with hypercarbia, especially in
neonates, have been discussed earlier in this chapter.
Therefore, it is important to try to maintain a reasonable
range of increased CO, in neonates undergoing tho-
racoscopic procedures. The use of the high-frequency
oscillating ventilator in neonates undergoing thora-
coscopic repair of tracheoesophageal fistula has been
described.>? It is postulated that this ventilation method

may allow better CO, elimination while optimizing the
visualization for the surgeons. This technique has been
used successfully at our institution recently as well
and shows promise as a safe anesthetic management
approach in these neonates.

Robotic Surgery

Minimal access surgery, despite its popularity, has some
limitations that robot-assisted surgery is attempting to
address. Robots can stabilize long instruments without
tremor and overcome some of the technical challenges
associated with the small workspace and two-dimen-
sional visibility. One type of robot, AESOP (Automatic
Endoscopic System for Optimal Positioning, Intuitive
Surgical, Inc., Sunnyvale, CA), provides voice con-
trol of the telescope that is attached and stabilized by
the robotic arm. This device is attached to the oper-
ating room table and does not impede access to the
patient.’!

AESOP has been used extensively and does not pres-
ent any unique anesthetic management challenges.
The da Vinci Robot (Intuitive Surgical, Inc., Sunnyvale,
CA) is different and presents special challenges and
limitations to patient access, which require advance
preparation. Recently, a case report of a 2-month-old,
4.1-kg infant undergoing a Kasai procedure utilizing
the da Vinci system described the hazards of minimal
access.>? The authors recommended practicing the cri-
sis scenario of removing the robotic equipment and
gaining access to the patient rapidly so that an emer-
gency could be handled quickly. In the case of an
airway emergency or cardiac arrest, the robotic instru-
ments must be disengaged before backing the cart
away from the operating table. This was performed in
less than 1 minute in a practice run. Other recommen-
dations were to use a left-sided precordial stethoscope
to monitor for inadvertent right main-stem bronchus
intubation and to consider fluoroscopy after patient
positioning to confirm proper ETT depth. The precor-
dial stethoscope is a low-tech, real-time method to
check for left lung breath sounds. Intra-arterial blood
pressure monitoring with interval blood gas sampling
is also recommended, as well as urine output monitor-
ing, because these procedures increase the setup and
operative times currently. It is anticipated that opera-
tive times will decrease with experience.

Anesthetic Management of the
Pediatric Congenital Heart Disease
Patient Undergoing Noncardiac
Surgery

Life expectancy of children with congenital heart dis-
ease (CHD) has continued to increase with the advan-
cement of medical and surgical knowledge and expertise.
Infants and children with complex congenital heart
lesions are presenting more often for management
of serious medical problems that may require surgi-
cal intervention before and between staged palliative
cardiac procedures.



The diversity of anatomic and physiologic abnormal-
ities encountered in children with CHD makes devel-
opment of a generic anesthetic plan impossible. The
main considerations for planning the anesthetic are
the degree and type of cardiovascular and pulmonary
impairment and the cardiopulmonary effects of the
planned surgical procedure.>>># Unlike in adults, the
estimation of risk in pediatric CHD patients undergo-
ing noncardiac surgery has not been defined. We can,
however, use the New York Heart Association (NYHA)
functional classification as a guide for the need for
further preoperative assessment. The potential delete-
rious physiologic consequences of anesthetics and sur-
gery, such as laparoscopy, must be carefully examined
in relation to the individual child’s heart defect and
associated hematologic and cardiopulmonary status.

Because cardiopulmonary dynamics are altered
abruptly and significantly during procedures such as
laparoscopy and thoracoscopy, preoperative assess-
ment of cardiopulmonary reserve is vital. Evaluation
for the presence of baseline hypoxemia, abnormalities
of cardiac function, pulmonary abnormalities, and his-
tory of arrhythmias is essential.

Hypoxemia

Hypoxemic children should be evaluated for symp-
toms of hyperviscosity, such as headache, faintness,
depressed mentation, fatigue, and muscle weakness.
Preoperative phlebotomy is indicated for patients
with a hematocrit greater than 65% and symptom-
atic hyperviscosity syndrome. Evidence of abnormal
hemostasis, particularly prolongation of the prothrom-
bin time or the partial thromboplastin time, occurs in
up to 20% of patients with CHD. Reduction of red cell
mass by preoperative phlebotomy has been reported
to correct these abnormalities in some patients.>*
Prevention of dehydration with the intravenous use
of fluids helps to reduce the hematocrit and optimizes
preload. Children with hypoxemia due to CHD fall
into two categories: (1) those with limited pulmonary
blood flow with right-to-left shunting of blood and (2)
those with unrestricted pulmonary blood flow with
significant mixing of pulmonary and systemic venous
blood. Anesthetic management is distinctly different
in these two situations.>*

When pulmonary blood flow is restricted, it is
important to maintain adequate hydration and sys-
temic arterial blood pressure to prevent worsen-
ing of the right-to-left shunt, which would further
decrease pulmonary blood flow. Avoidance of addi-
tional increases in resistance to pulmonary blood flow
would include careful adjustment of positive-pressure
ventilation to prevent severe hypercarbia and high
peak inspiratory pressure, both of which can dimin-
ish pulmonary blood flow. Unfortunately, even mild
hyperventilation may be difficult to achieve during
pneumoperitoneum with CO, without requiring high
peak ventilatory pressures.>* This may be particularly
problematic in children with venous-dependent pul-
monary blood flow, such as single ventricle physiology
with Glenn or Fontan palliation.
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The presence of unrestricted pulmonary blood flow
mandates the preservation of ventricular function and
the pulmonary to systemic blood flow (Qp:Qs) ratio at
unity.’* The choice of sevoflurane for induction, and
either sevoflurane or isoflurane for maintenance, will
minimize the myocardial depressant effect of the vola-
tile anesthetic when kept below 1 MAC (mean alveo-
lar concentration). Inotropic agents may be necessary
to restore myocardial function during the anesthetic,
especially in neonates.

Another important consideration in chronically
hypoxemic patients is the development of myocardial
fibrosis, reducing ventricular diastolic compliance and
contractility. Myocardial cellular changes also occur,
such as p-receptor downregulation. The chemorecep-
tor response to hypoxia is blunted, predisposing these
patients to developing profound hypoxia in the post-
operative period.>*

Cardiac Failure

Patients with borderline cardiac function are at risk
for intraoperative cardiac failure because of the nega-
tive inotropic effects of some anesthetic agents. Addi-
tional risks for cardiac failure occur during laparoscopy
because of the acute decrease in preload and increase
in systemic vascular resistance due to creation of the
pneumoperitoneum. A case report by Tobias and Hol-
comb described the successful anesthetic management
of two pediatric patients with dilated cardiomyopa-
thy undergoing laparoscopic cholecystectomy.>> Their
anesthetic and surgical techniques were altered by avoid-
ing anesthetic agents with negative inotropic effects,
maintenance of the supine position, increasing venti-
lation to maintain normocarbia, slow insufflation with
a pressure limit of 15 mm Hg, and use of intra-arterial
monitoring of blood pressure and blood gases. Preopera-
tive echocardiographic assessment of function and eval-
uation of exercise tolerance aids in decisions about the
need for intraoperative monitoring and anesthetic drug
and technique choices. Prophylactic management with
inotropic infusions intraoperatively may be advisable.

Airway and Pulmonary Abnormalities

Abnormal airway anatomy is frequently seen in con-
junction with CHD.>* A short trachea is of particular
significance in patients undergoing laparoscopic sur-
gery due to the cephalad displacement of the dia-
phragm during pneumoperitoneum. Intraoperative
main-stem bronchus intubation has been seen after
insufflation in patients with normal tracheal length,
so a high index of suspicion should be maintained,
coupled with physical examination to prevent unrec-
ognized main-stem bronchus intubation.** Use of a
left anterior chest wall precordial stethoscope can be
invaluable in the prompt detection of this potentially
serious complication. Large and small airway obstruc-
tion due to CHD is also not uncommon. Airways can
be compressed and/or obstructed by vascular rings,
enlarged cardiac chambers, pulmonary artery, aorta,
or artificial conduits. Small airway obstruction can
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result from bronchiolar smooth muscle hyperplasia in
infants with pulmonary hypertension.>*

Dead space is increased in children with decreased
pulmonary blood flow. Positive-pressure ventilation
and hypovolemia increase dead space further.’* Anes-
thetic management of these children should emphasize
maintenance of intravascular volume and ventricular
function.

Excessive pulmonary blood flow leads to a progres-
sive increase in pulmonary vascular resistance and air-
way obstruction. Children who have hypertrophied
pulmonary vascular smooth musculature are susceptible
to acute life-threatening pulmonary hypertensive epi-
sodes. Infants in this category include neonates, infants,
and children with large ventricular septal defects or
large patent ductus arteriosus. Particularly susceptible
infants are those with complete atrioventricular canal
and truncus arteriosus. Chronic exposure to excessive
pulmonary blood flow results in irreversible pulmonary
hypertension and right-to-left shunt. The anesthetic
risk to symptomatic patients with this physiology (the
Eisenmenger syndrome) appears to be considerable.
These patients are usually NYHA functional class III
or IV.>* One case report describing the successful anes-
thetic management of an adult with Eisenmenger’s
syndrome presenting for laparoscopic cholecystectomy
utilizing a technique consisting of general endotracheal
anesthesia with infusion of norepinephrine to maintain
systemic vascular resistance. This patient’s history was
consistent with NYHA functional class II. She had also
tolerated a full-term pregnancy and vaginal delivery in
the past.>® Anesthetics that decrease systemic vascular
resistance significantly, such as propofol, should be used
only with extreme caution in patients with pulmonary
hypertension or any cardiac defect in which a decrease
in systemic vascular resistance is inadvisable.!8

Neonates with or without CHD are at risk for reac-
tive pulmonary hypertension due to the immaturity of
the pulmonary vascular tree. Hypercarbia, hypoxemia,
and stress can all trigger an acute pulmonary hyper-
tensive crisis in this population. Neonates are also at
risk for congestive heart failure when challenged with
acute volume or pressure loads due to the immaturity
of the neonatal myocyte. The Frank-Starling relation-
ship is altered by the noncompliance of the neonatal
ventricle so that the heart fails at a much lower pressure
and volume. In neonates with CHD, the high risk of
precipitating pulmonary hypertension and acute heart
failure must be considered when selecting appropriate
patients for minimally invasive surgery. In addition,
infants with unrepaired CHD such as large ventricu-
lar septal defect, large patent ductus arteriosus, com-
plete atrioventricular canal, truncus arteriosus, and
single ventricle physiology are at high risk of death in
the event of an acute pulmonary hypertensive crisis.
The choice of surgical approach should take these fac-
tors into account. There is one published study of five
infants with palliated hypoplastic left heart syndrome
who underwentlaparoscopic Nissen fundoplication and
gastrostomy after modified Norwood procedures.>” In
the Norwood procedure, the right ventricle functions
as the systemic ventricle and pulmonary blood flow is

provided by a Blalock-Taussig shunt. In the modified
Norwood procedure, the pulmonary blood flow is pro-
vided by a right ventricle to pulmonary artery conduit.
All of the patients were monitored with arterial lines
and blood gases were checked at regular intervals. Two
patients received inotropic support prophylactically,
and all five remained hemodynamically stable. Ven-
tilation was meticulously managed to avoid high peak
airway pressures and to maintain normocarbia. Pneu-
moperitoneum was limited to 12 mm Hg. ETcO, moni-
toring correlates poorly with Paco, during peritoneal
insufflation so frequent measurement of Paco, was
utilized for ventilation management. This is especially
true in infants with cyanotic heart disease.>® Decreases
in cardiac index due to the systemic vascular resistance
caused by pneumoperitoneum could decrease shunt
flow, resulting in desaturation and acidosis. These
patients had better preservation of diastolic blood
pressure because of the right ventricle to pulmonary
conduit modification of the Norwood procedure.>”

Children who rely on passive venous return to the
pulmonary circulation, such as those who have had
Glenn or Fontan procedures, require special attention
to ventilatory and fluid management during general
anesthesia. The cardiac output in this population may
be adversely affected by positive-pressure ventilation.

Residual defects in myocardial contractility and the
ejection fraction predispose patients to acute heart fail-
ure when challenged by abrupt increases in afterload.
Cyanotic patients should be considered to be at risk for
decompensation when faced with increased afterload
because of the known association of myocardial fibro-
sis with chronic cyanosis.>*

Infants and children with intracardiac communica-
tions are at increased risk for shunting of blood and
gas. The risk of gas embolism during laparoscopy is
small, but should it occur in the presence of intracar-
diac communication, gas emboli could gain access to
the systemic circulation. This could result in stroke or
myocardial ischemia. Utilizing CO, as the insufflat-
ing gas decreases the likelihood of sustained arterial
obstruction by a gas bubble because CO, would be
absorbed more quickly than air or helium.

Children with repaired heart defects with little or
no residual dysfunction tolerate anesthetics well. Sub-
acute bacterial endocarditis prophylaxis recommenda-
tions should be utilized as indicated. A preoperative
history revealing NYHA functional class I or II in con-
junction with a recent echocardiogram demonstrating
good function and no other serious concerns is valu-
able information in assessment of these children.

Recommendations for the anesthetic management
of patients with CHD are seen in Table 3-3.

POSTANESTHESIA CARE
Pain Management

The incidence of postoperative pain in the pediatric
population, although difficult to evaluate objectively,
is probably similar to that in the adult population.
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Recommendations for the Anesthetic Management of Patients with Congenital Heart Disease

. Preoperative medication with an anxiolytic, such as oral midazolam, should be considered to prevent agitation and increased

oxygen consumption.

. Preoperative intravenous fluids should be considered in patients at risk for hyperviscosity. Children with passive pulmonary blood

flow should not be allowed to become dehydrated.

. Prophylaxis for subacute bacterial endocarditis should be done as recommended by the American Heart Association.
. Intraoperative monitoring with intra-arterial catheter and central venous pressure would be helpful in guiding fluid management

and vasoactive drug therapy. Blood gas analysis can also be used to monitor arterial to end-tidal CO, and acid-base status.

. Intraoperative transesophageal echocardiography could be helpful in aiding the intraoperative diagnosis of heart failure or air

embolism in any patient with borderline or reduced cardiac function, intracardiac shunt, or passive pulmonary blood flow.

. Induction with agents that have less negative inotropic effects, such as etomidate, ketamine, or sevoflurane, seems prudent.

The use of an anticholinergic drug to prevent vagal reflexes and bradycardia during peritoneal insufflation is recommended in
neonates whose cardiac output is heart rate dependent.

. Maintenance of anesthesia with isoflurane should have minimal negative inotropic effect and may decrease systemic vascular

resistance. A nondepolarizing muscle relaxant is required for optimal abdominal relaxation. Propofol should be used sparingly
in any patient with pulmonary hypertension, if at all, because it reduces systemic vascular resistance and can result in sudden
hypotension and cardiovascular collapse.

. For laparoscopic procedures, slow insufflation and maintenance of the supine position are recommended to prevent sudden

changes in cardiovascular parameters. It may not be possible to achieve adequate surgical exposure for upper abdominal
procedures without some reverse Trendelenburg positioning. When a change in position is necessary, this should be done
independently, rather than concurrently with insufflation. Hemodynamics should be allowed to equilibrate after each change

before adding another variable.

9. Limiting insufflation pressure to 10-12 mm Hg to minimize cardiopulmonary alterations is recommended.

10. Postoperative analgesia is usually facilitated by the injection of local anesthetic into the small incisions by the surgeon at the
end of the procedure. Additional analgesia can be provided by ketorolac and small doses of narcotic in the recovery room. If
conversion to an open procedure is required because the patient does not tolerate the decrease in cardiac index and increase in
systemic vascular resistance, a regional technique for postoperative analgesia may be considered. A normal coagulation profile
is necessary to consider this option. The use of epidural analgesia for upper abdominal incisions has been shown to improve
pulmonary function postoperatively and shorten the postoperative hospitalization.

It is reasonable, therefore, to assume that about 75%
of children will report significant pain on the first post-
operative day.>® The ineffective treatment of postop-
erative discomfort in children is most often the result
of four factors:

1. Individuals involved in the care of children are
working with an evolving knowledge of the
mechanisms of pain and its transmission in chil-
dren. Attitudes toward the management of pain
in children have often been biased by several
observations made on newborns. It has been
known for many years that newborns may cry
for relatively short periods after experiencing
noxious stimuli and then settle down and sleep
without the use of analgesics.®® In addition, mi-
croscopic examination of thalamocortical tracts
in the newborn has shown a lack of myelin, lead-
ing investigators and clinicians to postulate that
the pain perception of neonates is immature and
rudimentary.®! Finally, higher concentrations of
endogenous opioids are present in the plasma
and cerebrospinal fluid of neonates when com-
pared with those of older children.®? This type of
information has led to the erroneous conclusion
that neonates do not have a normal sensation
of pain and therefore do not require postopera-
tive pain therapy. Evidence indicates that neo-
nates do experience pain in a manner similar to
that of adults. Sophisticated observations of cry
patterns, facial expressions, movements, and
cardiovascular variables allow reproducible
documentation of painful experiences in these
smallest of patients.

2. Misconceptions remain regarding the phar-

macokinetics of pain medications in children.
Clearly, the neonate presents differences from
older children and adults that must be taken into
account. For instance, neonates appear to have
a greater sensitivity to the respiratory depressant
effects of narcotics. This may be explained by
the fact that relatively fewer a; narcotic recep-
tors (mediating analgesia) exist relative to the a,
receptors (mediating respiratory depression) in
neonates when compared with older individu-
als.®3 Evidence also suggests that for some nar-
cotics the volume of distribution is larger and
the elimination half-life is prolonged in prema-
ture infants. For example, the elimination half-
life of fentanyl is 129 minutes in an adult and
230 minutes in a neonate. As a result, higher
levels of narcotics persist in the cerebrospinal
fluid of neonates for longer periods. Some have
asserted that narcotics should be used in infants
younger than 6 months only when observation
in an intensive care setting is possible or postop-
erative ventilation is planned.%*

. The management of pain in the pediatric popu-

lation is hampered by the difficulty that exists in
assessing pain. Many children may respond to
pain by emotionally withdrawing from their sur-
roundings, and this may be misinterpreted by the
medical and nursing staffs as evidence that they
have no pain. In addition, when questioned as to
their degree of pain, children may not volunteer
useful information for fear of painful interven-
tions. To circumvent these difficulties, several
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visual and verbal scales have been developed
for quantifying painful sensations or describ-
ing typical painful behaviors. These have met
with varying degrees of success because they are
difficult to implement, are time consuming to
use, and still rely on patient comprehension and
cooperation.

4. Individual biases exist in medical professionals
caring for children. These biases run from the
belief that pain is a natural consequence of sur-
gery to the beliefs that the risks of respiratory
depression and narcotic addiction outweigh the
benefits that are associated with aggressive pain
management.

The mainstay in pain control remains the use of
narcotics. Not only is a bewildering array of narcot-
ics available, but the methods of their administration
also are changing. Dose-dependent respiratory depres-
sion is common to all narcotics and goes hand in hand
with their analgesic properties. Other side effects that
vary from drug to drug and patient to patient are som-
nolence, nausea and vomiting, pruritus, constipation,
and urinary retention. Given time, patients develop
tolerance to most, if not all, of these side effects while
they continue to experience their analgesic properties.
The side effects may be treated symptomatically while
tolerance is developing, thereby making the patient
much more comfortable and manageable. Changing
the narcotics will often reduce or eliminate the side
effects.

Morphine remains the standard by which most
pain therapy is measured. Some pharmacologic differ-
ences between morphine and other analgesics must be
appreciated to use this narcotic well. Although mor-
phine has roughly the same plasma elimination half-
life as other narcotics, its effect and duration of action
may have considerable variability because of the drug’s
low lipid solubility.

Because a poor correlation exists between the
plasma concentration of morphine and its desired
analgesic effect—a fourfold variation has been mea-
sured in the plasma concentration of morphine at
which patients medicate themselves for pain—many
clinicians believe that morphine is best administered
in a patient-controlled device (patient-controlled anal-
gesia [PCA]). As the patient experiences changes in
the level of morphine in the central nervous system,
he or she is able to administer supplemental doses.

PCA dosing recommendations for morphine include
a loading dose ranging from 0.04 to 0.06 mg/kg
followed by intermittent PCA doses of 0.01 to 0.03 mg/
kg. A lockout interval of 6 to 15 minutes and 0.2 to
0.4 mg/kg every 4 hours is the limit generally used.

When PCA devices are not used, the intermittent
administration of morphine to opioid-naive children
should be started at 0.05 to 0.1 mg/kg every 2 to
4 hours. If the treatment of pain is undertaken in a
recovery room or intensive care setting, similar doses
may be administered every 5 to 10 minutes until the
child is comfortable. A background infusion approxi-
mately equivalent to one PCA dose per hour may be
appropriate for patients with moderate to severe pain.

Patients with a background infusion should be con-
tinuously monitored for cardiorespiratory depression
by telemetry and pulse oximetry.

Fentanyl is a synthetic narcotic that usually has a
relatively short duration of action as a result of rapid
distribution into fat and muscle because of its high
lipid solubility. With repeated dosing, the duration of
action appears to increase.®> When compared with
morphine, fentanyl is about 100 times more potent.
(Fentanyl dosages are calculated in micrograms rather
than milligrams.) In controlled comparisons with
equipotent dosages, morphine is generally found to
provide better analgesia than fentanyl but with more
side effects such as pruritus, hypotension, nausea, and
vomiting.®¢-%8 Fentanyl may also demonstrate much
more rapid tolerance to its analgesic effects than mor-
phine or hydromorphone.

When using fentanyl for procedures, incremental
dosing of 0.25 to 0.5 pg/kg every 5 minutes is safe.
All of the respiratory depression from a single dose
of fentanyl is evident within 5 minutes because of its
rapid equilibration across the blood-brain barrier. The
elimination rate of a single dose of fentanyl is reported
to be about 1 pg/kg/hr.®® A safe cumulative dose for
procedures is 2 to 5 pg/kg.”°

Other formulations of fentanyl have clinical applica-
tions in pain management. Although not approved for
pediatrics at present, transdermal fentanyl, in doses of
25 to 100 pg/hr, has proved more effective in the treat-
ing of chronic pain than some traditional modalities.”!

Hydromorphone is a well-tolerated alternative to
morphine and fentanyl and is associated with less pru-
ritus and sedation than morphine. Moreover, it has a
longer duration of action than fentanyl. It is five to
seven times more potent than morphine. The dosing
schedule for PCA hydromorphone uses a loading dose
of 5 to 15 pg/kg, a lockout of 6 to 15 minutes, supple-
mental PCA doses of 3 to 5 pg/kg, and a 4-hour limit
of 100 pg/kg.

As more and more pediatric surgery is being per-
formed on an outpatient basis, significant interest has
developed in the role of non-narcotic analgesics for
the management of postoperative pain. Many physi-
cians have questioned the efficacy of acetaminophen
for significant pain relief, although this may be more a
question of the dosage used with recent investigators
challenging established dosing recommendations for
rectal administration.”?73 Dosages for analgesia were
based on recommendations for fever control (10 to
20 mg/kg), but these doses failed to produce serum lev-
els shown to be effective even in reducing temperature.
To achieve adequate serum levels for analgesia, doses of
30to40 mg/kgrectally are required. A dose of 30 mg/kg
of acetaminophen rectally has proved to have analge-
sic properties similar to 1 mg/kg of ketorolac.”

Ketorolacis an oral and parenteral nonsteroidal anti-
inflammatory drug shown to have excellent pain-control
characteristics. Dosage recommendations are 0.5 mg/kg
intravenously every 6 to 8 hours for 48 hours. Doses
greater than 15 mg may yield diminishing analgesic
return with increasing side effect profiles. Doses greater
than 30 mg are generally not recommended. One of



the drawbacks associated with ketorolac is its inhibi-
tion of platelet aggregation, which has been associated
with increased bleeding after tonsillectomy.”> Attention
must also be paid to patients with renal impairment,
risk for gastric ulcers, and the question of poor union of
extensive orthopedic repairs.

Clonidine has gained favor as an adjunct in regional
anesthesia. A centrally acting a, agonist with a seda-
tive effect, clonidine confers an analgesic benefit. It
has been shown to increase the analgesic duration
of caudal blocks by as much as 18 hours.”® Clonidine
has also been used effectively in epidural infusions.
In adults, clonidine may carry a risk of hypotension,
but this side effect is not prominent in children. More-
over, clonidine is not beset by problems of nausea and
pruritus. For this reason, it has compared favorably as
a substitute for neuraxial opioids, long the standard
adjuvant to local anesthetics.

Regional anesthetic techniques used concomitantly
with general anesthesia have had a resurgence in both
adult and pediatric patients. These techniques include
local infiltration of the wound, peripheral nerve blocks,
and caudal, epidural, or spinal blocks. Part of the intent
of these techniques is to prevent sensitization of the
peripheral and central nervous systems, which could
result in prolonged or excessive postoperative pain.
This approach is often referred to as preemptive anal-
gesia. Whether preemptive analgesia exists in children
is still unresolved.”” Anecdotal reports of improved,
prolonged analgesia during the postoperative period
when regional anesthetic techniques are used pre-
emptively still await scientific validation.

In selected cases, peripheral nerve blocks appear
to be a superior pain control modality. They offer the
benefit of absent central side effects (nausea, pruritus,
sedation, urinary retention) and can allow for faster
recovery. It is increasingly common for these blocks to
be performed under ultrasound guidance, which may,
in some cases, confer increased accuracy and reduced
time consumption.

Whether undergoing an operation on an inpatient
or an outpatient basis, infants and children should be
afforded maximal pain relief. Recent developments in
and understanding of pain-relieving techniques place
this goal within the reach of all clinicians caring for
children during the postoperative period.

Recovery and Criteria for Discharge

The recovery period for infants and children may be
more crucial than for adult patients. Although the
risks of intraoperative problems are similar in adults
and children, 3% to 4% of infants and children have
major complications in the recovery period, whereas
only 0.5% of adults experience these complications. In
general, children should be comfortable, awake, stable,
off supplemental oxygen, have normal vital signs, and
be able to take oral fluids before discharge from out-
patient surgery. These variables have been quantified
with the Modified Aldrete Score (Table 3-4), which
lists the important factors taken into consideration for
discharge.
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Modified Aldrete Score

Variable* Score

Able to move, voluntarily or on command

® Four extremities 2

* Two extremities 1

* No extremities 0

Respiration

¢ Able to breathe deeply and cough freely 2

¢ Tachypnea, shallow or limited breathing 1

* Apnea 0

Circulation

¢ Blood pressure within 20 mm Hg 2
of preoperative level

¢ Blood pressure within 20-50 mm Hg 1
of preoperative level

¢ Blood pressure + 50 mm Hg of 0

preoperative level
Consciousness

¢ Fully awake 2
¢ Arousable to voice 1
e Unresponsive 0
Oxygen saturation

® > 92% on room air 2
* >90% with oxygen 1
® < 90% with oxygen 0

“These variables are taken into consideration for discharge from
outpatient surgery.

Common impediments to discharge include pain,
emergence delirium, nausea, laryngospasm or croup,
and hypoxia. Because general anesthesia is nearly
universal in children, regional anesthesia is less com-
mon than in adults. However, pediatric outpatients
are excellent candidates for a host of regional blocks.”8
Some blocks require specialized equipment like a nerve
stimulator or ultrasound, but others such as an ilio-
inguinal block can be performed by landmarks alone.
Local infiltration by the surgeon is encouraged when a
neuraxial or peripheral block is not performed.

Emergence delirium is a vexing problem character-
ized by agitation in a child without apparent physio-
logic cause. The child is disoriented and often does not
recognize his or her own parents. While not intrinsi-
cally dangerous, the problem is disturbing to parents
and caregivers alike, poses a risk of self-injury, delays
discharge, and invariably consumes recovery room
resources. It is possible that sevoflurane, with its rapid
elimination half-life, is more likely to be associated
with emergence delirium.”® However, other published
data show no difference in emergence delirium rela-
tive to isoflurane.80

Postoperative nausea and vomiting (PONV) is most
effectively managed with a combination of steroids
(dexamethasone, 0.05-0.5 mg/kg) and serotonin
antagonists as first-line therapy.8! Adequate hydration
and avoidance of nitrous oxide, volatile anesthetics (in
favor of propofol), and neostigmine all are validated
as reducing PONV. Metoclopramide, a commonly
prescribed promotility drug, while possibly having a
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salutary effect on intraoperative hiccups, bestows lit-
tle benefit for PONV. Perhaps the most cost-effective
perioperative antiemetic is droperidol. Unfortunately,
its use has been dramatically curtailed due to a black
box warning from the U.S. Food and Drug Adminis-
tration regarding possible QT prolongation associated
with its use. There is much disagreement about the
data behind this warning.82

Respiratory complications are the most serious of
the common problems seen after outpatient surgery.
Laryngospasm, while possibly life threatening, is
almost always transient and treatable by continuous
positive mask pressure with a small dose of propofol
(1-2 mg/kg) as an immediate backup. Rescue with
succinylcholine is indicated at the first sign of relative
bradycardia, which is often audible before it is visual-
ized on an electrocardiogram. Postoperative croup is
usually treatable with nebulized racemic epinephrine,
and bronchospasm is managed with nebulized p ago-
nists such as albuterol.

Intraoperative Awareness

Intraoperative awareness is a rare condition in which
surgical patients can recall their surroundings or an
event and sometimes even pain related to their sur-
gery while they were under general anesthesia. The
definition of intraoperative awareness is becoming
conscious during a procedure performed under gen-
eral anesthesia and subsequently having recall of these
events. Recall is explicit memory of specific events that
took place during the general anesthesia. A Sentinel
Event Alert was issued by the Joint Commission (JC)
regarding the prevention and management of intraop-
erative awareness in October 2004. The ASA published
a Practice Advisory for Intraoperative Awareness and
Brain Functioning Monitoring in April 2006.83

The incidence of intraoperative awareness in adults
has been reported to be 0.1% to 0.9% in older stud-
ies®* and 0.0068% or 1 per 14,560 patients in a 2007
report of 87,361 patients. Most experts estimate the
true incidence in adults to be 0.1% to 0.2%. There is a
dearth of literature about intraoperative awareness in
infants and children, but there is a 2005 study of 864
children in which there was a reported incidence of
0.8%.8%> Some of these data may be confounded by the
memory of entering the operating room after admin-
istration of the preoperative sedation or a memory of
emergence. Certainly, the likelihood of a clear mem-
ory of a painful surgery is a much rarer event than the
generic incidence commonly reported. There are mul-
tiple adverse effects related to intraoperative awareness
including post-traumatic stress disorder in adults and
children and medical-legal implications. Therefore, it
is important to understand the risk factors, preventive
measures that can be taken, and management of the
condition when it occurs.

Surgical and anesthetic risk factors for intraopera-
tive awareness include cardiac surgery, cesarean sec-
tion, trauma surgery, emergency surgery, the use of
muscle relaxants with reduced anesthetic dosage, and
the use of nitrous oxide/opioid anesthetics. Known

patient risk factors are substance use or abuse, previous
intraoperative awareness, a history of difficult intuba-
tion or anticipated difficult intubation, and patients
with opioid tolerance, such as chronic pain patients
on high doses of opioid. Additionally, ASA class 4 or
5 patients and any patient with limited hemodynamic
reserve are at risk for intraoperative awareness.

Preventive measures include conventional monitor-
ing, equipment checklists, and verification of proper
functioning of intravenous access, infusion pumps,
and connections. Benzodiazepine prophylaxis should
be selected on a case-by-case basis depending on the
patient and surgical risk factors. The common use of
volatile anesthetics in pediatrics should decrease the
risk of intraoperative awareness. Detection of signs and
symptoms of possible awareness intraoperatively may
include hypertension, tachycardia, movement, lacri-
mation, sweating, and decreased lung compliance.

Brain function monitors have been suggested as
a method of prevention, and the ASA practice advi-
sory and the JC alert addressed this methodology in
their reports. These monitors measure spontaneous
electrical activity and convert a single channel of fron-
tal electroencephalograph into an index of hypnotic
level. The consensus of the ASA task force found that a
specific numerical value may not correlate with a spe-
cific anesthetic depth and that the values do not have
uniform sensitivity across different anesthetic drugs or
types of patients. There is insufficient evidence to rec-
ommend the routine use of brain function monitors to
either reduce the frequency of intraoperative aware-
ness or monitor the depth of anesthesia. Both the ASA
and the JC recommend case-by-case decision by the
anesthesiologist for selected patients.83

These advisories recommend that the anesthesiolo-
gist may consider discussing the risk of intraoperative
awareness with patients in substantially increased risk
groups preoperatively. The patient can be reassured of
the measures that will be taken to prevent intraopera-
tive awareness and that if it occurs it is rarely associ-
ated with pain. If intraoperative awareness does occur,
the anesthesiologist should discuss the episode with
the patient to obtain details and discuss possible rea-
sons for the event. Counseling or other psychological
support should be offered.

It is important to remember that intraoperative
awareness is a rare occurrence and usually not associ-
ated with pain. It is more likely to occur in high-risk
surgery because of the need to maintain hemodynamic
stability. Parental and patient questions should be
referred to the anesthesiologist as soon as possible so
that early intervention and counseling can be offered
to lessen the resulting trauma.

SEDATION

Twenty-five years ago, the American Academy of
Pediatrics (AAP) asked the Section on Anesthesiology
to develop guidelines for monitoring children under-
going sedation by non-anesthesiologists. That year,
three children died in sedation disasters in a single



Current Definitions of Sedation Levels
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A drug-induced state during which the patient responds normally to verbal commands. Ventilatory and

A drug-induced state during which the patient responds purposefully to verbal commands and/or light

Analgesia Relief of pain without intentionally producing sedation
Minimal sedation/

anxiolysis cardiovascular functions are unaffected.
Moderate sedation/

analgesia

function is maintained.

Deep sedation/
analgesia

touch. Airway and adequate ventilation are maintained without intervention and cardiovascular

A drug-induced depression of consciousness during which the patient cannot be easily aroused but
responds purposefully to noxious stimulation (reflex withdrawal). Assistance may be required to

maintain airway and adequate ventilation. Cardiovascular function is usually maintained.

General anesthesia

A drug-induced loss of consciousness during which the patient is not arousable, even by painful

stimulation (no reflex withdrawal). Assistance to maintain airway is often required, and positive-pressure
ventilation may be required to maintain adequate ventilation. Cardiovascular function may be impaired.

dental office in California. At that time, an analysis
of pediatric sedation by non-anesthesiologists revealed
a disturbingly high morbidity and mortality rate. In
the ensuing years, the AAP, the ASA, the American
Academy of Pediatric Dentists (AAPD), and the Amer-
ican College of Emergency Physicians (ACEP) have
worked independently and collectively to evaluate the
problem, develop guidelines, and institute standard-
ized practices. This has improved the safety of pedi-
atric sedation in practices where these guidelines are
followed.

A multidisciplinary review of over 600 adverse drug
reports was undertaken and reviewed independently
by two pediatric anesthesiologists, one pediatric emer-
gency medicine specialist, and one pediatric critical
care specialist, who then debated each case.®¢ An epi-
demiologist/statistician then guided the group through
the analysis of these events. The results demonstrated
no relationship between adverse outcomes (death/
neurologic injury) and route of drug administration
(intravenous, nasal, rectal, intramuscular, oral, inha-
lation [nitrous oxide plus other sedatives]), or drug
class. Failure to rescue the patient and inadequate car-
diopulmonary resuscitation skills were the major con-
tributing factors. Most of these patients presented with
some form of respiratory depression. Other contribu-
tory causes were drug overdoses, drug-drug interac-
tions, inadequate monitoring, inadequate recovery,
prescription/transcription errors, drug administration
without medical supervision, drug administration
by a technician, inadequate equipment, and prema-
ture discharge from recovery or inadequate recovery
procedures.

The major goals of procedural sedation are to
provide anxiety relief, pain control, and reasonable
movement control.87.88 Inadequate sedation causes
psychological trauma and difficulty completing a
high-quality diagnostic or therapeutic procedure and
results in excessively high cancellation rates for radio-
logic procedures.?7-3% In 2002 the AAP, ASA, and the
JC all began to use the same sedation terminology,
which recognizes the fact that “conscious sedation”
is not realistic in children and that children younger
than age 6 are considered to be deeply sedated from
the beginning of the sedation process. Levels of seda-
tion occur on a continuum, and it is difficult to predict

every patient’s response. For this reason, it is agreed by
all groups that the practitioner must be able to rescue
the patient from the next deeper level of sedation than
the one targeted.®%°° The current definitions of seda-
tion levels are found in Table 3-5.

The JC mandates standardization for sedation out-
side the operating room with processes similar to those
utilized for monitored anesthesia care delivered by
qualified anesthesia providers in the operating room.8°
The JC also requires that sedation practices through-
out the hospital be “monitored and evaluated by the
Department of Anesthesia.” In response to regulatory
guidelines and in recognition of the need to institute
a safe, systematic approach to sedation of children,
many children’s hospitals have developed dedicated
sedation services using experts (anesthesiologists or
other highly trained individuals) to perform seda-
tion rather than a variety of providers with a range
of training. The benefits of this are many, including
optimizing patient safety, reducing sedation failure
rates to 0%, and meeting regulatory and administra-
tive requirements.37-88

The principles outlined in the 2006 Guidelines for
Monitoring and Management of Pediatric Patients During
and After Sedation for Diagnostic and Therapeutic Proce-
dures: An Update are seen in Table 3-6.°! Appropriate
monitoring of patients includes visual observation,
pulse oximetry, and measurement of vital signs by an
appropriately credentialed health care professional
who is not performing the procedure. Capnography
(noninvasive measurement of expired CO,) is man-
dated during general anesthesia and is now being
encouraged during deep sedation by the JC and the
AAP.”2 Several published studies have now demon-
strated that the use of nasal or nasal/oral cannulas for
continuous CO, analysis provides early detection of
inadequate ventilation and prompts faster interven-
tion.”?3-%> This has been shown to decrease the number
of episodes of oxygen desaturation.”®

Credentialing and privileging practitioners for seda-
tion requires adherence to federal, state, and local laws
as well as governing bodies” requirements for physi-
cians, dentists, and nurses. Medical staff bylaws define
credentialing requirements, which are also signifi-
cantly influenced by the JC recognition that moderate
and deep sedation are high-risk activities. Therefore,
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The 2006 Guidelines for Monitoring and Management of Pediatric Patients during
and after Sedation for Diagnostic and Therapeutic Procedures: An Update

¢ No administration of sedating medication without the safety net of medical supervision
* Pre-sedation evaluation of underlying medical or surgical conditions by the practitioner ordering the medication

(JC requirement)

e Appropriate fasting for elective procedures, balancing the depth of sedation and risk for urgent procedures
¢ Focused airway examination for airway obstruction potential, such as large tonsils or anatomic airway abnormalities
¢ A clear understanding by the ordering practitioner of the pharmacokinetic and pharmacodynamic effects of the sedative

medications, as well as an appreciation of drug interactions

e Appropriate training and skills in airway management to allow rescue of the patient
e Age- and size-appropriate equipment for airway management and venous access

e Appropriate medications and reversal agents

e Appropriate monitoring during and after the procedure
e A properly equipped and staffed recovery area

Sufficient numbers of care providers to carry out the procedure and monitor the patient

* Recovery to pre-sedation level of consciousness before discharge from medical supervision

e Appropriate discharge instructions

From Coté CJ, Karl HW, Notterman DA, et al: Adverse sedation events in pediatrics: Analysis of medications used for sedations. Pediatrics 106:

633-644, 2000.

individuals seeking privileges for procedural sedation
must meet threshold criteria.?® Each practitioner must
be a qualified, licensed professional with documented
competency-based education, training, and experience
in evaluating patients before sedation and performing
moderate or deep sedation, including the ability to res-
cue patients who progress into a deeper-than-desired
level of sedation. The individual must possess airway
skills capable of managing a compromised airway and
maintaining oxygenation and ventilation to qualify
for moderate sedation privileges. For deep sedation
privileges, the practitioner must be able to rescue the
patient from general anesthesia and be able to man-
age an unstable cardiovascular system in addition to
a compromised airway.?® Bach medical facility devel-
ops criteria based on these principles. For JC accredi-
tation, the institution must be able to document that
its system is safe and effective, with consistent quality
improvement activities across the institution. In addi-
tion, the institution must be able to document that all

patients sedated by non-anesthesiologists are compa-
rably assessed, monitored, discharged, and have simi-
lar sedation outcomes.8?

CONCLUSION

Many children who present for surgery are frightened
and uncomfortable; it is the anesthesiologist’s privilege
to help calm and comfort these children. Guiding the
child through an operation safely, amnestically, and
under conditions amenable to the surgery are goals
shared by both the anesthesiologist and surgeon alike.
These shared goals are most likely to be met when
surgical and anesthesia services communicate openly
at the time of surgical scheduling, preoperatively,
intraoperatively, and postoperatively. When such an
understanding exists, the prospect of a child’s opera-
tion proceeding safely, efficiently, and with a desired
outcome is optimized.
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BODY FLUID REGULATION

Effective kidney function maintains the normal volume
and composition of body fluids. Although there is a
wide variation in dietary intake and nonrenal expen-
ditures of water and solute, water and electrolyte bal-
ance is maintained by the excretion of urine, with the
volume and composition defined by physiologic needs.
Fluid balance is accomplished by glomerular ultra-
filtration of plasma coupled with modification of the
ultrafiltrate by tubular reabsorption and secretion.!2
The excreted urine, the modified glomerular filtrate, is
the small residuum of the large volume of nonselective
ultrafiltrate modified by transport processes operating
along the nephron. The glomerular capillaries permit
free passage of water and solutes of low molecular
weight while restraining formed elements and mac-
romolecules. The glomerular capillary wall functions
as a barrier to the filtration of macromolecules based
on their size, shape, and charge characteristics. The
glomerular filtrate is modified during passage through
the tubules by the active and passive transport of certain
solutes into and out of the luminal fluid and the per-
meability characteristics of specific nephron segments.
The transport systems in renal epithelial cells serve to
maintain global water, salt, and acid-base homeostasis
rather than to regulate local cellular processes, such as
volume and metabolic substrate uptake, that occur in
nonrenal epithelial cells.

An adequate volume of glomerular filtrate is essen-
tial for the kidney to regulate water and solute balance
effectively. Blood flow to the kidneys accounts for 20%
to 30% of cardiac output. Of the total renal plasma
flow, 92% passes through the functioning excretory
tissue and is known as the effective renal plasma flow.
The glomerular filtration rate (GFR) is usually about
one fifth of the effective renal plasma flow, giving a
filtration fraction of about 0.2.

The rate of ultrafiltration across the glomerular
capillaries is determined by the same forces that allow
the transmural movement of fluid in other capillary
networks.? These forces are the transcapillary hydraulic
and osmotic pressure gradients and the characteristics

of capillary wall permeability. A renal autoregulatory
mechanism enables the kidney to maintain relative
constancy of blood flow in the presence of changing
systemic arterial and renal perfusion pressures.! This
intrinsic renal autoregulatory mechanism appears to
be mediated in individual nephrons by tubuloglomer-
ular feedback involving the macula densa (a region in
the early distal tubule that juxtaposes the glomerulus)
and the afferent and efferent arterioles. A decrease
in arteriolar resistance in the afferent arteriole, with
maintenance of the resistance in the efferent arteri-
ole, sustains glomerular hydraulic pressure despite a
decrease in systemic and renal arterial pressures.
Under normal conditions, the reabsorption of water
and the reabsorption and secretion of solute during
passage of the glomerular filtrate through the nephron
are subservient to the maintenance of body fluid, elec-
trolytes, and acid-base homeostasis. In the healthy,
nongrowing individual, the intake and the expenditure
of water and solute are equal and the hydrogen-ion
balance is zero. Renal function may be impaired by
systemic or renal disease and by medications such
as vasoactive drugs, nonsteroidal anti-inflammatory
drugs, diuretics, and antibiotics. Hypoxia and renal
hypoperfusion appear to be the events most commonly
associated with postoperative renal dysfunction.

RENAL FUNCTION EVALUATION

The evaluation of kidney function begins with the
history, physical examination, and laboratory studies.
Persistent oliguria or significant impairment in renal
concentrating capacity should be evident from the his-
tory. Examination of the urinary sediment may provide
evidence of renal disease if proteinuria and/or cellu-
lar casts are present. Normal serum concentrations of
sodium, potassium, chloride, total CO,, calcium, and
phosphorus indicate appropriate renal regulation of
the concentration of electrolytes in body fluids. The
serum creatinine concentration is the usual param-
eter for GFR. Important limitations and caveats must
be observed when using creatinine to estimate GFR.

49
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Urinary creatinine excretion reflects both filtered and
secreted creatinine because creatinine is not only fil-
tered by the glomerular capillaries but also secreted by
renal tubular cells. As a consequence, creatinine clear-
ance, which is calculated by using serum creatinine
concentration and the urinary excretion of creatinine,
overestimates true GFR measured by using inulin
clearance by 10% to 40%.4 Serum creatinine concen-
tration and the rate of urinary creatinine excretion are
affected by diet. The ingestion of meat, fish, or fowl,
which are substances containing preformed creatinine
and creatinine precursors, causes an increase in serum
creatinine concentration and in urinary creatinine
excretion.” The overestimation of GFR by creatinine
clearance increases as kidney function deteriorates
owing to the relative increase in the tubular compo-
nent of urine creatinine.

During the past 10 years, the serum concentration
of cystatin C, a nonglycosylated 13.3-kD basic pro-
tein, has been shown to correlate with GFR as well
as or better than serum creatinine.®-® From about age
12 months and up until age 50 years, normal serum
cystatin C concentrations are similar in children and
adults (0.70 to 1.38 mg/L). Beginning at about age
50 years, serum cystatin C concentration increases,
related to the decline in GFR associated with age.
Serum cystatin C concentration is not affected by
gender, inflammatory conditions, or diet. Accurate
automated systems allow the measurement of cystatin
C.10 At this time, the measurement of cystatin C has
not been incorporated into routine clinical practice.
However, in the near future, it may become a new
tool in the assessment of GFR.

Urine Volume

The appropriate urine volume in any situation depends
on the status of body fluids, fluid intake, extrarenal
losses, obligatory renal solute load, and renal concen-
trating and diluting capacity. Patients with impaired
renal concentrating capacity require a larger mini-
mal urinary volume for excretion of the obligatory
renal solute load than do those with normal renal
concentrating ability. Patients with elevated levels of
antidiuretic hormone retain water out of proportion
to solute and are prone to hyponatremia. Increased
levels of antidiuretic hormone may occur because of
physiologic factors such as hypertonicity of body flu-
ids or decrease in the effective circulatory volume (as
encountered with low levels of serum albumin or with
generalized vasodilatation as in the sepsis syndrome).

Usual Maintenance Water
Requirements

Weight Range (kg) Maintenance Water

2.5-10 100 ml/kg

10-20 1000 mL + 50 mL/kg > 10 kg
20 1500 mL + 20 mlL/kg > 20 kg

Recently, some authors have expressed concern that
“usual maintenance fluids” (Table 4-1), providing 2 to
3 mEq/L of sodium, potassium, and chloride per 100
calories metabolized, may contribute to the develop-
ment of hyponatremia in children hospitalized with
conditions likely to be associated with antidiuretic
hormone excess.!! The children at risk are those with
nonosmotic stimuli for antidiuretic hormone release,
such as central nervous system disorders, the postoper-
ative state, pain, stress, nausea, and emesis. It has been
proposed in patients prone to develop the syndrome of
inappropriate secretion of antidiuretic hormone that
isotonic 0.9% normal saline might be a better choice
for maintenance fluid therapy.!?

The urinary volume making the diagnosis of oligu-
ric renal failure likely is based on an estimate of the
minimal volume needed to excrete the obligatory
renal solute load. The reference base for the calcula-
tion of urine volume is per 100 mL of maintenance
water, not per kilogram of body weight.!> The mini-
mal urinary volume for excretion of the obligatory
renal solute load is derived by using the following
assumptions:

1. Approximately 30 mOsm of obligatory renal
solute/100 mL of usual maintenance water is
taken as the obligatory renal solute load in chil-
dren aged 2 months and older.!3

2. Urinary concentrating capacity increases rapidly
during the first year of life and reaches the adult
level of 1200 to 1400 mOsm/L at about the second
year.'#1> The maximum urinary concentrating ca-
pacity of the term infant from 1 week to 2 months
of age is about 800 mOsm/L; from 2 months to
3 years, about 1000 mOsm/L; and beyond that
age, about 1200 mOsm/L. Table 4-2 provides an
estimate of the minimal urinary volumes that
permit excretion of the obligatory renal solute
load, assuming an appropriate physiologic re-
sponse to renal hypoperfusion. The minimal uri-
nary volumes have been calculated by dividing
the expected obligatory renal solute load by the

Minimal Urinary Volumes for Excretion of Obligatory Renal Solute

Assumptions

Urinary Volume

Renal Solute Load Maximum Urine Urine (mL) per 100 mL Maintenance
Age (mOsm/100 cal) Concentration (mOsm/kg) (per 24 hr) Water (per hr)
1 wk to 2 mo 25(?) 800 31.3 1.3
2moto2yr 30 (?) 1000 25.0 1.0
2yr 30 1200 20.8 1.0



maximal urinary concentrating capacity. Signifi-
cantly lower urinary volumes are present among
patients with oliguric acute renal failure (ARF).
Noteworthy is the recent re-characterization of
ARFasacute kidney injury (AKI) to better describe
the renal dysfunction that has occurred.!¢17

3. The presence of oliguric renal failure, based on
urine volume, can be diagnosed only in the hy-
drated patient who has adequate blood pressure
for renal perfusion and has no urinary tract ob-
struction. Oliguric AKI is probably not present in
anewborn as old as 2 months with a urinary vol-
ume equal to or greater than 1.3 mL/hr/100 mL
maintenance water or in an older patient with a
urinary volume equal to or greater than 1.0 mL/
hr/100 mL of maintenance water. Urine output
less than these levels requires further evaluation
for oliguric AKI.

4. Nonoliguric AKI occurs about as frequently as
oliguric AKI. It is diagnosed when an adequately
hydrated patient with normal blood pressure
and urine volume has elevated serum creatinine
and urea nitrogen concentrations. Some of the
infants and children with nonoliguric AKI also
have decreased serum bicarbonate and calcium
concentrations and increased serum potassium
and phosphorus concentrations.

Glomerular Filtration Rate

GFR is the most useful index of renal function because
it reflects the volume of plasma ultrafiltrate presented
to the renal tubules. Decline in GFR is the principal
functional abnormality in both acute and chronic renal
failure. Assessment of GFR is important not only for
evaluating the patient with respect to kidney func-
tion but also for guiding the administration of antibi-
otics and other drugs. Inulin clearance, which is the
accepted standard for measurement of GFR, is too time
consuming and inconvenient to be used in the clini-
cal evaluation of most patients. Serum urea nitrogen
concentration shows so much variation with dietary
intake of nitrogen-containing foods that it is not a sat-
isfactory index of GFR. Serum creatinine concentration
and creatinine clearance have become the usual clinical
measures for estimation of GFR. However, precautions
should be taken when creatinine alone is used for esti-
mation of GFR because of the effect of diet as well as
common medications on serum creatinine concentra-
tion and excretion rate. Ingestion of a meal containing a
large quantity of animal protein increases serum creat-
inine levels about 0.25 mg/dL in 2 hours and increases
creatinine excretion rate about 75% over the next 3-
to 4-hour period.> Serum creatinine concentrations are
increased by ingestion of commonly used medications
such as salicylate and trimethoprim.!81° These agents
compete with creatinine for tubular secretion through
a base-secreting pathway. They do not alter GFR but do
elevate the serum creatinine concentration.

Because of the difficulties in timed urine collection,
several equations have been developed to estimate
GFR. The most commonly used is the one developed
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by Schwartz?® and is based on serum creatinine value
and the child’s height:

GFR (mL/min/1.73m?) =
k X Ht (cm)/serum creatinine (mg/dL)

where k for low birth weight infants is 0.33, full-
term infants, 0.45; males 2 to 12 and females 2 to
21 years old, 0.55; and males 13 to 21 years old, 0.70.

However, k value changes with creatinine analysis
methodology (see later). Improvement in the precision
of this formula can be achieved by formulas contain-
ing additional endogenous markers such as urea and
cystatin C.2°

Creatinine is formed by the nonenzymatic dehydra-
tion of muscle creatine, at a rate of 50 mg creatinine/kg
muscle.* The serum creatinine concentration in the
neonate reflects the maternal level for the first 3 to
4 days of life and somewhat longer in the premature
infant. After this time, the serum creatinine concen-
tration should decrease. From age 2 weeks to 2 years,
the value averages about 0.4 + 0.04 mg/dL (35 + 3.5
uM).2! The serum creatinine concentration is relatively
constant during this period of growth because the
increase in endogenous creatinine production, which
is directly correlated with muscle mass, is matched by
the increase in GFR. During the first 2 years of life,
GFR increases from 35 to 45 mL/min/1.73 m? to the
normal adult range of 90 to 170 mL/min/1.73 m?.
The normal range for serum creatinine concentra-
tion increases from 2 years through puberty, although
the GFR remains essentially constant when expressed
per unit of surface area. This occurs because growth
during childhood is associated with increased muscle
mass and, therefore, increased creatinine production,
which is greater than the increased GFR per unit of
body weight.?! Table 4-3 shows the mean values and
ranges for plasma or serum creatinine levels at differ-
ent ages.?? Normative data of serum creatinine may
differ from one laboratory to another, based in large
part on whether the Jaffe kinetic method or the enzy-
matic method is used for the creatinine determination,
because the latter method provides lower values.?> At
present, most laboratories provide their normative
range for age concomitantly with the reported result.

Fractional Excretion of Substances

Fractional excretions are indexes of renal function that
are helpful in evaluating specific clinical conditions.
Conceptually, a fractional excretion is the fraction of
the filtered substance that is excreted in the urine.
Fractional excretions are calculated by using creati-
nine clearance to estimate GFR and the serum and
urine concentrations of the substance studied.

Fractional Excretion of Sodium (FENna)

The normal FENa is usually less than 1% but may be
elevated with high salt intake, adaptation to chronic
renal failure, and diuretic administration.?* When a
decrease in renal perfusion pressure occurs, which is
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Plasma Creatinine Levels at Different Ages

Age Height (cm)
Fetal cord blood

0-2 wk 50
2-26 wk 60
26 wk-1yr 70
2yr 87
4yr 101
6yr 114
8 yr 126
10 yr 137
12yr 147
Adult male 174
Adult female 163

*Conversion factor: mmol/L = mg/dL x 88.4

True Plasma Creatinine® (mg/dL)

Mean Range (+2 SD)
0.75 0.15-0.99
0.50 0.34-0.66
0.39 0.23-0.55
0.32 0.18-0.46
0.32 0.20-0.44
0.37 0.25-0.49
0.43 0.27-0.59
0.48 0.31-0.65
0.52 0.34-0.70
0.59 0.41-0.78
0.97 0.72-1.22
0.77 0.53-1.01

Adapted from Changler C, Barratt TM: Laboratory evaluation. In Holiday MA (ed): Pediatric Nephrology, 2nd ed. Baltimore, Williams & Wilkins,

1987, pp 282-299.

common in intravascular volume depletion or conges-
tive heart failure, the normal renal response results in
a marked increase in the tubular resorption of sodium
and water and in the excretion of a small volume
of concentrated urine containing a small amount of
sodium. This physiologic response to decreased renal
perfusion is an FENa less than 1%. The FENa is usually
greater than 2% in ischemic AKI (also known as acute
tubular necrosis), reflecting the impaired ability of the
tubules to reabsorb sodium.

When using FENa to aid in differentiating pre-
renal azotemia from AK]J, it is essential that no recent
diuretic therapy has been given. Another caveat is in
the patient with a decrease in renal perfusion super-
imposed on chronic renal failure, in which case the
tubules will not be able to preserve sodium in spite of
the dehydration. However, with fluid and electrolyte
replenishment, kidney function will improve to some
extent. The FENa, as well as the other diagnostic indices
used to help differentiate prerenal azotemia from isch-
emic AKI, are not pathognomonic for either disorder.
Furthermore, the FENa is often less than 1% in cases
of acute kidney injury due to a glomerular disease, in
which tubular function remains intact. However, FENa
provides helpful information when integrated into the
overall clinical evaluation.

Fractional Excretion of Bicarbonate
(FEHCO3™)

Renal tubular acidosis (RTA) describes a group of dis-
orders in which metabolic acidosis occurs as a result of
an impairment in the reclamation of filtered HCO;~ or
as a result of a defect in the renal hydrogen ion excre-
tion, in the absence of a significant reduction in GFR.?®
RTA is considered in the differential diagnosis of the
patient with metabolic acidosis, a normal serum anion
gap (hyperchloremic metabolic acidosis), and a urinary

pH above 6.0. However, a patient with proximal RTA,
due to the decreased reclamation of filtered HCO;,
may have a urinary pH below 6.0 when the plasma
HCO;~ concentration is below the lowered renal
threshold for HCO;~ reabsorption. Another exception,
with respect to the presence of an elevated urinary pH
in RTA, occurs in type IV RTA, a form of distal RTA in
which the normal serum anion gap metabolic acidosis
is associated with hyperkalemia. Also, under certain
conditions, these patients might be able to lower their
urine pH (see later).

Besides several genetic disorders such as cystino-
sis, proximal tubular damage is often seen in children
receiving chemotherapy. The diagnosis of a defect in
proximal tubular reabsorption of HCO5~ is made by
showing that the FEHCO;™ is greater than 15% when
the plasma HCO3~ concentration is normalized by suf-
ficient alkalinization. This results in flooding of the
distal nephron with HCO;~, so the urine becomes
highly alkaline. The FEHCO;™ is calculated just as is the
FENa, but with serum and urine HCO;~ substituted
for sodium. A normal individual ingesting a usual diet
reabsorbs all the filtered HCO3~, and the FEHCO;5™ is
zero. A urinary pH of 6.2 or less indicates that urinary
HCO;~ excretion is negligible.

Urinary Pco, or Urine Minus
Blood Pco,

Classic distal RTA is caused by a defect in the secretion
of H* by the cells of the distal nephron. It is character-
ized by hyperchloremic metabolic acidosis, urine with
a pH greater than 6.0 at normal as well as at low serum
HCO;~ concentrations, and an FEHCO3™ less than 5%
when serum HCO;~ is normal.?>2¢ Normally, the
cells of the distal nephron secrete H* into the lumen
where, in the presence of filtered HCO;~, carbonic acid
(H,CO3) is formed. Slow dehydration of the H,CO;



into CO, + H,O in the medullary collecting ducts, renal
pelvis, and urinary bladder results in urinary Pco,
greater than 80 mm Hg or urine minus blood (U-B)
Pco, greater than 30 mm Hg. Urinary Pco, is evalu-
ated after administering a single dose of sodium bicar-
bonate (NaHCO3™) (2 to 3 mEq/kg) or acetazolamide
(17 £ 2 mg/kg) to flood the distal nephron with HCO;~.2”
Rather than acetazolamide, NaHCO;~ should be used
in a patient with significantly reduced serum HCO;~
levels at the time of the test. Urinary Pco, should be
measured only after urinary pH exceeds 7.4 or urinary
HCO;5~ concentration exceeds 40 mEq/L or both. A
defect in distal nephron secretion of H* is diagnosed if
U-B Pco, is less than 20 mm Hg or urine Pco, is below
60 mm Hg.

As noted earlier, type IV RTA, a form of distal RTA
associated with low urinary pH (<6.0) and hyperka-
lemia, is a result of decreased H* and K* secretion in
the distal tubule and is related to a failure to reabsorb
sodium.?526 Type IV RTA is probably the most com-
monly recognized type of RTA in both adults and
children. The hyperkalemia inhibits ammonia syn-
thesis, resulting in decreased ammonia to serve as a
urinary buffer. Therefore, a low urinary pH occurs
despite decreased H* secretion (NH; + H* = NH,").
Type IV RTA is physiologically equivalent to aldoste-
rone deficiency, which is one cause of the disorder. In
children, it may reflect true hypoaldosteronism but
it is much more common as a consequence of renal
parenchymal damage, especially that due to obstruc-
tive uropathy. In pediatric patients, the physiologic
impairment of type IV RTA resolves in a few weeks to
months after relief of an obstructive disorder.?8

MEDICAL ASPECTS OF MANAGING THE
CHILD WITH POSTOPERATIVE IMPAIRMENT
OF RENAL FUNCTION

Pathophysiology of Acute Kidney
Injury

Acute kidney injury is characterized by an abrupt
decrease in kidney function. Because AKI is caused by
a decrease in the GFR, the initial clinical manifesta-
tions are elevations in serum urea nitrogen and cre-
atinine concentrations and, frequently, reduction in
urine output. Among pediatric surgical patients, an
impairment in kidney function is most common in
those who are undergoing cardiopulmonary proce-
dures.2%30 In recent years, research has focused on the
identification of biomarkers that indicate imminent
kidney failure, even before a rise in serum creatinine
is noted.>?!

The most important factor in the pathogenesis of
postoperative kidney failure is decreased renal perfu-
sion. In the early phase, the reduction in renal blood
flow results in a decline in GFR. Intact tubular func-
tion results in enhanced resorption of sodium and
water. This clinical condition is recognized as prerenal
azotemia. Analysis of the patient’s urine reveals a high
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urinary osmolality of greater than 350 mOsm/kg H,O
and a urine sodium concentration less than 10 mEq/L
(20 mEq/L in the neonate).?2 The most useful index
of the tubular response to renal hypoperfusion with
intact tubular function is FENa. The FENa test is invalid
if the patient received diuretics before giving the urine
sample. When kidney function is intact in the hypo-
perfused state, FENa is less than 1% in term infants
and children and below 2.5% in premature infants.??
In most patients with prerenal azotemia, intravascular
volume depletion is clinically evident. However,
in patients with diminished cardiac output (pump
failure), clinical appreciation of reduced renal perfu-
sion can be obscured because body weight and central
venous pressure may suggest fluid overload. Similarly,
assessment of volume status is difficult in patients with
burns, edema, ascites, anasarca, or hypoalbuminemia.
The reduced effective intra-arterial volume might be
evident from the reduced systemic blood pressure,
tachycardia, and prolonged capillary refill time.

Prerenal azotemia can be alleviated by improving
renal perfusion either by repleting the intravascular
fluid volume or by improving the cardiac output. The
improved kidney function is recognized by increased
urine output and normalization of serum urea nitro-
gen and creatinine concentrations. However, if renal
hypoperfusion persists for a significant period or if
other nephrotoxic factors are present, parenchymal
kidney failure can result. Factors that may predis-
pose the patient to AKI include preexisting congeni-
tal urinary anomalies or impaired kidney functions,
septicemia, hypoxemia, hemolysis, rhabdomyolysis,
hyperuricemia, drug toxicity, and use of radiocontrast
agents. On rare occasions, abdominal compartmental
syndrome causing tense ascites may impair renal per-
fusion. In that setting, kidney failure may be alleviated
by abdominal decompression.>*

Medical Management

The child with postoperative oliguria and an elevated
serum creatinine concentration should be assessed
for possible prerenal azotemia. If the child is found
to be hypovolemic, an intravenous fluid challenge of
20 mL/kg of isotonic saline or plasma is commonly
infused. In most instances, however, it may be physi-
ologically advantageous to provide a solution in which
bicarbonate accounts for 25 to 40 mEq/L of the anions
in the fluid bolus (0.5 isotonic NaCl in 5% glucose,
to which is added 25 to 40 mEq/L of 1 M NaHCO;3
and additional NaCl or NaHCOs; to bring the solution
to isotonicity). If no response is observed and the child
is still dehydrated, the dose can be repeated. When the
urine output is satisfactory after fluid replenishment,
the child should receive appropriate maintenance and
replacement fluids and should be monitored. Body
weight, urinary volume, and serum concentrations of
urea nitrogen, creatinine, and electrolytes also should
be monitored.

If urinary output is inadequate after the fluid chal-
lenge, an intravenous infusion of furosemide, 1 mg/kg,
may be given in a bolus. Patients with kidney
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failure may require higher doses, up to 5 mg/kg. If
no response occurs after the initial infusion of furo-
semide, a second, higher dose can be repeated after
1 hour. Some patients may require furosemide every
4 to 8 hours to maintain satisfactory urinary volume.
A protocol with constant furosemide infusion has been
successfully used in oliguric children after cardiac sur-
gery.>® Furosemide is infused at 0.1 mg/kg/hr, with the
dose increased by 0.1 mg after 2 hours if the urinary
volume remains less than 1 mL/kg/hr. The maximum
dose is 0.4 mg/kg/hr. At times, urine output can be
increased by the use of vasoactive agents such as dopa-
mine. However, their efficacy in otherwise altering the
course of AKI is not well established.?¢-3° It is of utmost
importance to maintain adequate blood pressure and
effective renal plasma flow.

Careful monitoring of the patient’s fluid and elec-
trolyte status is essential. Those children who fail to
respond to furosemide are at risk for fluid overload.
Overzealous fluid administration during anesthesia and
surgery and for the management of persistent hypoper-
fusion, along with decreased urinary output, can result
in hypervolemia, hypertension, heart failure, and pul-
monary edema. In extreme cases, fluid administration
must be decreased to the minimum necessary to
deliver essential medications. In less severe instances,
and in euvolemic patients with impaired kidney func-
tion, total fluid intake should equal insensible water
loss, urine volume, and any significant extrarenal fluid
losses. Urine output must be monitored hourly, and
fluid management must be re-evaluated every 4 to
12 hours, as clinically indicated. Valuable information
about the patient’s overall fluid status can be obtained
by carefully monitoring blood pressure, pulse, and
body weight. The preoperative values of these param-
eters help serve as a baseline for postoperative evalua-
tion. Ideally, the patient’s hemodynamic status should
be assessed continuously by using central venous pres-
sure monitoring. In patients with complicated cardiac
problems, a Swan-Ganz catheter that monitors pulmo-
nary wedge pressure should be used.

Fluid overload can lead to hyponatremia. In most
cases, because total body sodium remains normal
or high, the best way to normalize serum sodium
concentration is by restriction of fluid intake and
enhancement of urinary volume.4® In patients with
acute symptomatic hyponatremia, careful infusion
of NaCl 3% solution (512 mEq Na/L or 0.5 mEq/mL)
may be given to correct hyponatremia. Rapid correc-
tion at a rate of 1 to 2 mEq/hr over a 2- to 3-hour
period, with an increase of serum sodium level by 4 to
6 mEq/L, is usually well tolerated and adequate. Infu-
sion of 6 mL/kg of 3% NaCl increases serum sodium
concentration by about 5 mEq/L. Hyponatremia pres-
ent for more than 24 to 48 hours should not be cor-
rected at a rate more rapid than 0.5 mEq/L/hr.

In children with AKI, hyperkalemia often develops.
The early sign of potassium cardiotoxicity is peaked
T waves on the electrocardiogram. Higher levels of
serum potassium can cause ventricular fibrillation
and cardiac asystole. The treatment of hyperkale-
mia is shown in Table 4-4. Emergency treatment of

Treatment of Hyperkalemia
Cardiac Protection

Calcium gluconate, 10%, 0.5-1.0 mL/kg body weight injected
intravenously and slowly over 5-10 min, with continuous
monitoring of heart rate

Shift of Potassium into the Intracellular Compartment

Sodium bicarbonate, 1-2 mEqg/kg body weight intravenously
over 10-20 min, provided that salt and water overload is
not a problem

Glucose, 1g/kg body weight, and insulin, 1 unit per every 4 g
of glucose, intravenously over 20-30 min

Stimulants of B,-adrenergic receptors, such as salbutamol,
intravenously or by inhalation

Elimination of Excess Potassium
Furosemide 1mg/kg, or higher in the face of decreased GFR

Cation exchange resin, sodium polystyrene sulfonate, 1 g/kg
body weight, administered orally or rectally in 20% to
30% sorbitol or 10% glucose, 1 g resin/4 mL. Additional
70% sorbitol syrup may be given if constipation occurs

Dialysis

hyperkalemia is indicated when the serum potassium
concentration reaches 7.0 mEq/L or when electrocar-
diographic changes are noted.

In children with AKI, metabolic acidosis rapidly
develops. Owing to decreased kidney function, fewer
hydrogen ions are excreted. Organic acids accumu-
late in the body, causing a reduction in the serum
HCO;~ concentration. Although a child with uncom-
promised ventilatory capacity is able to hyperventi-
late and achieve partial compensation, a child with
compromised pulmonary function or a hypercatabolic
state is at risk for profound acidosis. Metabolic acido-
sis is usually treated by administering NaHCO;~. How-
ever, attention should be directed toward the excess
sodium load associated with this mode of therapy.
Because hypocalcemia develops in many patients with
AK]J, treatment with alkali should be done with care to
protect them from hypocalcemic tetany due to a shift
of ionized calcium from free to albumin bound. It is
not necessary to correct the metabolic acidosis com-
pletely to prevent the untoward effects of acidemia.
Increasing the serum HCO;~ concentration to 15 mEq/L
is usually satisfactory.*!

Dialysis

The inability to control medically the fluid and elec-
trolyte or acid-base disorders caused by renal failure
necessitates the initiation of dialysis therapy. The
indications for urgent dialysis are persistent oligo-
anuria, hyperkalemia, metabolic acidosis, fluid over-
load, severe electrolyte and mineral disturbances, and
uremic syndrome.

The most common indication for postoperative
dialysis in a child is hypervolemia caused by repeated
attempts at fluid resuscitation, administration of med-
ications, and total parenteral nutrition.#? Repeated
intravenous catheter flushes and endotracheal tube



Characteristics of Dialysis Modalities

Variable CRRT

Continuous therapy Yes

Hemodynamic stability Yes

Fluid balance achieved Yes, pump controlled
Easy to perform No

Metabolic control Yes

Optimal nutrition Yes

Continuous toxin removal Yes

Anticoagulation Yes, requires continuous
anticoagulation

Yes/no, depending on patient
size and dose

Stable intracranial pressure Yes

Rapid poison removal

ICU nursing support Yes, high level of support

Dialysis nursing support Yes/no, institution dependent

Patient mobility No
Cost High
Vascular access required Yes
Recent abdominal surgery” Yes
Ventriculoperitoneal shunt Yes
Prune belly syndrome Yes
Ultrafiltration control Yes
PD catheter leakage No
Infection potential Yes
Use in acute kidney injury— Yes

associated inborn errors
of metabolism

Use in acute kidney injury— Yes
associated ingestions

*Omphalocele, gastroschisis, frequent or extensive abdominal surgery.
Varies, depending on the location of the hemodialysis catheter.
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PD HD
Yes No
Yes No
Yes/no, variable Yes, intermittent
Yes No
Yes Yes, intermittent
No No
Nol/yes, depends on the No

nature of the toxin—larger
molecules not well cleared

No, anticoagulation not Yes/no, intermittent
required anticoagulation

No Yes

Yes/no, less predictable than Yes/no, less predictable
CRRT than CRRT

Yes/no, moderate level of No, low level of support
support (if frequent, manual
cycling can be labor intensive)

Yes/no, institution dependent Yes
Yes, if intermittent PD used Noft

Low/moderate. Increases with High/moderate
increased dialysis fluid used

No Yes
No Yes
Yes/no, relative contraindication  Yes
Yes/no, relative contraindication  Yes
Yes/no, variable Yes, intermittent

Yes No

Yes Yes
No Yes
No Yes

CRRT, continuous renal replacement therapy; PD, peritoneal dialysis; HD, hemodialysis.

lavages can add a significant amount of water and
solute to the total intake. Fluid overload in the post-
operative patient can cause pulmonary edema and
hypertension.

Dialysis Therapy

The three modes of dialysis therapy include hemodi-
alysis (HD), peritoneal dialysis (PD), and continuous
renal replacement therapy (CRRT). Although PD has
historically been used most often in children, more
recent data have revealed an increased use of CRRT
in those centers where the expertise and resources are
available.#24> Recognition of the needs of the patient,
the resources of the treating facility, and the advan-
tages and disadvantages of each dialytic technique
dictate which modality is best (Table 4-5).42

The intrinsic factors that affect the efficacy of PD
include peritoneal blood flow, peritoneal vascular
permeability, and peritoneal surface area.** Although
removal of up to 50% of the peritoneal surface area
does not seem to interfere with dialysis efficacy,*’

hypoperfusion of the peritoneal membrane vascula-
ture renders dialysis ineffective.4® PD is feasible in the
postoperative patient even in the presence of peritonitis
or immediately after major abdominal procedures.47-4°
However, it is contraindicated in the presence of a dia-
phragmatic defect. Increased intra-abdominal pressure
caused by the intraperitoneal administration of dialysis
fluid can cause respiratory embarrassment and contrib-
ute to fluid leakage from the sites of surgical incisions
and the entrance of the peritoneal catheter. Under
such circumstances, the smallest effective dialysis
fluid volume is used. It can be gradually increased
over time. Common complications associated with
PD are peritonitis, exit-site infection, dialysate leak-
age, catheter obstruction from omentum or fibrin, and
abdominal wall hernia. The provision of antibiotics at
the time of catheter placement may decrease the risk of
peritonitis.>® The use of fibrin glue at the site of cathe-
ter entry into the peritoneum has been associated with
a decreased incidence of dialysate leakage during the
immediate postoperative period.>! A rare complication
is abdominal organ perforation, seen most commonly
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with the use of stiff dialysis catheters.’? A study in
2000 showed placement of a Tenckhoff catheter to be
superior to use of the stiffer Cook catheter (Cook Med-
ical, Bloomington, IN) in terms of complication-free
survival.’> More recently, there is evidence for equal
outcomes with the Cook Multipurpose Drainage cath-
eter, a flexible catheter that is placed at the bedside,
in contrast to the Tenckhoff catheter, which typically
requires surgical placement.>*

PD is performed with dialysis solutions that con-
tain a 1.5%, 2.5%, or 4.25% glucose concentration.
Dialysate with a 1.5% glucose concentration has an
osmolality of 350 mOsm/kg H,O, which is moderately
hypertonic to normal plasma (280 to 295 mOsm/kg
H,0). With increased glucose concentration, the tonic-
ity of the solution increases, reaching 490 mOsm/kg
H,0 with 4.25% glucose, the highest concentration
commercially available. Other factors being equal, the
higher the tonicity of the dialysate, the greater the
ultrafiltrate (fluid removed from the body). Owing
to the rapid movement of water and glucose across
the peritoneal membrane, the effect of PD on fluid
removal is maximal when short dialysis cycles of 20
to 30 minutes are used. When solutions containing
glucose concentrations higher than 1.5% are used,
close monitoring of the patient’s serum glucose con-
centration is necessary. If hyperglycemia with a blood
glucose concentration of greater than 200 mg/dLdevel-
ops, it can be controlled by the addition of insulin to
the dialysate solution or by intravenous insulin drip.
The volume of fluid removed by dialysis in a 24-hour
period should generally be limited to 500 mL in the
neonate, ranges from 500 to 1000 mL in infants and
1000 to 1500 mL in young children, and should be
limited to 3000 mL in children weighing more than
30 kg.”> The effect of dialysis on the removal of sol-
utes depends mainly on the length of the dwell time
of the dialysate within the peritoneal cavity and the
molecular weight of the solute. The following are
the relative rates of diffusion of common substances:
urea > potassium > sodium > creatinine > phosphate
> uric acid > calcium > magnesium. Standard dialy-
sate solutions do not contain potassium.>® Therefore,
hyperkalemia may be controlled with a few hours of
effective PD.

Hemodialysis has the advantage of more rapid ultra-
filtration and solute removal than either PD or CRRT.
It is technically more difficult to perform than PD and
thus requires particular expertise of the personnel
conducting the procedure. Adequate vascular access
is the most important requirement, and a variety of
temporary pediatric catheters are available.’” Ideally,
placement of the dialysis catheter in the subclavian
vein should be discouraged because of the potential
development of subclavian stenosis and the subsequent
inability to create a dialysis fistula in the ipsilateral
arm of those patients who go on to develop end-stage
renal disease. The intermittent nature of HD requires
that fluid restriction be instituted in the patient who
is anuric to help prevent the development of hyper-
volemia. Fluid removal can also be problematic in the
patient who is hypotensive and receiving HD because

of poor patient tolerance and is better accomplished by
either PD or CRRT in this clinical setting.

The types of CRRT consist of continuous venove-
nous hemodialysis (CVVHD), continuous venovenous
hemofiltration (CVVH), and continuous venovenous
hemodiafiltration (CVVHDF). Although the complexity
and cost of CRRT precludes its potential for global utili-
zation, it is now widely practiced in many tertiary pedi-
atric centers because of the safety and efficacy of the
procedure in even the sickest patients. The choice of
one method of CRRT over another depends on whether
one chooses to make use of the diffusive (CVVHD) or
convective (CVVH) method or a combination of the
two (CVVHDF) properties of the technique. As in HD,
a well-functioning vascular access is crucial to the per-
formance of CRRT. Recent data suggest that the optimal
access is the one with the largest diameter, preferably
located within the internal jugular vein.’® Likewise,
large extracorporeal blood volumes are necessary for
the CRRT (and HD) circuit and require the use of blood
products in the small patient in whom the circuit vol-
ume exceeds 10% of the patient’s blood volume. Partic-
ular attention must be paid to the possible development
of hemofilter-related reactions that might occur with
the initiation of therapy.>*¢® The predictability and
efficiency of ultrafiltration and solute removal make
CRRT an ideal dialytic technique for hemodynami-
cally unstable patients. The capability of removing fluid
in a well-controlled, continuous manner also makes
adequate nutritional delivery possible. In children at
risk for hemorrhage, a protocol using citrate instead of
heparin as the anticoagulant has been developed.®!62
Finally, although it is well recognized that the institu-
tion of dialysis is indicated for the control of solute and
fluid removal, new information has provided direction
regarding the preferred timing of dialysis initiation.
Fluid overload itself appears to be a significant risk fac-
tor for mortality, and its early and aggressive manage-
ment with dialysis may prove particularly beneficial.®3

ACUTE KIDNEY INJURY IN THE
NEONATE

Acute kidney injury occurs in as many as 24% of
all patients admitted to the neonatal intensive care
unit.3%646> The definition of AKI in a term neonate
is most often considered to be a serum creatinine
level above 1.5 mg/dL for more than 24 hours in the
setting of normal maternal renal function.®® On occa-
sion, it may be diagnosed in the term infant with a
serum creatinine value less than 1.5 mg/dL when it
fails to decrease in a normal manner over the initial
days/weeks of life.¢7-% The limited availability of cys-
tatin C data from the neonatal population currently
precludes its routine use to define AKI.7%71

AKlis of the oliguric variety when the elevated serum
creatinine concentration is accompanied by a urine
output below 1 mL/kg/hr after the initial 24 hours of
life and when urine output fails to improve in response
to a fluid challenge.®®72 In contrast, in some neonates,



solute retention develops, as evidenced by an elevated
serum creatinine level, with a normal (>1.0 mL/kg/hr)
urine flow rate. These neonates are diagnosed as having
nonoliguric AKIL.”> The nonoliguric form is particularly
common in neonates with AKI secondary to perina-
tal asphyxia and appears to be associated with a better
prognosis than does the oliguric form.¢%73 The diagnosis
of nonoliguric AKI can be missed if patients at risk for
developing renal insufficiency are monitored solely by
the evaluation of urine output without repeated assess-
ments of the serum creatinine concentration.

The causes of AKI traditionally have been divided
into three categories: prerenal, intrinsic, and postre-
nal (Table 4-6). This division, based on the site of the
lesion, has important implications because the evalua-
tion, treatment, and prognosis of the three groups can
be quite different.

Prerenal Acute Kidney Injury

Impairment of renal perfusion is the cause of 70% of
AKI during the neonatal period.3%646567-6% Prerenal
AKI may occur in any patient with hypoperfusion of
an otherwise normal kidney. Although prompt correc-
tion of the low perfusion state usually reverses kidney
function impairment, delay in fluid resuscitation may
result in renal parenchymal damage.

Intrinsic Acute Kidney Injury

Intrinsic AKI occurs in 6% to 8% of admissions to
the neonatal intensive care unit and implies the pres-
ence of renal cellular damage associated with impaired
kidney function.®” Intrinsic AKI usually falls into one
of the following categories: ischemic (acute tubular
necrosis), nephrotoxic (aminoglycoside antibiotics,
indomethacin), congenital renal anomalies (autoso-
mal recessive polycystic kidney disease), and vascu-
lar lesions (renal artery or vein thrombosis, especially
with a solitary kidney).74

Postrenal Acute Kidney Injury

Postrenal AKI results from obstruction of urine flow
from both kidneys or from a solitary kidney. The
most common causes of postrenal AKI in neonates
are posterior urethral valves, bilateral ureteropel-
vic junction obstruction, and bilateral ureterovesi-
cal junction obstruction.”>7¢ Although these types of
obstructions are characteristically reversible, neonates
with long-standing intrauterine obstruction have vary-
ing degrees of permanent impairment of renal func-
tion.”778 This impairment may be due not only to the
presence of renal dysplasia but also to cellular damage
secondary to AKI.

Clinical Presentation

Clinical presentation of the neonate with AKI often
reflects the condition that has precipitated develop-
ment of the renal insufficiency. Accordingly, sep-
sis, shock, dehydration, severe respiratory distress
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Major Causes of Acute Renal
Failure in the Newborn

Prerenal Failure

¢ Systemic hypovolemia: fetal hemorrhage, neonatal
hemorrhage, septic shock, necrotizing enterocolitis,
dehydration

¢ Renal hypoperfusion: perinatal asphyxia, congestive
heart failure, cardiac surgery, cardiopulmonary bypass/
extracorporeal membrane oxygenation, respiratory distress
syndrome, pharmacologic (tolazoline, captopril, enalapril,
indomethacin)

Intrinsic Renal Failure

Acute tubular necrosis

Congenital malformations: bilateral agenesis, renal

dysplasia, polycystic kidney disease

Infection: congenital (syphilis, toxoplasmosis),

pyelonephritis

e Renal vascular: renal artery thrombosis, renal venous
thrombosis, disseminated intravascular coagulation

¢ Nephrotoxins: aminoglycosides, indomethacin,

amphotericin B, contrast media, captopril, enalapril,

vancomycin

Intrarenal obstruction: uric acid nephropathy,

myoglobinuria, hemoglobinuria

Postrenal (Obstructive) Renal Failure

e Congenital malformations: imperforate prepuce, urethral
stricture, posterior urethral valves, urethral diverticulum,
primary vesicoureteral reflux, ureterocele, megacystis
megaureter, Eagle-Barrett syndrome, ureteropelvic
junction obstruction, ureterovesical obstruction

e Extrinsic compression: sacrococcygeal teratoma,
hematocolpos

e Intrinsic obstruction: renal calculi, fungus balls
¢ Neurogenic bladder

Adapted from Karlowicz MG, Adelman RD: Acute renal failure in the
neonate. Clin Perinatol 19:139-158, 1992.

syndrome, and other related conditions may be pres-
ent. Nonspecific symptoms related to uremia, such as
poor feeding, lethargy, emesis, seizures, hypertension,
and anemia, also are frequently present.

Diagnostic Evaluation

Evaluation of the neonate with AKI should include a
thorough patient and family history and a physical
examination. Suspected prerenal causes of acute oligu-
ria are usually addressed diagnostically and therapeuti-
cally by volume expansion, with or without furosemide.
If this approach does not result in increased urine out-
put, a more extensive evaluation of kidney function is
indicated.

Laboratory studies are an important component
of the evaluation and should include the following
measures: complete blood cell count and determina-
tion of serum concentrations of urea nitrogen, cre-
atinine, electrolytes, uric acid, calcium, glucose, and
phosphorus. The serum creatinine value during the
first several days of life is a reflection of the mater-
nal value. In term infants, a value of 0.4 to 0.5 mg/dL
is expected after the first week of life. In contrast,
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the expected value in preterm infants is related to
their gestational age, with an initial increase followed
by a gradual decrease.”®-30In all cases, a urinalysis should
be obtained to check for the presence of red blood cells,
protein, and casts suggestive of intrinsic renal disease.

Urine indices can help distinguish intrinsic renal fail-
ure from prerenal azotemia in the oliguric patient.?¢-38
As mentioned previously, the index usually found to
be most useful is the FENa. This factor is based on the
assumption that the renal tubules of the poorly per-
tused kidney reabsorb sodium avidly, whereas the kid-
ney with intrinsic renal disease and tubular damage is
unable to do so. Accordingly, in most cases of neonatal
oliguric renal failure secondary to intrinsic disease, the
FENa is greater than 2.5% to 3.0%, a value that is dif-
ferent from that of the older child.?*¢>7281 The FENa
should be measured before administering furosemide.
In addition, the results should be interpreted with cau-
tion in the very premature infant who normally has
an even higher (i.e., > 5%) FENa.6¢81.82

Ultrasonography commonly is the initial imaging
study performed.8* The urinary tract should be evalu-
ated for the presence of one or two kidneys and for
their size, shape, and location. Dilation of the collect-
ing system and the size and appearance of the urinary
bladder should be evident. A voiding cystourethro-
gram (VCUG) may also be necessary, specifically when
the diagnosis of posterior urethral valves or vesicoure-
teral reflux is entertained. In most cases, a VCUG is
deemed preferable to radionuclide cystography in this
setting because of its superior ability to provide reliable
anatomic information about the grading of vesicoure-
teral reflux or the appearance of the urethra.8* Ante-
grade pyelography or diuretic renography with either
99mTc-dimercaptosuccinic acid (DMSA) or **™Tc-mer-
captoacetyltriglycine (MAGs;) as the radiopharma-
ceutical agent may be needed to evaluate for ureteral
obstruction. Finally, radiologic assessment of the dif-
ferential kidney function may be performed with
radioisotope scanning as well.

Management

The treatment of neonatal AKI should proceed simulta-
neously with the diagnostic workup. Bladder catheter
placement is a good immediate therapy for posterior
urethral valves, whereas high surgical drainage may
be needed for other obstructive lesions in the neonate.
The fluid challenge for the neonate should consist of
20 mL/kg of an isotonic solution containing 25 mEq/L
of NaHCO;~ infused over a 1- to 2-hour period. In
the absence of a prompt diuresis of 2 mL or more of
urine per kilogram during 1 to 2 hours, intravenous
furosemide at 1 to 3 mg/kg may be helpful. As noted
previously, the potential role of low-dose (0.5 to 3.0
pg/kg/min) dopamine continues to be debated.??-38 The
failure to achieve increased urinary output after vol-
ume expansion in the neonate with an adequate car-
diac output (i.e., renal perfusion) and an unobstructed
urinary tract indicates the presence of intrinsic kidney
disease and the need to manage oliguric or anuric kid-
ney failure appropriately.

Maintenance of normal fluid balance is of primary
concern in the management of the patient with AKI.
Daily fluid intake should equal insensible water loss,
urine output, and fluid losses from nonrenal sources.
In term infants, insensible water losses amount to 30
to 40 mL/kg/day, whereas premature infants may
require as much as 50 to 100 mL/kg/day.828> A
frequent assessment of the neonate’s body weight is
essential for fluid management. The electrolyte con-
tent of the fluids administered should be guided by
frequent laboratory studies. Insensible water losses are
electrolyte free and should be replaced by using 5%
dextrose in water.

Important systemic disturbances that may arise
secondary to AKI include hyperkalemia, hyponatre-
mia, hypertension, hypocalcemia, hyperphosphate-
mia, and metabolic acidosis. All exogenous sources
of potassium should be discontinued in patients with
AKI. Despite this restriction, elevated serum potas-
sium levels develop in many neonates and must be
treated aggressively owing to the potential for cardiac
toxicity.>%8 Treatment should be initiated by correction
of metabolic acidosis with NaHCO;™. One to 2 mEq/kg
should be given intravenously over a 10- to 20-min-
ute period, provided that salt and water balance is not
problematic. The quantity of NaHCO;~ to be prescribed
also can be calculated in the following manner: (0.3 x
body weight [kg] x base deficit [mM]).%® Associated
hypocalcemia should be treated with the intravenous
administration of 10% calcium gluconate at a dose of
0.5 to 1.0 mL/kg injected slowly over a 5- to 15-minute
period with continuous monitoring of the heart rate. If
a progressive increase in the serum potassium concen-
tration is noted, additional treatment measures may
include the use of a sodium-potassium exchange resin
(sodium polystyrene sulfonate in 20% to 30% sorbi-
tol, 1 g/kg by enema), with recognition of its frequent
ineffectiveness and/or associated complications when
used in low birth weight infants.8¢ The use of glucose
(0.5 to 1.0 g/kg) followed by insulin (0.1 to 0.2 unit
regular insulin per gram glucose over a 1-hour period)
may be the preferred approach. Either intravenous
salbutamol or inhaled albuterol is an additional ther-
apeutic option.87-8° Dialysis should be considered if
these measures prove unsuccessful.8?

Hyponatremia and systemic hypertension are most
often related to overhydration in the infant with oli-
guria. These problems should be treated initially with
fluid restriction or water removal with dialysis, if neces-
sary. The addition of high-dose intravenous furosemide
(5 mg/kg) may be beneficial. Serum sodium levels
below 125 mEq/L can be associated with seizures, and
levels below 120 mEq/L should be corrected rapidly
to at least 125 mEq/L by calculating the amount of
sodium required in the following manner:

Na® (mEq) = ([Na"] Desired —[Na"]
Actual) X Weight (kg)x 0.8

When serum sodium levels are less than 120 mEq/L
and are associated with symptoms (e.g., seizures),
prompt treatment with hypertonic (3%) saline is



indicated. The provision of 10 to 12 mL/kg of 3%
saline is generally therapeutic.

The treatment of persistent hypertension may include
parenterally administered hydralazine (0.1 to 0.6 mg/
kg/dose), labetalol (0.20 to 1.0 mg/kg/dose or 0.4 to
3.0 mg/kg/hr infusion), or enalaprilat (5.0 to 10 pg/kg/
dose). Orally administered amlodipine (0.06 to 0.6 mg/
kg/day) can be prescribed for the patient who is with-
out symptoms. Treatment of the patient with marked or
refractory hypertension can include intravenous sodium
nitroprusside (0.5 to 10 pg/kg/min infusion), nicardip-
ine (0.5 to 3 pg/kg/min infusion), or labetalol.?® Caution
should be exercised when initiating therapy with capto-
pril (initial oral dose, 0.01 to 0.05 mg/kg/dose), owing
to the profound hypotension that can occur in neonates
in association with higher doses.%391.92

In the infant in whom AKI does not fully resolve
and becomes chronic renal failure, hyperphosphate-
mia (serum phosphorus level > 7 mg/dL) necessitates
the use of a low phosphorus infant formula and cal-
cium carbonate (50 to 100 mg/kg/day) as a phosphate
binder.?> The use of aluminum hydroxide as a binder
is contraindicated, owing to its association with alumi-
num toxicity in infants and children with renal insuf-
ficiency.** No experience has been published about
the use of newer phosphate-binding agents, such as
sevelamer, in the neonatal population.®>-%7

Hypocalcemia, as reflected by a low total serum
calcium level, often occurs in AKI in association with
hypoalbuminemia. Less commonly, the ionized cal-
cium level is low and the patient is symptomatic. In
these cases, intravenous 10% calcium gluconate, 0.5 to
1.0 mL/kg, over a 5-minute period with cardiac moni-
toring should be given until the ionized calcium level
is restored to the normal range.®® It is important to
remember that permanent correction of a low serum
calcium level can be achieved only by oral supplemen-
tation of calcium and active vitamin D metabolites.

Metabolic acidosis may arise as a result of retention
of hydrogen ions and may require NaHCO;~ for cor-
rection. The dose of NaHCO;~ to be given can be cal-
culated as follows:

NaHCO,™ (mEq) = (Desired bicarbonate —
Observed bicarbonate) x
Weight (kg) X 0.5

This dose may be given orally or added to parenteral
fluids and infused during several hours.

Adequate nutrition should be provided, with the
goal of 100 to 120 calories and 1 to 2 g of protein/
kg/day, provided intravenously or orally. For neonates
who can tolerate oral fluids, a formula containing low
levels of phosphorus and aluminum, such as Similac
PM 60/40 (Abbott Labs, Abbott Park, IL), is recom-
mended. An aggressive approach to nutrition may well
contribute to kidney recovery by providing necessary
energy at the cellular level.??

Although most neonates with AKI can be managed
conservatively, occasional patients require PD or CRRT
for the treatment of the metabolic complications and
fluid overload.>>98-100 The mortality rate in this group
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of patients commonly exceeds 60%. Twenty-three
patients who received PD at Children’s Mercy Hospital
during the neonatal period had a mortality rate of 35%
at 1 year.'%! The somewhat lower mortality rate in our
center probably reflects the improved outcome of neo-
nates with renal structural abnormalities leading to
AKI (17% mortality rate) compared with those infants
with multisystem disease. In a report of 12 neonates in
whom AKI developed after cardiac surgery and who
received CVVH, 7 (59%) of the infants survived and no
complications were noted related to the hemofiltration
procedure.'%2 In another report, on the use of CRRT
in 85 children weighing less than 10 kg, 16 weighed
less than 3 kg.'9 In these patients, the procedure
was well tolerated, other than for the need of pressor
support, with survival rates of 25% and 41% for
those weighing less than 3 kg and from 3 to 10 kg,
respectively. When CRRT is used with infants receiv-
ing extracorporeal membrane oxygenation, excessive
hemolysis has been documented on occasion.!03

OBSTRUCTIVE UROPATHY

Obstructive uropathy in the neonate is the most com-
mon renal abnormality diagnosed prenatally and
is most often the result of ureteropelvic junction
obstruction, posterior urethral valves, or ureterovesi-
cal junction obstruction.”> Obstruction also repre-
sents a significant cause of end-stage renal disease in
children, accounting for 13% of all cases, and is the
underlying cause of end-stage renal disease in nearly
90% of affected boys younger than age 4 years.104-106
Accordingly, early recognition and treatment of these
lesions are desirable because of the adverse effects
obstruction can have on kidney function.40:41,77.78,107
Regardless, after surgical intervention and relief of
obstruction, alterations of GFR, renal blood flow, and
renal tubular function may occur.”8107.108 Specifically,
injury to the renal tubule may result in an impaired
capacity to reabsorb sodium, to concentrate urine, and
to secrete potassium and hydrogen, all of which may
have profound clinical implications. The resorption of
other solutes, such as magnesium, calcium, and phos-
phorus, may also be affected.”8108

The ability of the renal tubule to reabsorb salt
and water after relief of the obstruction typically
depends on whether the obstruction is unilateral
or bilateral. In unilateral obstruction, the proximal
tubules of the juxtamedullary nephrons are unable to
reabsorb salt and water maximally, whereas the frac-
tional reabsorption of salt and water is increased in
the superficial nephrons.!°® However, the amount of
sodium excreted by the previously obstructed kidney
is not different from that of the contralateral kidney,
because tubuloglomerular balance is maintained. In
contrast, relief of bilateral obstruction or, on occasion,
unilateral obstruction in neonates results in a postob-
structive diuresis characterized by a marked elevation
in the absolute amount of sodium and water lost.1%° In
part, these changes are a result of an osmotic diuresis
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secondary to retained solutes, such as urea.!%110 Some
contribution may also occur from atrial natriuretic
factor, the plasma level of which is elevated during
obstruction, as well as from enhanced synthesis of
prostaglandins.'98 11! Decreased renal medullary tonic-
ity and decreased hydraulic water permeability of the
collecting duct in response to antidiuretic hormone,
the latter a result of reduced aquaporin channels, con-
tribute to the impaired concentrating ability of the
kidney.35107.112

The clinical conditions associated with prolonged
salt wasting are severe volume contraction and circula-
tory impairment. Conditions associated with the con-
centrating abnormalities are secondary nephrogenic
diabetes insipidus and hypernatremic dehydration.
Accordingly, management must ensure the provision
of adequate amounts of fluid and salt. Sodium intake
should be monitored by serum and urine electrolyte
determinations. Fluid intake should equal insensible
losses, urine output, and nonrenal losses and should
be guided by frequent assessments of body weight.

Ureteral obstruction also can result in the impair-
ment of hydrogen and potassium secretion and the
syndrome of hyperkalemic, hyperchloremic metabolic
acidosis, or type IV RTA.!13-115 This clinical situation
appears to be the result of the impaired turnover of
the sodium-potassium pump or a decreased respon-
siveness of the distal renal tubule to the actions of
aldosterone. In a portion of the patients with this
presentation, the FENa is normal and the FEK is inap-
propriately low, relative to the elevated serum level.
Treatment is directed toward correcting the underly-
ing obstructive abnormality with surgery as well as
providing NaHCOj3~ to alleviate the metabolic acidosis
and hyperkalemia.

Finally, the outcome of obstructive uropathy in the
neonate in terms of preservation of GFR is, in part,
related to how promptly surgical intervention and
relief of obstruction take place. In these patients, the
serum creatinine value obtained at age 12 months
has been shown to be predictive of long-term kidney
function.40'41'78'1°7
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T he pediatric surgeon will encounter patients with
various hematologic disorders, including children
with hemophilia and sickle cell disease (SCD), who
represent the largest populations that have been fol-
lowed by hematologists for an extended period. We
discuss these two conditions because of the unique
surgical challenges that these patients provide to the
pediatric surgeon, pediatric hematologist, and other
physicians involved.

BIOCHEMISTRY AND PHYSIOLOGY
OF HEMOSTASIS

The hemostaticsystem functions to arrest bleeding from
injured blood vessels and to prevent the loss of blood
from intact vessels. It also maintains a delicate balance
that prevents unwanted clots from forming and dis-
solves blood clots that previously formed. This system,
which is comprised of both thrombotic and thrombo-
lytic proteins, platelets, and cells lining blood vessels,
maintains hemostasis. Pathologic defects in this regu-
latory system result in either bleeding or thrombosis
when too little or too much clot is formed or when
dissolution of a clot is not properly regulated.

Obtaining a complete patient and family history is
essential to effectively anticipate hemostatic disorders.
Preoperative preparations can be made only if a good
history is taken so that medications that interfere with
coagulation or platelet function can be discontinued.
Laboratory studies help identify and characterize the
problems that are uncovered by the history. However,
consideration and workup of potential genetic bleeding
and platelet disorders largely depends on a meticulous
bleeding history for both the patient and family mem-
bers and on a detailed physical examination.

Three distinct structures are involved in the process
of hemostasis: blood vessels, platelets, and circulat-
ing hemostatic proteins. Together, these components
form the coagulation system, the naturally occurring

anticoagulation system, and the fibrinolytic system.
Coagulation must act rapidly to stop the loss of blood
from an injured vessel, but the clot that is formed must
remain localized so that it does not interfere with the
passage of blood through the intact circulation. The
anticoagulation system prevents the extension of
the clot beyond the site of injury. The fibrinolytic sys-
tem removes excess hemostatic material that has been
released into the circulation and slowly lyses the clot
once it is no longer needed.

The stimulus that initially causes clot formation
occurs as a consequence of disruption of endothelial
cells. This leads to exposure of collagen and subendo-
thelial tissues. The hemostatic response to tissue injury
consists of four stages. First, vasoconstriction by the
contraction of smooth muscle in the injured vessel
wall reduces blood flow. Second, platelets adhere to
the exposed endothelium, aggregate, and release their
granular contents. This activity stimulates further vaso-
constriction and recruits more platelets. This action
results in “primary hemostasis” that occludes the gap
in the blood vessel and stops blood loss through the
vessel. Third, the extrinsic and intrinsic coagulation
systems are activated to form fibrin, which stabilizes
the platelets and prevents disaggregation. Fourth, fibri-
nolysis results from the release of plasminogen activa-
tors from the injured vessel wall. These activators limit
the coagulation process. Once healing has taken place,
they begin dissolution of formed clot so that vascular
patency can be restored.!

Endothelial Cells

Endothelial cells line the lumen of all blood vessels.
They maintain the integrity of the blood vessel and
prevent extravasation of blood into the surround-
ing tissue.! When the vessel is intact, it provides a
thromboresistant surface that prevents the activation
of the coagulation system. Passive thromboresistance
is provided by endothelial proteoglycans, primarily
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endogenous heparin sulfate. Heparin is an anticoagu-
lant compound that acts as a co-factor in converting
antithrombin to a potent inhibitor of activated clotting
factors. Active thromboresistance is achieved through
several mechanisms, including the synthesis and
release of prostacyclin (PGI,), a potent vasodilator and
an inhibitor of platelet adhesion and aggregation.!-?

When the endothelium is injured, tissue factor
(thromboplastin) is produced and rapidly promotes
local thrombin formation.? Tissue factor binds factor
VII and converts it to factor VIla (Fig. 5-1). The pro-
duction of factor VIla is the first step in activation of
the extrinsic coagulation pathway, which begins the
activation of the common pathway. It also activates
factor IX, which is the major activator of the common
pathway, resulting in the formation of fibrin.# The
contribution that these processes make to the con-
trol of bleeding depends on the size of the interrupted
vessel. Capillaries seal with little dependence on the
hemostatic system, but arterioles and venules require
the presence of platelets to form an occluding plug. In
arteries and veins, hemostasis depends on both vascu-
lar contraction and clot formation around an occlud-
ing primary hemostatic plug.®

Platelets

In the resting state, platelets circulate as disk-shaped,
anuclear cells that have been released from megakary-
ocytes in the bone marrow. They are 2 to 3 pm in size
and remain in circulation for approximately 10 days
unless they participate in coagulation reactions or are
removed by the spleen. Normal blood contains 150,000
to 400,000 platelets per microliter.” In the resting state,
platelets do not bind to intact endothelium.

Platelet Adhesion

Once platelets bind to injured tissue and are acti-
vated, their discoid shape changes. They spread on
the subendothelial connective tissue and degranulate.
Degranulation occurs when platelets internally contract
and extrude storage granule contents into the open
canalicular system. Dense granules release serotonin,
adenosine diphosphate (ADP), calcium, and adeno-
sine triphosphate (ATP). Alpha granules release fac-
tor V, fibrinogen, von Willebrand factor (FVIILVWE),
fibronectin, platelet factor 4, p-thromboglobulin, and
platelet-derived growth factor.®” Lysosomal vesicles also

Intrinsic
pathway (PTT)

Extrinsic pathway (PT)

[vinJ«—[ i
3

Figure 5-1. The coagulation cascade.
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are present within platelets. The material released from
the granules recruits and aggregates more platelets from
the circulation onto the already adherent platelets.”

When a vessel is disrupted, platelet adhesion occurs
through the binding of collagen and vWF (found in the
subendothelium) to the platelet membrane. For platelet
adhesion to occur, platelets must express specific glyco-
protein Ib receptors on their surface to bind the vWF
complex. If this specific glycoprotein is missing, plate-
lets are unable to adhere to areas of injury.® Platelets in
Bernard-Soulier syndrome lack glycoprotein Ib and are
unable to adhere and form the initial hemostatic plug.’
If the vWF is defective or deficient in amount, plate-
lets do not adhere to sites of vascular injury. The result
is von Willebrand’s disease, of which several specific
types and subtypes have been defined.!0-12 If an oper-
ation is performed on a patient with either Bernard-
Soulier syndrome or von Willebrand'’s disease without
the transfusion of normal amounts and types of plate-
lets or vWE respectively, serious bleeding can result
because of the inability to form an initial hemostatic
platelet plug. Very high concentrations of PGI, also can
inhibit platelet adhesion to exposed subendothelium.’

After platelet adhesion has occurred, in addition
to degranulation and an increased local concentra-
tion of ADP, small amounts of thrombin are formed,
and platelet membrane phospholipase is activated
to generate thromboxane A,. Thromboxane A, and
serotonin released from the dense granules stimulate
vasoconstriction and induce the exposure of membrane
receptors for fibrinogen (glycoproteins ITb/IIla). Fibrin-
ogen binding to stimulated platelets then induces
aggregation.”

Platelet Aggregation

Aggregation is a complex reaction that involves plate-
let granule release, cleavage of membrane phos-
pholipids by phospholipases A, and C, alterations in
intracellular cyclic adenosine monophosphate (cAMP)
levels, mobilization of intracellular calcium, and the
expression of fibrinogen receptors on the platelet sur-
face. If fibrinogen receptors (glycoproteins IIb and Illa)
or fibrinogen are missing, platelets do not aggregate.!?
Glanzmann’s thrombasthenia is a deficiency of glyco-
proteins IIb and IIla in which platelets adhere normally
but do not aggregate. These patients have a serious,
life-long bleeding disorder.®

After aggregation, platelets function to enhance
thrombin formation. The platelet membrane provides
specific binding sites for factors Xa and V. The result is
an efficient site for the assembly of the prothrombinase
complex, which converts prothrombin into thrombin.”
Thrombin formation results in the formation of a stable
hemostatic plug of adherent platelets surrounded by a
network of fibrin strands.

Generation of Thrombin

Tissue injury induces activation of the plasma-based
coagulation system, resulting in the generation of
thrombin from prothrombin. Thrombin is the enzyme

chapter 5

COAGULOPATHIES AND SICKLE CELL DISEASE 63

responsible for transforming liquid blood into a fibrin
gel. The initial activation of factor VII by tissue factor
results in the production of thrombin by the extrin-
sic system. Tissue factor is released after injury to the
endothelial cells but is not expressed on the surface of
the cells.

The majority of thrombin production results from
the activation of the intrinsic coagulation system, not
the extrinsic system. Exposed subendothelium con-
verts factor XII to factor XIla and thereby activates the
intrinsic pathway, although it is interesting to note that
deficits in factor XII do not cause a bleeding disorder.
Activation of factors XI and IX follows, and activated
factor IX in combination with factor VIII, calcium, and
platelet phospholipid activates factor X. Activated fac-
tor VII, complexed with tissue factor, activates factor
IX. Factor Xa with factor V then cleaves prothrombin
into the active molecule thrombin, which can convert
fibrinogen into fibrin.4 14

Formation of Fibrin

When thrombin acts on fibrinogen, fibrin monomers
result after the proteolytic release of fibrinopeptides
A and B. The monomeric fibrin then polymerizes into
a gel.*!* with additional stabilization of the fibrin gel
provided by factor XIII, fibrin surrounds and stabi-
lizes the platelet plug. This process makes the multi-
meric fibrin more resistant to plasmin digestion and
completes the formation and stabilization of the blood
clot.!®

Several regulatory proteins serve to localize throm-
bin formation to the surface of the blood vessel.
Endothelial cells have receptors for protein C, an anti-
coagulant protein. Protein C from the plasma binds to
these receptors. Protein S is a co-factor for the activa-
tion of protein C. Thrombomodulin is an endothelial
surface protein that acts in combination with throm-
bin to activate the bound protein C. Activated protein
C then degrades factors Va and VIIla, which inhibit
thrombin formation.!®

Heparin-like anticoagulant molecules are present
on endothelial cells. They act in combination with
antithrombin IITI to inhibit factors XIIa, XIa, IXa, and
Xa and thrombin. Inhibition of these factors prevents
the spread of clot to uninjured adjacent vessels
and the blockage of large vessels by excessive clot
formation.'#1¢ Endothelial cells, as mentioned previ-
ously, produce PGL,, a potent vasodilator and inhibitor
of platelet aggregation and adhesion.

Fibrinolysis

The regulatory process that dissolves fibrin and pre-
serves vessel patency is called fibrinolysis. Circulating
plasminogen is converted into plasmin by tissue plas-
minogen activators. These activators are released from
the vessel walls at the site of blood clotting. They bind
to the fibrin clot and convert plasminogen to plasmin.
Plasmin enzymatically degrades fibrin, fibrinogen, and
other plasma proteins, and this process results in the
dissolution of formed clot.!41¢
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CLINICAL EVALUATION

Currently, no screening test to evaluate hemostasis is
completely reliable in the preoperative evaluation of
patients. A careful history, including a full family his-
tory, is still the best means of uncovering mild bleeding
problems, including von Willebrand'’s disease or quali-
tative platelet abnormalities.!” These disorders may
easily escape standard laboratory screening procedures,
such as prothrombin time (PT), activated partial throm-
boplastin time (aPTT), platelet count, and bleeding
time. aPTT screening yields many false-positive results
caused by both analytical problems and detection of
clinically insignificant disorders. In addition, a normal
aPTT may lead to a false sense of safety because it does
not exclude all serious bleeding disorders. Therefore,
it is imperative to identify patients at risk who need
laboratory evaluation by obtaining a thorough history.
Because no method can reliably predict all bleeding
complications, postoperative monitoring remains man-
datory for all patients.!8 Likewise, patients with mild
disorders who have not previously undergone surgical
procedures may have no history of bleeding problems
and might be identified preoperatively only if screen-
ing tests are performed.!” It is important to consider
the history as the most important component of a diag-
nostic strategy and to investigate thoroughly any story
of unusual bleeding, even if the screening tests are nor-
mal.!” Conversely, studies examining the utility of a
screening preoperative PT and aPTT in patients under-
going tonsillectomy and adenoidectomy concluded that
routine screening with a PT and aPTT for all patients
regardless of history cannot be recommended.!$20 In
obtaining a history from the patient and parents, posi-
tive answers to the questions posed in Table 5-1 indi-
cate the need for further evaluation.!7-21-23

If there is a history of abnormal bleeding, the
following points must be established. The type of bleed-
ing (i.e., petechiae, purpura, ecchymosis, and single
or generalized bleeding sites) can give an indication
of the underlying defect. Petechiae and purpura are
most frequently associated with platelet abnormalities,
either of function or of numbers. Von Willebrand'’s dis-
ease is most frequently associated with mucosal bleed-
ing, including epistaxis, whereas hemophilia is most
often associated with bleeding into joints or soft tissue
ecchymosis, or both. Bleeding when the umbilical cord
separates is most often associated with a deficiency in
factor XIII, as is unexplained bleeding of the central
nervous system.!>?4 A single bleeding site, such as
repetitive epistaxis from the same nostril, is frequently
indicative of a localized, anatomic problem and not a
system-wide coagulation defect.

The course or pattern of the bleeding (i.e., sponta-
neous or after trauma) and its frequency, duration of
problems, and severity can provide clues to whether a
bleeding disorder is present. A family history of bleeding
is important to define, and the pattern of inheritance
(i.e., X-linked or autosomal; recessive or dominant)
can help narrow the differential diagnosis (e.g., hemo-
philia A and B are X-linked recessive diseases, whereas
von Willebrand’s disease is autosomal dominant).

Questions to Ask about Potential
Bleeding Problems

1. Is there any history of easy bruising, bleeding problems,
or an established bleeding disorder in the patient or any
family members?

2. Has excessive bleeding occurred after any previous
surgical procedure or dental work? Have the parents or
any siblings had excessive bleeding after any surgical
or dental procedures, specifically tonsillectomy or
adenoidectomy?

3. Have frequent nosebleeds occurred, and has nasal packing
or cautery been needed? Has bleeding without trauma
occurred into any joint or muscle?

4. Does excessive bleeding or bruising occur after aspirin
ingestion?

5. Does significant gingival bleeding occur after tooth
brushing?

6. Has there been any significant postpartum hemorrhage?

7. Has the patient been taking any medication that might
affect platelets or the coagulation system?

8. If the patient is male and was circumcised, were any
problems noted with prolonged oozing after the
circumcision?

9. If the patient is a child, do the parents remember any
bleeding problems when the umbilical cord separated?

10. If the patient is menstruating, does she have profuse
menstruation?

11. Has the patient ever received any transfusions of blood
or blood products? If so, what was the reason for the
transfusion?

Any previous or current drug therapy must be fully
documented, and a search is made for any over-the-
counter medications that the patient might be taking
but does not consider “medicine” and has therefore
not mentioned. Aspirin, ibuprofen, cough medications
containing guaifenesin, and antihistamines can lead
to platelet dysfunction or uncover a previously undi-
agnosed bleeding disorder such as von Willebrand’s
disease.2>2¢ The presence of other medical problems
including renal failure with uremia, hepatic failure,
malignancies, gastrointestinal malabsorption, vascular
malformations, cardiac anomalies with or without
repair, and autoimmune disorders is essential to elicit
because these may have associated coagulopathies.

The physical examination is used to help narrow
the differential diagnosis and guide the laboratory
investigation of hemostatic disorders. Certain physical
findings may be associated with specific coagulation
abnormalities, whereas others may be indicative of
underlying systemic disease with an associated coagu-
lopathy. Petechiae and purpuric bleeding occur with
platelet and vascular abnormalities. Mucocutaneous
bleeding suggests a platelet disorder and includes pete-
chiae, ecchymoses, epistaxis, and genitourinary and
gastrointestinal bleeding. Bleeding into potential spaces
such as joints, fascial planes, and the retroperitoneum
is instead suggestive of a coagulation factor deficiency.
Bleeding from multiple sites in an ill patient can be seen
with disseminated intravascular coagulation (DIC) or
thrombotic thrombocytopenic purpura (TTP). Hemo-
philia patients often have palpable purpura and deep
muscle bleeding that is painful but may be difficult to



detect. Findings compatible with a collagen disorder
include the body habitus of Marfan syndrome; blue
sclerae; skeletal deformities; hyperextensible joints
and skin; and nodular, spider-like, or pinpoint telan-
giectasia. Other signs may be indicative of systemic
disease. For example, hepatosplenomegaly and lymph-
adenopathy may suggest an underlying malignancy,
whereas jaundice and hepatomegaly may be indicative
of hepatic dysfunction.

LABORATORY EVALUATION

When the bleeding history and/or family history sug-
gest the possibility of a bleeding disorder, or if it is
impossible to obtain a history due to family or social
circumstances, it is customary to proceed with a series
of laboratory investigations to look for a possible bleed-
ing diagnosis. Generally, screening tests are performed
first and can include a blood cell count, PT, and aPTT
(Fig. 5-2).1% Additional tests can be done to measure
fibrinogen levels, assess the thrombin time, screen for
inhibitors of specific coagulation factors, measure spe-
cific factor levels, and test for platelet function and von
Willebrand'’s disease.!®?7 Patients also can be evaluated
for evidence of DIC by using multiple assays to test for
the presence of various fibrinopeptides and products
from the breakdown of fibrin or fibrinogen.

Platelet Count

The platelet count measures the adequacy of platelet
numbers to provide initial hemostasis. Thrombocy-
topenia (a platelet count of < 150,000/pL) is one of
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the most common problems that occur in hospitalized
patients. As stated previously, typical manifestations
include bruising, menorrhagia, and gastrointestinal or
urinary tract bleeding. The risk of bleeding is inversely
proportional to the platelet count. When the platelet
count is less than 50,000/pL, minor bleeding occurs
easily and the risk of major bleeding increases. Counts
between 20,000 and 50,000/uL predispose to bleed-
ing with trauma, even minor trauma; with counts less
than 20,000/pL, spontaneous bleeding may occur;
with counts less than 5,000/uL, severe spontane-
ous bleeding is more likely. However, patients with
counts less than 10,000/ul. may be asymptomatic for
years.?8 Surgical bleeding does not usually occur until
the platelet count is less than 50,000 platelets/pL.2% A
platelet count of less than 50,000/uL is considered a
cutoff criterion for transfusions, and the prophylactic
use of platelet transfusion is indicated for any inva-
sive procedure. Patients with thrombocytopenia and
significant bleeding should also receive transfusion of
platelets.??

Bleeding Time and the PFA-100
Analyzer

The bleeding time is defined as the length of time
required for a standardized incision to stop oozing
blood that can be absorbed onto filter paper. A variety
of procedures have been used, but all have variable
sensitivity and have been difficult to reproduce accu-
rately, leading many centers to drop the bleeding time
from the list of approved laboratory tests.?? The PFA-
100 Analyzer (Siemans Healthcare Diagnostics, Deer-
field, IL) is now widely used as a replacement for the

Abnormal coagulation screening that corrects with mixing studies*

v v

PTT prolonged PTT normal
PT normal PT prolonged

v v

v v

PTT prolonged PTT normal
PT prolonged PT normal

v v

« FVIII, FIX, FXI, FXII « FVII deficiency
deficiency « Early warfarin treatment

« von Willebrand's disease « Early liver disease

* Heparin contamination « Mild hypofibrinogenemia
or mild dysfibrinogenemia

« Vitamin K deficiency

Normal thrombin time  Vascular compromise

« Liver disease * Factor XllI deficiency

« Fll, FV, FX deficiency * ap-Antiplasmin

* Weak lupus anticoagulant deficiency

« Warfarin

 Mild disseminated
intravascular coagulation

Prolonged thrombin time

« Afibrinogenemia

« Dysfibrinogenemia

 Disseminated
intravascular coagulation

* Heparin

*Repeating an abnormal coagulation screening with a mixture of 1 part patient plasma and 1 part normal plasma (“mixing studies”)
will normalize the test if a factor deficiency is present, but the screening test will remain abnormal if an anticoagulant is present. These
anticoagulants rarely are a cause of thromboembolic disease and even more rarely cause bleeding.

Figure 5-2. Screening tests for abnormal coagulation.
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bleeding time. It creates an in-vitro high shear stress
condition that results in the activation of platelet-
dependent and vWF-dependent attachment and
aggregation of platelets to a collagen-ADP or collagen-
epinephrine surface. In most cases, the PFA-100 closure
time is superior to the bleeding time in the detection
of von Willebrand’s disease, aspirin effect, or platelet
dystunction.?® However, test results can be influenced
by the sample’s hematocrit. Although the PFA-100
does not detect all platelet dysfunctions or cases of
von Willebrand’s disease, when used in conjunction
with a standardized questionnaire, it will likely detect
impaired hemostasis in most cases.30-3!

Prothrombin Time

The PT is a measure of the function of the extrinsic and
common coagulation pathways. It represents the time
(in seconds) for the patient’s plasma to clot after the
addition of calcium and thromboplastin (an activator
of the extrinsic pathway).3233 Isolated prolongation
of the PT is seen most commonly in patients who are
deficient in vitamin K due to previous antibiotic treat-
ment. It also occurs with factor VII deficiency, mild
hypofibrinogenemia, dysfibrinogenemia, and warfarin
treatment. The PT may also be prolonged when sig-
nificant liver dysfunction occurs.3233

Partial Thromboplastin Time

The aPTT measures the function of the intrinsic and
common coagulation pathways. The aPTT represents
the time (in seconds) for the patient’s plasma to clot
after the addition of phospholipid, calcium and an
intrinsic pathway activator. The aPTT detects deficien-
cies in factors XII, XI, IX, and VIII and in the common
pathway, but mild factor deficiencies may be missed.
The aPTT also is used to monitor anticoagulation with
heparin.32:33

Several inherited disorders of coagulation are not
detected by the preceding tests. Results from stan-
dard hemostatic screening tests such as the aPTT and
international normalized ratio (INR) assessments
are normal in factor XII (FXII) deficiency. There-
fore, assessment of clot stability is the most common
screening test used for FXIII deficiency with a quan-
titative assay required to confirm the diagnosis of
FXII deficiency.>* Von Willebrand’s disease patients
may have normal or prolonged aPTTs, and patients
with a deficiency in a,-antiplasmin have a normal
aPTT. Both the PT and aPTT are prolonged in patients
with deficiencies of factors X and V, prothrombin, and
fibrinogen and in patients with DIC or severe liver
disease.32:33

Fibrinogen

The standard method for fibrinogen determination
measures clottable fibrinogen by using a kinetic assay.
Normal levels of fibrinogen are 150 to 350 mg/dL.
Because fibrinogen is the substrate for the final reac-
tion in the formation of a clot, and all plasma-based

screening tests depend on the formation of a clot as
the end point of the reaction, fibrinogen levels below
80 mg/dL prolong the PT, aPTT, and thrombin time
and therefore make the results uninterpretable. Large
amounts of fibrin degradation products interfere with
the formation of fibrin and cause an artificially low
level of measured fibrinogen. Partially clotted samples
also cause a low level of fibrinogen to be assayed. An
immunologic-based assay for fibrinogen is used to
measure both clottable and nonclottable fibrinogen.
This test is most often used in identifying patients with
a dysfibrinogenemia in whom the functional level of
fibrinogen is low and the immunologic level is nor-
mal 3335

Inhibitor Screening Tests

Repeating the PT or aPTT by using a 1:1 mix of patient
plasma with normal plasma is a useful procedure for
investigating a prolonged PT or aPTT. Normal plasma
has, by definition, 100% levels of all factors. When
mixed with an equal volume of patient plasma, a min-
imum of 50% of any given factor is present, which
should normalize the PT or aPTT. Correction of the clot-
ting time suggests the presence of a factor deficiency,
whereas lack of normalization suggests the presence
of an inhibitor that interferes with either thrombin or
fibrin formation.3233

Two types of acquired inhibitors prolong the aPTT.
One blocks or inactivates one of the intrinsic factors,
whereas the other is a lupus-like inhibitor that inter-
feres with phospholipid-based clotting reactions. The
first type of inhibitor occurs in 10% to 15% of hemo-
philia A patients and can occur spontaneously, but it
is extremely rare in nonhemophiliac children.>® The
lupus-like inhibitor is associated not with bleeding
problems but rather with an increased risk of throm-
botic problems in adults. Lupus-like inhibitors are
mentioned because they commonly cause prolonga-
tions of the aPTT.37 Specific investigation of either of
these situations should be referred to a coagulation
reference laboratory.

Platelet Function Studies

Platelet function studies measure in-vitro platelet
aggregation. In this procedure, platelet-rich plasma
is incubated with an agonist and then changes in
the amount of light transmitted through the platelet
suspension are recorded. Agonists used to induce
platelet aggregation include collagen, epinephrine,
ADP, thrombin, and ristocetin. Three distinct phases
are seen in the reaction. The first is an initial change
in the shape of the platelets, leading to a temporary
decrease in light transmission. Next is the first wave
of aggregation, which is a reversible platelet-platelet
interaction. With additional stimulation, the final
phase—the second wave of aggregation—occurs and
produces irreversible platelet aggregation. The second
wave of aggregation is due to the release reaction of
the platelet granules and thromboxane A, synthe-
sis. The release reaction is extinguished by aspirin



and is absent in patients with an inherited storage
pool defect, congenital deficiency in thromboxane A,
synthesis, or cyclooxygenase deficiency.” The PFA-100
has become the test of choice to replace the bleeding
time and is used to screen for a variety of disorders,
but full characterization of platelet function requires
traditional platelet aggregation studies in a specialized
laboratory.

Specific Factor Assays

Specific factor assays are available for all known
coagulation, fibrinolysis, and anticoagulation factors
to quantify their levels in plasma. These tests are not
indicated unless a screening test result is abnormal.
The only exception involves the patient with a history
that is suggestive of von Willebrand’s disease, factor
XII deficiency, or dysfibrinogenemia. In these cases,
the aPTT may not be sensitive enough to detect the
disorder. Further testing may be justified by clinical
suspicion based on the patient’s history.323> For von
Willebrand'’s disease, the workup consists of measuring
factor VIII levels, VWF antigen levels, ristocetin co-
factor activity, and ristocetin-induced platelet aggre-
gation. Analysis of the distribution of vWF multimers
can be useful to the hematologist in identifying the
specific type of von Willebrand'’s disease.!0-12

Tests for Disseminated Intravascular
Coagulation

The tests that are available in most hospital laboratories
for identification of DIC are semiquantitative fibrin or
fibrinogen degradation product assays, which involve
a slide agglutination procedure or a b-dimer assay. An
increased amount of these degradation products sug-
gests that either plasmin has circulated to lyse fibrin
and fibrinogen or the patient’s hepatic function is
insufficient to clear the small amounts of regularly pro-
duced degradation products. The pD-dimer test is a slide
agglutination procedure that tests for the presence of
two D subunits of fibrin that are cross-linked by factor
XII. This test provides specific evidence that plasmin
has digested fibrin clot and not fibrinogen. It is positive
in patients with DIC, in patients with resolving large
intravascular clots, and in patients with hepatic insuf-
ficiency. Specific assays to demonstrate the presence of
soluble fibrin monomer complexes or fibrinopeptides
produced by the conversion of prothrombin to throm-
bin also are useful in some situations and available in
specialized laboratories.?3:38

HEMOPHILIA A AND B

Hemophilia A and B are X-linked recessive bleed-
ing disorders caused by decreased levels of func-
tional procoagulant factors VIII and IX, respectively.
Approximately 80% of all hemophilia patients have
factor VIII deficiency, which is classic hemophilia.
The remaining 20% have factor IX deficiency, which
is called Christmas disease. These are rare disorders,
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with a prevalence of only 13.4/100,000 males.?® Until
1964, the treatment of hemophilia was limited by vol-
ume restrictions imposed by the use of whole blood
or fresh frozen plasma. At that time, the factor VIII-
rich fraction of fresh frozen plasma called cryopre-
cipitate was discovered.4? Specific lyophilized factor
VIII concentrates have since been developed, as have
prothrombin-complex concentrates containing factors
II, VII, IX, and X. Also, concentrates containing only
factor IX for the treatment of hemophilia B patients
and factor VIII/VWEF concentrates for the treatment
of von Willebrand’s disease have been developed.*1:42
The lyophilized factor concentrates have allowed stor-
age of the clotting factor using standard refrigera-
tion and have permitted the outpatient treatment of
bleeding episodes plus the development of home self-
infusion programs.**> This treatment, combined with
the development of comprehensive hemophilia treat-
ment centers, has produced a remarkable change in
the outlook for these patients who previously devel-
oped significant joint deformities in their teens to 20s
and were frequently wheelchair bound in adult life.
Home therapy has decreased the damage caused by
hemarthroses, with hemophiliac children born since
the mid 1970s having far fewer joint deformities than
do older hemophiliacs. These factor concentrates
have allowed surgical procedures to be performed
with much less risk, even to the point that orthopedic
procedures can be readily accomplished.** Moreover,
the comprehensive hemophilia treatment system has
shown a 40% reduction in mortality for hemophilia
patients.*>

Viral infections transmitted by cryoprecipitate and
factor concentrates were the major problem faced by
hemophilia patients in the late 1970s to mid 1980s.
Approximately 60% of all hemophilia patients became
human immunodeficiency virus (HIV) positive in the
1980s, but there have not been any HIV infections from
clotting factor concentrates since 1987.4¢ Hepatitis C is
the other major viral infection that was transmitted
by plasma-derived factor concentrates used to treat
hemophilia. Estimates from the mid 1980s are that
more than 90% of multiply transfused hemophiliacs
were positive for non-A, non-B hepatitis and that
more than 95% had been infected with hepatitis B.4”
A different study shows that 75% of HIV-negative
hemophiliacs, treated with earlier plasma-derived
factor concentrates, have evidence of hepatitis C
infection.*® Again, no documented cases of hepatitis C
transmission by clotting factor concentrates after 1987
are known.#¢ Since 1993, recombinant produced fac-
tor VIII concentrates have been available. At present,
only recombinant factor VIII and IX concentrates are
used for the treatment of patients with newly diag-
nosed hemophilia A and B.4°

Hemophilia patients are classified into three catego-
ries based on their level of circulating procoagulant.
Those with factor levels below 1% are severe hemo-
philiacs, have a high risk of bleeding, and usually
require replacement therapy two to four times per
month.3%5% Bleeding occurs in areas subject to minor
trauma. Hemarthroses, hematomas, and ecchymoses
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are common. Recurrent hemarthroses can cause pseu-
dotumors of the bone, whereas hematomas can cause
compression damage to tissue or nerves and even
ischemic compartment syndromes. Bleeding episodes
in severe hemophiliacs can be irregularly spaced, with
periods of recurrent hemarthrosis requiring frequent
replacement doses of factor concentrate, interspersed
with periods during which little or no concentrate is
used.?® In moderate hemophiliacs, who have proco-
agulant levels of 1% to 5%, spontaneous hemorrhage
occurs infrequently but relatively minor trauma can
cause bleeding into joints or soft tissues.

Mild hemophiliacs, with levels greater than 5%,
rarely have bleeding problems and typically have
problems only with major trauma or surgical proce-
dures.?¢3° Some mild hemophilias may not be diag-
nosed until late childhood or adulthood. Therefore,
a history may not be present to alert the pediatric
surgeon to the risk of bleeding. Moreover, because
one third of all cases of hemophilia are caused by new
mutations, there may not be a family history to arouse
suspicion of a bleeding problem.3¢ Preoperative labo-
ratory testing may provide the only point at which
mild hemophilia is diagnosed.

The indications for surgical intervention in hemo-
philiacs are the same as those for patients with a normal
clottingsystem, buttheymost frequently center onareas
of damage secondary to bleeding episodes. In 1985,
the results of a review of 350 consecutive operations
performed at the Orthopedic Hospital in Los Angeles
were published.”! Because the study represented
patients from before the start of home therapy and
comprehensive care, the group was expected to have
significant orthopedic problems secondary to multiple
hemarthroses. Of the 350 procedures reviewed, 312
were characterized as serious and 38 of lesser intensity;
318 operations were on hemophiliacs with moderate
and severe hemophilia and 30 on patients with mild
hemophilia. As expected, musculoskeletal procedures
made up two thirds of all operations on moderate and
severe hemophiliacs and half of all operations on mild
hemophiliacs. One death occurred in a child with a
massive intracranial hemorrhage who did not sur-
vive an emergency craniotomy.’! Bleeding problems
during operation were not observed, but 23% of all
serious operations were complicated by postoperative
hemorrhages. Only operations on the knee had
significantly more postoperative hemorrhages (40%).
Operations on other joints and soft tissue areas had
similar rates of complications (15%). Most of the
postoperative hemorrhages occurred with plasma fac-
tor levels greater than 30%, which is the minimum
level that is considered hemostatic. The authors also
noted that the incidence of postoperative hemorrhage
decreased after postoperative day 11, although other
studies have found that vigorous physical therapy may
cause postoperative hemorrhage and have therefore
recommended the continuation of factor replacement
throughout the period of physical therapy.>!->2

The management of the hemophilic patient requires
close cooperation among surgeons, hematologists, and
personnel in the hemophilia center, the coagulation

laboratory, and the pharmacy or blood bank. Careful
preoperative planning is essential to the success of the
procedure, and an adequate supply of clotting factor
concentrate must be available to cover the patient’s
needs before the patient is admitted. The patient also
must be screened for the presence of an inhibitor to
either factor VIII or IX during the 2 to 4 weeks before
the operation. If an inhibitor is present, management of
the patient becomes much more complex and depends
on the strength of the inhibitor. A low-titer inhibitor
may be overcome with increased doses of human clot-
ting factor, but high-titer inhibitors may require the use
of activated prothrombin complex concentrate (FEIBA)
or recombinant activated factor VII (NovoSeven) to
“bypass” the effect of the antibody against either factor
VIII or IX. These patients have been desensitized with
daily doses of human factor concentrate over a period
of months to years, restoring their response to regular
infusions of factor VIII or IX.4453.54

At our institution, the hemophilia patient is seen
in the hematology clinic on the morning of the sched-
uled operation. After a bolus dose of factor (usually
50 units/kg of factor VIII in hemophilia A patients),
a continuous infusion of 4 to 8 units/kg/hr of factor
VIII (for the hemophilia A patient) is started to main-
tain a factor level greater than 80% for the next 1 to
2 days.5% The factor level is checked immediately before
the operation and is the final screen for the presence
of an inhibitor. The infusion is maintained throughout
the procedure and is then reduced on the second or
third postoperative day to allow the plasma levels to
decrease to 50%. Replacement is continued for a full
10 to 14 days after the operation. Daily measurement
of factor levels is necessary to ensure maintenance of
appropriate levels. For neurosurgical or orthopedic
procedures, much longer periods of factor coverage-
even 4 to 6 weeks—are needed, especially if significant
physical therapy is planned.3%44

Many hemophiliacs do their own factor infusions
at home and are supported by home care pharmacies.
With the advent of home nursing services, patients
are being discharged home with prolonged periods of
factor coverage. Hemophilia center personnel must be
closely involved in the planning of these discharges to
ensure that sufficient clotting factoris available at home
and that close follow-up is maintained during peri-
ods of scheduled home therapy. Hemophilia patients
should not receive any compounds that contain
aspirin or ibuprofen. Any minor procedures that would
require factor correction should be combined with the
major procedure, if possible, to save on the use of fac-
tor concentrate.

Previously, the hemophilia B patient undergoing
a surgical procedure had specific problems because
of the thrombogenic risk inherent in the use of older
factor IX concentrates. Since the advent of newer,
more purified factor IX concentrates, surgical proce-
dures in hemophilia B patients have been performed
without excess thrombotic problems. Now, with high
purity plasma-derived and recombinant-produced fac-
tor IX concentrates, there are no excess thrombosis
risks.>¢:57



CLOTTING FACTOR DOSING

Factor VIII is dosed differently from factor IX, based on
their half-lives. Factor VIII has an 8- to 12-hour half-
life, and the infusion of 1 unit of factor per kilogram
of body weight increases the plasma level by 2%. If a
severe hemophilia A patient weighs 50 kg, an infusion
of 25 units/kg, or 1250 units, of factor VIII will raise his
factor level to 50%. Factor IX has a half-life of 24 hours
and must be infused in larger amounts than factor VIII
to raise the plasma level. Infusion of 1 unit/kg of factor
IX will raise the plasma level only by 1%. Continu-
ous infusion of highly purified factor IX, as well as fac-
tor VIII, has been shown to prevent excessive peaks
and troughs of factor levels, is simpler to manage, and
decreases the cost by decreasing the overall amount of
factor used. It has not shown to cause any problems
with excess thrombosis.>® Recombinant factor IX has
a marked variability in dose response to infusions, and
individual recovery studies may be needed before it is
used for surgical hemostasis. Often, a 20% increase in
dose is needed to give the same factor levels as obtained
by use of plasma-derived factor IX.>°

NEONATAL HEMOSTASIS

The newborn’s coagulation system is not fully mature
until 6 months after birth. The lower levels of proco-
agulant, fibrinolytic, and anticoagulant proteins in
neonatal patients complicate both surgical procedures
and the care of sick and preterm infants. Platelet counts
are within the usual adult normal ranges of 150,000 to
450,000/mL in healthy term and preterm infants. These
platelets have a lower function than those of adults,
but they function properly in hemostasis and produce
a normal bleeding time.>® Circulating coagulation fac-
tors do not cross the placenta, and infants with inher-
ited deficiencies of clotting factors, fibrinolytic proteins,
or natural anticoagulants may initially be seen in the
neonatal period. Levels of fibrinogen, factor V, factor
VIII, and vWF are within the adult normal range at
birth.°® All other procoagulants are at reduced levels,
depending on gestational age. Vitamin K-dependent
factors may become further depressed in infants who
are breast fed and not given vitamin K at birth.>®

Of more concern are the low levels of anticoagulant
and fibrinolytic proteins. Very low levels of protein C
have been associated with purpura fulminans in new-
borns. In sick infants, levels of antithrombin III and
plasminogen may be inadequate to deal with increased
levels of clot-promoting activity in the blood. Sick
infants with indwelling catheters are at significant risk
of thrombotic complications.°!

DISSEMINATED INTRAVASCULAR
COAGULATION

DIC is the inappropriate activation of both thrombin
and fibrin. It may follow sepsis, hypotension, hypox-
emia, trauma, malignancy, burns, and extracorporeal
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circulation. Hemorrhage due to the depletion of clot-
ting factors as well as thrombosis due to the excess
formation of clot are seen, and the end-organ dam-
age caused by ischemia and impairment of blood flow
causes irreversible disease and death.%?

Acute DIC is associated with the consumption of
factors 11, V, VIII, X, and XIII, as well as fibrinogen,
antithrombin III, plasminogen, and platelets. Review
of the peripheral smear usually shows a microan-
giopathic hemolytic anemia. The PT and aPTT may
both be prolonged, and the fibrinogen level may be
initially elevated as an acute-phase reactant but ulti-
mately decreases as the DIC worsens. The presence of
D-dimers indicates the circulation of plasmin digest-
ing formed fibrin and may indicate the presence of
DIC, but it may also be elevated due to thrombus or
hepatic dysfunction. Antithrombin I levels may be
low, and the use of antithrombin III concentrates in
septic shock may play a role in the future treatment
of DIC. However, adult studies have not shown any
improvement in mortality for patients with septice-
mia treated with antithrombin III.63> At present, the
major therapy for DIC is correction of the underlying
disorder, with fresh frozen plasma and platelet trans-
fusions as indicated to support hemostasis. Low-dose
heparin infusions have been used to stop the ongoing
consumption of clotting factors before starting replace-
ment therapy but have not been shown to appreciably
improve the outcome.5264

MANAGEMENT OF QUANTITATIVE
AND QUALITATIVE PLATELET
DISORDERS

Thrombocytopenias are caused by either inadequate
production of platelets by the bone marrow or by
increased destruction or sequestration of the platelets
in the circulation. The history and physical examina-
tion may be suggestive of a diagnosis that can be con-
firmed by laboratory testing. Medication use, a family
history of blood disorders, a history of recent viral infec-
tion, short stature, absent thumbs or radii, or a con-
genital malformation may indicate a defect in platelet
production. The destruction may be immunologic, as
in immune thrombocytopenic purpura; mechanical,
as in septicemia; or drug induced, as in patients with
sensitivity to heparin or cimetidine. Establishing the
cause of the thrombocytopenia determines the ther-
apy needed to restore the platelet count in preparing
the patient for operation. A bone marrow aspirate or
biopsy, or both, can establish the number and morphol-
ogy of the megakaryocytes and also rule out malig-
nancy. The clinical response to therapeutic modalities,
such as a platelet transfusion, also can be an impor-
tant test and can help direct further investigations to
define the diagnosis. In patients with immune-based
platelet consumptions such as immune thrombocyto-
penic purpura, usually no response is found to platelet
transfusion. Moreover, only a very short response
may be seen in patients with other causes of increased
consumption. Management of the patient is then aimed



70 section 1 GENERAL

at reducing the consumption and should involve con-
sultation with a hematologist about the use of corti-
costeroids, the use of intravenous immunoglobulin or
anti-D immunoglobulin (WinRho), the discontinua-
tion of medications, and other treatment modalities.®®

If the thrombocytopenia is caused by a lack of
production of platelets, due to either aplastic ane-
mia, malignancy, or chemotherapy, transfusion with
platelet concentrate to increase the platelet count
above a minimum of 50,000/puL will allow minor
surgical procedures to be performed safely. Most sur-
geons and anesthesiologists prefer for the platelet
count to be greater than 100,000/pnL before undertak-
ing major surgery. Continued monitoring of platelet
counts is vital because further transfusions may be
needed to keep the platelet count above 50,000/pL
for 3 to 5 days after operations.%¢

Qualitative platelet defects can be caused by rare
congenital defects such as Bernard-Soulier syndrome,
Glanzmann’s thrombasthenia, or platelet storage pool
disease. Alternatively, they can be caused by drug
ingestions such as an aspirin-induced cyclooxygenase
deficiency. In these situations, transfusion of normal
donor platelets provides adequate hemostasis for the
surgical procedure. Discontinuation of all aspirin-
containing products 1 week before operation permits
correction of the cyclooxygenase deficiency as new
platelets are produced.¢7

DISORDERS OF THROMBIN
GENERATION AND FIBRIN FORMATION

Patients with rare deficiencies of other clotting factors,
such as factors XI, X, VII, V, prothrombin, and fibrino-
gen, can have clinical bleeding depending on the level
of deficiency. Most of these disorders are inherited
in an autosomal recessive manner and can therefore
affect both male and female patients. Replacement
therapy with fresh frozen plasma or, in certain situ-
ations, with prothrombin complex concentrates cor-
rects the deficiency and should be conducted under
the direction of a hematologist.4468

Vitamin K deficiency, both in the neonatal period
and due to malabsorption, can cause deficiencies of
factors II, VII, IX, and X. Treatment with 1 to 2 mg
of intravenous vitamin K may begin to correct the
deficiencies within 4 to 6 hours. However, if a surgi-
cal procedure is contemplated, fresh frozen plasma (15
mL/kg) should be given with the vitamin K, and pro-
thrombin times monitored for correction of the coagu-
lopathy before the operation. Laboratory monitoring
should be maintained during the postoperative period
to ensure continuation of the appropriate factor levels.
Repeated doses of fresh frozen plasma and vitamin K
may be needed.®

Patients with factor XIII deficiency usually are ini-
tially seen with delayed bleeding from the umbilical
cord, rebleeding from wounds that have stopped
bleeding, intracranial hemorrhage, and poor wound
healing. These problems may be treated with relatively
small amounts of fresh frozen plasma (5 to 10 mL/kg).

Because factor XIII has a half-life of 6 days, this treat-
ment is usually needed only once to stop bleeding or
at the time of operation.!>44 Patients with dysfibrino-
genemia or afibrinogenemia may be treated with fresh
frozen plasma or cryoprecipitate.**

FIBRINOLYTIC AND THROMBOTIC
DISORDERS

Failure to control excess fibrinolysis can result in a
bleeding disorder, and deficiencies of the naturally
occurring anticoagulants may result in excess clot for-
mation. A severe hemorrhagic disorder due to a defi-
ciency of a,-antiplasmin has responded to treatment
with aminocaproic acid or tranexamic acid, both anti-
fibrinolytic agents.?¢ Congenital antithrombin III, pro-
tein S, and protein C deficiencies are associated with
recurrent thrombosis and are usually controlled with
oral anticoagulants.?® Factor V Leiden, prothrombin
G20210A, and other activated protein C-resistance
gene mutations will cause or add additional risk for
thrombotic tendency in proportion to their homozy-
gous or heterozygous states.®®7! Operation requires
discontinuation of the anticoagulation, and the patients
will require replacement therapy during the procedure
and in the postoperative healing period until anticoag-
ulation can be restarted. Depending on the deficiency,
antithrombin III concentrates or fresh frozen plasma
can be used for replacement therapy, which should be
conducted under the guidance of a hematologist with
ready access to a full coagulation laboratory.

RECOMBINANT ACTIVATED
FACTOR VII

Recombinant activated factor VII (rFVIIa) was devel-
oped for the treatment of bleeding in patients with
hemophilia A or B who had inhibitors and was
approved by the U.S. Food and Drug Administration
(FDA) for this indication in 1999.72-74 Good hemostasis
with few side effects was seen in patients with intra-
cranial hemorrhage, post-laparotomy and postpartum
hemorrhage, and hemorrhage into the gluteal muscles
(as a complication after cholecystectomy) and for sur-
gical prophylaxis for major and minor procedures.”>-77
Home treatment programs for some patients who are
hemophiliacs with inhibitors now use rFVIIa as front-
line therapy for bleeding.”® Children have a more
rapid rate of clearance (elimination mean half-life,
1.32 hours in children vs. 2.74 hours in adults).”®
They also seem to have fewer side effects with this
treatment.”#80 Although various dosages and sched-
ules have been studied, initial recommended therapy
in hemophilia A or B with inhibitors is 90 mg/kg
intravenously every 2 hours until the bleeding is
controlled.8!

The off-label use of rFVIla has been reported in
therapy-resistant severe bleeding from other condi-
tions such as congenital factor VII deficiency, chronic
liver disease, and inherited platelet disorders.82-84



Successes in patients without a known bleeding dis-
order who have trauma or postoperative hemorrhage
also are described.80-82.85.86 These reports should be
interpreted with caution, because rFVIla is currently
not the standard of care in any of these off-label uses
and exceptional circumstances impelled its use. It is
highly recommended that rFVIla be administered
under the supervision of a physician experienced in
its use who can anticipate the risks and respond to the
complications, particularly risks of thrombosis, which
are reported in 1% to 3% of patients.”287.88 rFVIla
shows great promise in the emergency treatment of
uncontrolled hemorrhage for many situations and
is becoming the standard of care for the treatment of
intracranial hemorrage.8’

SICKLE CELL DISEASE
General Principles

Sickle cell disease (SCD) is the most common disorder
identified by neonatal blood screening, with approxi-
mately 2000 affected infants born in the United States
each year. Overall, the incidence of SCD exceeds that
of most other serious genetic disorders, including cystic
fibrosis and hemophilia.?®°! SCD is caused by a genetic
mutation that results in an amino acid change in the
B-globin and the production of sickle hemoglobin (Hb
S) instead of normal hemoglobin (Hb A). The sickle
cell gene, in combination with any other abnormal
B-globin gene, results in SCD. There are many types
of SCD. The most common include sickle cell anemia
(Hb SS), the sickle B-thalassemias (Hb SB° and Hb
SB*), hemoglobin SC disease (Hb SC) and sickle cell/
hereditary persistence of fetal hemoglobin (S/HPFH).
Sickle cell anemia is the most common and, in general,
the most severe form of SCD. Sickle B°-thalassemia
patients have clinical manifestations similar to those
in patients with Hb SS disease. Sickle-C disease is
the second most common form of SCD and gener-
ally has a more benign clinical course than does Hb
SS or sickle pO-thalassemia. Sickle f+-thalassemia and
S/HPFH patients also generally have a more benign
clinical course. Patients with Hb SS disease and sickle
BO-thalassemia generally have lower hemoglobin lev-
els and present a greater risk under general anesthesia
than do patients with Hb SC disease and sickle p*-
thalassemia. Patients with S/HPFH may actually have
hemoglobin levels that approach or are normal.

The red cell membrane is abnormal in patients with
SCD, and the red cell life span is shortened by hemol-
ysis. Intermittent episodes of vascular occlusion cause
tissue ischemia, which results in acute and chronic
organ dysfunction.? Consequently, patients with SCD
require special considerations to prevent perioperative
complications.

Because of the nature of the complications of SCD,
people with this disorder are more likely to undergo
surgery than the general population during their life-
time.”? According to one study, the most common pro-
cedures were cholecystectomy; ear, nose, and throat
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procedures; orthopedic procedures; splenectomy; or
herniorrhaphy.®* Cholecystectomy, splenectomy, and
orthopedic procedures are often required to treat com-
plications of SCD.

Children with SCD can require surgical evalua-
tion and treatment either because of complications of
their SCD or unrelated processes. Moreover, symp-
toms associated with vaso-occlusive episodes, such as
abdominal pain and bone pain with fever, may be dif-
ficult to distinguish from other pathologic processes,
such as cholecystitis and osteomyelitis.

The differential diagnosis for acute abdominal pain
in a patient with SCD includes uncomplicated sickle cell
acute pain episode (“crisis”), cholelithiasis, appendicitis,
pancreatitis, ulcer, constipation, pneumonia, pericardi-
tis, and splenic sequestration. Whereas 50% of painful
episodes include abdominal pain, they are usually asso-
ciated with pain in the chest, back, and joints. How-
ever, whereas previous episodes of pain that are similar
in character suggest an acute painful episode, and this
population may have the usual problems that can pre-
sent as abdominal pain, the incidence of gallstones with
cholecystitis, peptic ulcer disease, and pyelonephritis
is increased. Complications such as splenic or hepatic
sequestration are almost unique problems in patients
with this disease. Abdominal pain as a solitary symp-
tom, especially when accompanied by fever, leukocy-
tosis, and localized abdominal tenderness, is suggestive
of pathology other than that which occurs with a sickle
cell acute painful episode. A study that reviewed the
presentation and management of acute abdominal
conditions in adults with SCD suggested that a surgical
condition is more likely if the pain does not resemble
previous painful episodes and if no precipitating event
is found.”> Acute painful episodes were relieved within
48 hours with hydration and oxygen in 97 % of patients,
whereas no patient with a surgical disease achieved pain
relief over the same period with these modalities. The
leukocyte count and serum bilirubin were not helpful
in establishing the correct diagnosis.

Vaso-occlusive episodes can also produce bone pain
and fever, symptoms that are difficult to differentiate
from those of osteomyelitis. The majority of bone pain
in SCD is due to vaso-occlusion, but osteomyelitis sec-
ondary to Salmonella species or Staphylococcus aureus is
not infrequent.?®°7 The presence of an immature white
blood cell count or elevation of the sedimentation rate,
C-reactive protein, or leukocyte alkaline phosphatase
is suggestive of a bone infection and may be an indi-
cation for aspiration of the bone lesion. Radiographic
studies including simple plain films, bone scan, or
magnetic resonance imaging are generally less helpful
but may be useful in arriving at the proper diagno-
sis when positive and combined with the appropriate
clinical findings.®”

Preoperative Assessment
and Management
An optimal surgical outcome requires careful preoper-

ative, intraoperative, and postoperative management
by a team consisting of a surgeon, anesthesiologist,
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and hematologist. Potential sickle cell-related compli-
cations include acute chest syndrome, pain episodes,
hyperhemolytic crisis, aplastic crisis, alloimmunization
with delayed transfusion reactions, and infections. The
outcome of children with SCD requiring a surgical
procedure is improved by careful attention to the car-
diorespiratory, hemodynamic, hydration, infectious,
neurologic, and nutritional status of the child.?3-98-100
If possible, procedures should be performed when the
child is in his or her usual state of health with regard
to the SCD. Attention should be directed toward
chronic manifestations of disease because predictors
of a poor postoperative outcome include increased
age, recent exacerbations of the disease, and preex-
isting infection and pregnancy.!°! Particular attention
should be directed toward any recent history of acute
chest syndrome, pneumonia, wheezing, and alloim-
munization. Special efforts must be made to avoid
perioperative hypoxia, hypothermia, acidosis, and
dehydration because any of these events can result in
serious morbidity.

Many centers perform preoperative transfusions
with the aim of reducing the complications of surgery
and anesthesia.!®? The largest study to examine the
role of transfusion in the preoperative management of
sickle cell anemia was a randomized study that com-
pared exchange transfusion (with a goal of achieving
an Hb value of > 10 g/dL and Hb S value of < 30%)
versus simple transfusion (to achieve an Hb value of
> 10 g/dL).°4#192 This study concluded that not only
was simple transfusion as effective as exchange trans-
fusion in preventing perioperative complications but it
also provided a significantly lower rate of transfusion-
related complications.?* The question of which proce-
dures are safe to perform in children with SCD without
preoperative transfusion remains controversial because
there is a lack of randomized controlled trials to answer
this question. However, simple transfusion to increase
the Hb level to 10 g/dL for major procedures and blood
replacement for both profound anemia of less than
5 g/dL and intraoperative hemorrhage appear appro-
priate.193 Several studies suggest that minor procedures
can possibly be safely undertaken without transfu-
sion.?3.102,104 Alloimmunization can be minimized by
giving antigen-matched blood (matched for K, C, E,
S, Fy, and Jk antigens).1%0 Regardless of transfusion
status, strong multidisciplinary collaboration is vital
throughout the perioperative period.

Intraoperative Management

Anesthetic considerations are based more on the type
of surgical procedure planned than on the presence of
SCD because no single anesthetic technique has been
shown to be the gold standard. However, regional
anesthetic techniques may allow for opioid sparing
in the postoperative period.!?! The goals of anesthetic
management are to avoid factors that predispose the
patient to sickling (e.g., hypoxemia, hypothermia,
dehydration, and acidosis). Careful monitoring for
hypoxia, hypothermia, acidosis, and dehydration is
essential. Monitoring should include arterial blood

gases, digital oxygen saturation, end-tidal carbon diox-
ide, temperature, electrocardiogram, blood pressure,
and urine output.!01.105

Postoperative Management

As with the preoperative and intraoperative periods,
it is essential to prevent hypothermia, hypoxia, and
hypotension throughout the postoperative period.
Before extubation, the patient should be awake and
oxygenating well. Once extubated, the patient must be
carefully monitored with a digital oxygen saturation
monitor and the pulmonary status critically assessed on
a continuing basis. Continuous pulse oximetry should
be provided in the early postoperative period. Assess-
ment of fluid status should continue until the patient
has resumed adequate oral intake and is able to main-
tain hydration without intravenous supplementation.
All patients should receive incentive spirometry, as
well as adequate hydration and oxygenation.

Appropriate levels of analgesia (preferably by a con-
tinuous intravenous line and patient-controlled anal-
gesia, if appropriate) should be provided so the patient
is comfortable enough to cooperate with ambulation
and maintain pulmonary toilet without oversedation.
Experienced respiratory therapists should administer
a vigorous program for pulmonary toilet. The patient
must be monitored closely for the occurrence of pul-
monary edema or atelectasis that can progress to acute
chest syndrome.10¢

SPECIFIC SURGICAL CONDITIONS
Adenotonsillectomy

Adenotonsillectomy is a fairly common procedure in
childrenwith SCD. Adenotonsillary hypertrophy, which
may be associated with early functional hyposplenism
and obstructive sleep apnea secondary to enlarged
adenoids, occurs somewhat frequently.?3107.108  Ag
with other types of surgery, preoperative transfusions
should be performed before surgery.!®® Clinicians
should be aware that postoperative complications may
be greater if obstructive sleep apnea is present and that
a younger age may influence the likelihood of postop-
erative complications.?3-110

Cholelithiasis and Cholecystectomy

Abdominal operations such as cholecystectomy and
splenectomy are the most frequent type of surgery
performed in patients with SCD.%*103 At present,
no clear consensus exists regarding the appropriate
therapy for SCD children who have cholelithiasis. The
reported prevalence of cholelithiasis varies from 4%
to 55%.111112 This wide variation is dependent on
the ages of the study population and the diagnostic
modalities used.!’> We routinely screen symptomatic
children with ultrasonography and laboratory stud-
ies (e.g., total and direct bilirubin, serum glutamic-
oxaloacetic transaminase, serum glutamate-pyruvate



transaminase, alkaline phosphatase, and y-glutamyl-
transpeptidase). It is our practice to screen all SCD
children for gallstones by no later than age 12 years.

A child with SCD and symptomatic cholelithiasis
should undergo cholecystectomy after appropriate pre-
operative preparation to avoid the increased morbidity
of an emergency operation on an unprepared patient.! 13-
118 1f indicated, intraoperative cholangiography can be
performed to assess for common duct stones.!!?

The utility of laparoscopic cholecystectomy in SCD
was first reported in 1990.120 Since that time, lapa-
roscopic cholecystectomy has been performed with
increasing frequency in children with SCD.113121-124 The
advantages of laparoscopic cholecystectomy over open
cholecystectomy are decreased pain, earlier feeding,
earlier discharge, earlier return to school, and improved
cosmesis. The presence of common duct stones at times
complicates the laparoscopic approach and may require
conversion to an open operation for removal. At pres-
ent, the role of extracorporeal shock wave lithotripsy as
a palliative therapeutic modality is uncertain.

Splenic Sequestration
and Splenectomy

Before the advent of routine newborn screening for
hemoglobinopathies, acute splenic sequestration was
the second most common cause of mortality in children
younger than age 5 years with sickle cell anemia.!?®
Splenic sequestration classically was first seen with
the acute onset of pallor and listlessness, a precipi-
tate decrease in hemoglobin, thrombocytopenia, and
massive splenomegaly.!2¢ It now appears that parental
education along with earlier recognition and imme-
diate treatment with volume support (including red
blood cell transfusions) has resulted in significantly
decreased mortality for this condition. It is rare for an
otherwise uncomplicated patient with Hb SS disease
who is older than 6 years of age to develop an acute
splenic sequestration syndrome. However, patients
with Hb SC and sickle f*-thalassemia disease can expe-
rience splenic sequestration at an older age.!2?
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The management of the SCD child with splenic
sequestration is a clinical dilemma. The rate of
recurrent splenic sequestration is high and greatly
influences subsequent management, which may be
divided into observation only, chronic transfusion,
and splenectomy. Indications for these approaches
are not clearly defined.'%° The benefit of splenectomy
must be balanced with the increased risk of over-
whelming bacterial sepsis in the younger asplenic
SCD patient.100.128 Partial splenectomy!?%130 and
especially laparoscopic splenectomy!3! are being per-
formed more commonly as the number of experi-
enced practitioners grows.

CONCLUSION

Children with SCD may require various surgical proce-
dures for which the principles outlined in this chapter
should be utilized. As a consequence of their disease,
school-aged and adolescent patients are at higher risk
for other medical complications that may require sur-
gical intervention. For example, patients with priapism
that is refractory to medical management may require
operative management.!'32 The physician should make
sure the operating and anesthesia teams are aware
of the diagnosis of sickle cell syndrome and the need
for special attention. In patients with Hb SS and Hb
SpO-thalassemia, simple transfusion to a hemoglobin
level of 10 g/dL should be performed before all but the
lowest-risk procedures. Alloimmunization should be
minimized by giving antigen-matched blood (matched
K, C, E, S, Fy, and Jk antigens). Patients with sickle
cell disease, regardless of genotype, should all receive
careful attention, with preoperative monitoring of
intake and output, hematocrit, peripheral perfusion,
and oxygenation status. Intraoperative monitoring of
blood pressure, cardiac rhythm and rate, and oxygen-
ation should be conducted for all surgical procedures.
Postoperative care should include meticulous atten-
tion to hydration, oxygen administration with careful
monitoring, and respiratory therapy.!°°



EXTRACORPOREAL MEMBRANE

OXYGENATION
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E xtracorporeal membrane oxygenation (ECMO)
is a lifesaving technology that employs partial
heart/lung bypass for extended periods. It is not a
therapeutic modality but rather a supportive tool
that provides sufficient gas exchange and perfusion
for patients with acute, reversible cardiac or respirato-
ry failure. This affords the patient’s cardiopulmonary
system a time to “rest,” at which point the patient
is spared the deleterious effects of high airway pres-
sure, high F1o, traumatic mechanical ventilation,
and perfusion impairment. Since the early anecdotal
reports of neonatal and pediatric ECMO, the Extra-
corporeal Life Support Organization (ELSO) has reg-
istered approximately 35,000 neonatal and pediatric
patients treated with ECMO for a variety of cardio-
pulmonary disorders. The number of centers provid-
ing extracorporeal support and reporting to ELSO
continues to increase along with the total number
of cases.!

HISTORY

The initial effort to develop extracorporeal bypass
was first led by cardiac surgeons. Their goal was to
repair intracardiac lesions under direct visualization
and, therefore, they needed to arrest the heart, divert
and oxygenate the blood, and perfuse the patient so
that repair could be performed. The first cardiopul-
monary bypass circuits used in the operating room
involved direct cross circulation between the patient
and another subject (usually the patient’s mother or
father) acting as both the pump and the oxygenator.?

The first attempts at establishing cardiopulmonary
bypass by complete artificial circuitry and oxygenation
were constructed with disk-and-bubble oxygenators
and were limited because of hemolysis encountered
by direct mixing of oxygen and blood. The discovery
of heparin and the development of semipermeable
membranes (silicone rubber) capable of supporting
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gas exchange by diffusion were major advancements
toward the development of ECMO.3 During the 1960s
and early 1970s, the silicone membrane was config-
ured into a number of oxygenator models by a num-
ber of investigators.47

In 1972, the first successful use of prolonged cardio-
pulmonary bypass was reported.® The patient sustained
a ruptured aorta following a motorcycle accident.
Venoarterial extracorporeal bypass support was main-
tained for 3 days. A multicenter prospective random-
ized trial sponsored by the National Heart, Lung, and
Blood Institute (a branch of the National Institutes of
Health) studied the efficacy of ECMO for adult respira-
tory distress syndrome. In 1979, they concluded that
the use of ECMO had no advantage over that of con-
ventional mechanical ventilation in this study, and the
trial was stopped early.” However, Bartlett and col-
leagues!® noted that all of the patients in the study
had irreversible pulmonary fibrosis before the initia-
tion of ECMO. In 1976, they reported the first series
of infants treated with long-term ECMO, with a sig-
nificant number of survivors. Six (43%) of 14 patients
with respiratory distress syndrome survived. Many of
these patients were premature and weighed less than
2 kg. Also, 22 patients with meconium aspiration syn-
drome had a 70% survival. These neonates tended to
be larger.

Since then, despite study design issues, three ran-
domized controlled trials and a number of retrospective
published reports have reported the efficacy of ECMO
versus conventional mechanical ventilation.!!-18
Other centers started to employ ECMO. By 1996, 113
centers were maintaining ECMO programs registered
with ELSO.! Over the next 2 decades, improvements
in technology, a better understanding of the patho-
physiology of pulmonary failure, and a greater expe-
rience in using ECMO have contributed to improved
outcomes for infants with respiratory failure. In 2003,
the University of Michigan reported an association
between ECMO volume and an observed reduction
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in neonatal mortality seen in that state between 1980
through 1999.1°

ELSO, formed in 1989, is a collaboration of phy-
sicians and scientists with an interest in ECMO. The
organization provides the medical community with
guidelines, training manuals and courses, and a forum
in which these individuals can meet and discuss the
future of extracorporeal life support. The group also
provides a registry to investigators for the collection of
data from almost all centers that maintain an ECMO
program throughout the world. This database provides
valuable information for analysis of this lifesaving
biotechnology.2%-2!

CLINICAL APPLICATIONS

Neonates are the patients who benefit most from
ECMO. Cardiopulmonary failure in this population
secondary to meconium aspiration syndrome, congen-
ital diaphragmatic hernia (CDH), persistent pulmonary
hypertension of the newborn (PPHN), and congenital
cardiac disease are the most common pathophysiologic
processes requiring ECMO. For the pediatric popula-
tion, the most common disorders treated with ECMO
are viral and bacterial pneumonia, acute respira-
tory failure (non-acute respiratory distress syndrome
[ARDS]), ARDS, sepsis, and cardiac disease. The expe-
rience with cardiac ECMO has been increasing over the
past decade. Treatment of patients who are unwean-
able from bypass after cardiac surgery and as a bridge
to heart transplantation in patients with postsurgical or
end-stage ventricular failure are areas in which ECMO
use is increasing.!2223 Some less frequently used indi-
cations for ECMO include respiratory failure secondary
to smoke inhalation,?* severe asthma,?®> rewarming of
hypercoagulopathic/hypothermic trauma patients,®
and maintenance of an organ donor pending liver
allograft harvest and transplantation.?’

PATHOPHYSIOLOGY OF NEWBORN
PULMONARY HYPERTENSION

Pulmonary vascular resistance (PVR) is the hallmark
and driving force of fetal circulation. Normal fetal cir-
culation is characterized by PVR that exceeds systemic
pressures, resulting in higher right-sided heart pres-
sures and, therefore, preferential right-to-left blood
flow. The fetal umbilical vein carries oxygenated blood
from the placenta to the inferior vena cava via the duc-
tus venosus. Because of the high PVR, the majority of
the blood that reaches the right atrium from the infe-
rior vena cava is directed to the left atrium through the
foramen ovale. The superior vena cava delivers deoxy-
genated blood to the right atrium that is preferentially
directed to the right ventricle and pulmonary artery.
This blood then takes the path of least resistance and
shunts from the main pulmonary artery directly to the
descending aorta via the ductus arteriosus, bypassing
the pulmonary vascular bed and the left side of the
heart. Therefore, as a consequence of these anatomic
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right-to-left shunts, the lungs are almost completely
bypassed by the fetal circulation.

At birth, with the infant’s initial breath, the alveoli
distend and begin to fill with air. This is paralleled by
relaxation of the muscular arterioles of the pulmonary
circulation and the expansion of the pulmonary vas-
cular bed. This causes a rapid drop in PVR to below
systemic levels. This activity causes the left atrial pres-
sure to become higher than the right atrial pressure,
leading to closure of the foramen ovale, resulting in all
venous blood flowing from the right atrium to the right
ventricle and into the pulmonary artery. The ductus
arteriosus also closes at this time. Therefore, all fetal
right-to-left circulation ceases, completing separation
of the pulmonary and systemic circulations. Anatomic
closure of these structures takes several days to weeks.
Thus, maintaining the pressure gradient of systemic
pressure greater than the pulmonary circulation is
vital to sustaining normal circulation.

Failure of the transition from fetal circulation to
newborn circulation is described as PPHN or persistent
fetal circulation.?® Clinically, PPHN is characterized by
hypoxemia out of proportion to pulmonary parenchy-
mal or anatomic disease. Normally, in fetal and term
neonates, the pulmonary arterioles are muscular only
as far as the terminal bronchioles. In hypoxic fetuses
and infants, the proliferation of smooth muscle on the
arterioles may extend far beyond the terminal bron-
chioles, resulting in thickened and more reactive ves-
sels. In response to hypoxic conditions, these vessels
undergo significant self-perpetuating vasoconstric-
tion. Although sometimes idiopathic, PPHN can occur
secondary to a number of disease processes, such as
meconium aspiration syndrome, CDH, polycythemia,
and sepsis.

Treatment for PPHN is directed at decreasing right-
to-left shunts and increasing pulmonary blood flow.
Previously, most patients were treated with hyper-
ventilation, induction of alkalosis, neuromuscular
blockade, and sedation. Unfortunately, these therapies
have not reduced morbidity, mortality, or the need for
ECMO in the neonatal population. ECMO allows for
the interruption of the hypoxia-induced negative cycle
of increased smooth muscle tone and vasoconstriction.
ECMO provides richly oxygenated blood and allows
the pulmonary blood pressure to return to normal
subsystemic values without the iatrogenic complica-
tions encumbered by overly aggressive “conventional”
therapy. Recently, data recommending gentle ven-
tilation and the use of inhaled nitric oxide for these
children have been reported. Hyperventilation and
neuromuscular blockade were not part of the treat-
ment strategy.?’ The infants were allowed to breathe
spontaneously. This strategy has decreased morbidity,
mortality, and the need of ECMO.

PATIENT SELECTION CRITERIA

The selection of patients as potential ECMO candi-
dates continues to remain controversial. The selection
criteria are based on data from multiple institutions,
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Recommended Pre-ECMO Studies

Head ultrasonography

Cardiac echocardiography

Chest radiography

Complete blood cell count, with platelets
Type and crossmatch of blood
Electrolytes, calcium

Coagulation studies (prothrombin time, partial
thromboplastin time, fibrinogen, fibrin degradation
products)

Serial arterial blood gas analysis

patient safety, and mechanical limitations related to
the equipment. The risk of performing an invasive
procedure that requires heparinization of a critically ill
child must be weighed against the estimated mortality
of the patient with conventional therapy alone. A pre-
dictive mortality of greater than 80% after exhausting
all conventional therapies is the criterion most institu-
tions follow to select patients for ECMO. Obviously,
these criteria are subjective and will vary between
facilities, based on local clinical experience and avail-
able technologies. All ECMO centers must develop
their own criteria and continually evaluate their
patient selection based on ongoing outcomes data.

Recommended pre-ECMO studies are listed in Table
6-1. Indications for neonatal, cardiac, and pediatric
ECMO all have their own modifiers. The definition
of “conventional therapy” also is anything but consis-
tent in any category. Nevertheless, ECMO is indicated
when (1) there is a reversible disease process, (2) the
ventilator treatment is causing more harm than good,
and (3) tissue oxygenation requirements are not being
met. A discussion of generally accepted selection crite-
ria for using neonatal ECMO follows.

Reversible Cardiopulmonary Disorders

The underlying principle of ECMO relies on the prem-
ise that the patient has a reversible disease process that
can be corrected with either therapy (including the
possibility of organ transplantation) or “rest” and that
this reversal will occur in a relatively short period of
time. Prolonged exposure to high-pressure mechani-
cal ventilation with high concentrations of oxygen can
have a traumatic effect on the newborn’s lungs and
frequently leads to the development of bronchopul-
monary dysplasia (BPD).3° It has been suggested that
BPD can result from high levels of ventilatory support
for as little as 4 days or less.>! The pulmonary dysfunc-
tion that follows barotrauma and oxygen toxicity asso-
ciated with mechanical ventilation typically requires
weeks to months to resolve. Therefore, patients who
have been ventilated for a long time and in whom
lung injury has developed are not amenable to a short
course of therapy with ECMO. Most ECMO centers
will not accept patients who have had more than 10
to 14 days of mechanical ventilation as candidates for
ECMO, owing to the high probability of established,
irreversible pulmonary dysfunction.

Echocardiography should be performed on every
patient being considered for ECMO to determine car-
diac anatomy and function. Treatable conditions such
as total anomalous pulmonary venous return and
transposition of the great vessels, which may masquer-
ade initially as pulmonary failure, can be surgically cor-
rected but may require ECMO resuscitation initially.
Infants with correctable cardiac disease should be con-
sidered on an individual basis. ECMO also provides an
excellent bridge to cardiac transplantation. ECMO as a
bridge to lung transplantation is controversial because
the time to receive a lung donor generally far exceeds
the period of time one can be maintained on bypass.

Coexisting Anomalies

Every effort should be made to establish a clear diagno-
sis before the initiation of ECMO. Infants with anoma-
lies incompatible with life do not benefit from ECMO.
ECMO is not a resource that is intended to delay an
inevitable death. Many lethal pulmonary conditions
such as overwhelming pulmonary hypoplasia, con-
genital alveolar proteinosis, and alveolar capillary
dysplasia may present as reversible conditions but are
considered lethal.3?

Gestational Age

The gestational age of an ECMO patient should be
at least 34 to 35 weeks. In the early experience with
ECMO, significant morbidity and mortality related to
intracranial hemorrhage (ICH) was associated with
premature infants (<34 weeks’ gestation).>> Despite
modification of the ECMO technique over the past
2 decades, premature infants continue to be at risk
for ICH. In preterm infants, ependymal cells within
the brain are not fully developed, thus making these
infants susceptible to hemorrhage. Systemic heparin-
ization necessary to maintain a thrombus-free circuit
adds to the risk of hemorrhagic complications.

Birth Weight

Technical considerations and limitation of cannula size
restrict ECMO candidates to infants weighing at least
2000 g. The smallest single-lumen ECMO cannula is 8
French, and flow through a tube is proportional to the
fourth power of the radius. Small veins permit only
small cannulas, resulting in flow that will be reduced
by a power of 4. Neonates who weigh less than 2 kg
provide technical challenges in cannulation and in
maintaining adequate blood flow through the small
catheters.

Bleeding Complications

Infants with ongoing, uncontrollable bleeding or an
uncorrectable bleeding diathesis pose a relative contra-
indication to ECMO.2% Any correctable coagulopathy
should be corrected before initiating ECMO because
the need for continuous systemic heparinization adds
an unacceptable risk of bleeding.
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Intracranial Hemorrhage

Candidates for ECMO should not, as a rule, have had
an ICH. A preexisting ICH may be exacerbated by the
use of heparin and the unavoidable alterations in cere-
bral blood flow while receiving ECMO. Patients with
small interventricular hemorrhages (grade I) or small
intraparenchymal hemorrhage can be successfully
treated on ECMO by maintaining a lower than opti-
mal activated clotting time in the range of 180 to 200
seconds. These patients should be closely observed for
extension of the intracranial bleeding. Patients posing
a particularly high risk for ICH are those with a previ-
ous ICH, cerebral infarct, prematurity, coagulopathy,
ischemic central nervous system injury, or sepsis. Con-
sideration of these patients for ECMO should be indi-
vidualized.??

Failure of Medical Management

ECMO candidates are expected to have a reversible car-
diopulmonary disease process, with a predictive mor-
tality of greater than 80% to 90% with all available
modalities short of ECMO. Because different institutions
have varying technical capabilities, opinions, and exper-
tise, “optimal” medical management is a subjective term
that varies widely. Vasoconstrictive agents, inotropic
agents, pulmonary vascular smooth muscle relaxants,
sedatives, and analgesics are all pharmacologic agents
that are part of the medical management. Ventilatory
management usually begins with conventional support
but may also include the administration of surfactant,
nitric oxide, inverse inspiration/expiration (L:E) ratios,
or high-frequency ventilation. Ventilator and respira-
tory care strategies that incur significant barotrauma
and other morbidity should be rigorously avoided.

ECMO use has been obviated in patients who other-
wise meet ECMO criteria because of recent innovations
in medical management. These innovationsinclude the
use of permissive hypercapnia with spontaneous ven-
tilation, avoidance of muscle paralysis, and the avoid-
ance of chest tubes. In 1978, the Children’s Hospital of
New York reported a nontraditional approach to the
management of patients with PPHN, which has been
successfully extended to infants with CDH.3>* Hyper-
ventilation, hyperoxia, and muscle relaxants were
not used, and permissive hypercapnia in conjunction
with spontaneous ventilation was emphasized. Low-
pressure ventilator settings were used and persistent
Paco, of 50 to 80 mm Hg and a Pao, of 40 mm Hg
were allowed. With careful attention to maintaining a
preductal oxygen saturation greater than 90% or Pao,
of 60 mm Hg or greater, 15 infants who met ECMO
criteria with PPHN and in severe respiratory failure
were initially treated with this approach and survived
without ECMO.

Risk Assessment

Because of the invasive nature of ECMO, and the
potentially life-threatening complications, investiga-
tors have worked to develop an objective set of criteria
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to predict which infants have an 80% mortality without
ECMO. The two most commonly used measurements
for neonatal respiratory failure are the alveolar-arte-
rial oxygen gradient ([A-a]D0,) and the oxygenation
index (OI), which are calculated as follows:

(A-a)Do, = (Patm - 47)(F105) - [(Paco,)/0.8] - Pao,

where Patm is the atmospheric pressure and F10, is the
inspired concentration of oxygen.

_ MAP X F10, X100
Pao,

(0) 1

where MAP is the mean airway pressure.

Although criteria for ECMO varies from institution
and by diagnosis, it is generally accepted that, in the set-
ting of optimal management, an (A-a)Do, greater than
625 mm Hg for more than 4 hours, or an (A-a)Do,
greater than 600 mm Hg for more than 12 hours, or an
OI of greater than 40 establishes both a relatively sen-
sitive and specific predictor of mortality. Other criteria
used by many institutions include a preductal Pao, less
than 35 to 50 mm Hg for 2 to 12 hours or a pH of less
than 7.25 for at least 2 hours with intractable hypo-
tension. These are sustained values measured over a
period of time and are not accurate predictors of mor-
tality.1420-35-37 Patients with CDH are in their own cat-
egory, and criteria for this situation are discussed later
in this chapter.

Older infants and children do not have as well-
defined criteria for high mortality risk. The ventilation
index is determined by the following:

Respiratory rate X Paco, X Peak inspiratory pressure
1000

The combination of a ventilation index greater than
40 and an OI more than 40 correlates with a 77%
mortality. A mortality of 81% is associated with an
(A-a)Do, greater than 580 mm Hg and a peak inspira-
tory pressure of 40 cm H,O. Indications for support in
patients with cardiac pathology are based on clinical
signs such as hypotension despite the administration
of inotropes or volume resuscitation, oliguria (urine
output < 0.5 mL/kg/hr), and decreased peripheral
perfusion.

Congenital Diaphragmatic Hernia

Of most interest to surgeons are neonates with abdom-
inal viscera in the thoracic cavity due to a CDH. These
patients are plagued with pulmonary hypertension and
have pulmonary hypoplasia both on the ipsilateral and
contralateral lungs with regard to the hernia. Often,
pulmonary insufficiency ensues and a vicious cycle of
hypoxia, hypercarbia, and acidosis quickly ravages the
child’s well-being. This process must be interrupted
by medical management, which has vastly improved
over the past 2 decades with the use of permissive
hypercapnia/spontaneous respiration, pharmacologic
therapy, and delayed elective repair.
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High-frequency oscillation may have its major role
in forestalling respiratory failure when used as a “front
end” strategy rather than as a “rescue therapy.”38 Sur-
factant plays no more than an anecdotal role. Nitric
oxide is an important vasodilator in the treatment of
pulmonary hypertension in these patients. Other pul-
monary vasculature vasodilators such as epoprostenol,
sildenafil, and iloprost are starting to demonstrate a
significant efficacy in this patient population. The pri-
mary indicator for ECMO in the patient with CDH is
when tissue oxygen requirements are not being met,
as evidenced by progressive metabolic acidosis, mixed
venous oxygen desaturation, and multiple organ fail-
ure. The other indicator is mounting iatrogenic pul-
monary injury.

Permissive hypercapnia with spontaneous respira-
tion is initiated with intermittent mandatory venti-
lation (IMV), 30 to 40 breaths per minute, equal I/E
time, inspiratory gas flow of 5 to 7 L/min, peak inspi-
ratory pressure (PIP) of 20 to 22 ¢m H,O, and positive
end-expiratory pressure (PEEP) of 5 cm H,0. The Fi0,
is selected to maintain preductal Sao, greater than
90%. If this mode is not sufficient, as demonstrated
by severe paradoxical chest movement, severe retrac-
tions, tachypnea, inadequate or labile oxygenation
(preductal O, saturations < 80%), or Paco, greater
than 60 mm Hg, then a new mode of ventilation is
needed.

High-frequency ventilation would be the next mode
of therapy to be considered. It is delivered by setting
the ventilator to IMV mode with a rate of 100, inspira-
tory time of 0.3, an inspiratory gas flow of 10to 12 L, a
PIP of 20, and a PEEP of 0 (due to auto-PEEP). The PIP
is adjusted as needed based on chest excursion, with
attempts to maintain PIP at less than 25 mm Hg.

High-frequency oscillation can be instituted if the
high-frequency ventilation is refractory to improving
the hypoxia and hypercarbia using the same param-
eters as just mentioned, but improvement may be no
more than temporary. The goal is to maintain pre-
ductal oxygen saturations between 90% and 95%.
Spontaneous breathing is preserved by rigorously
avoiding muscle relaxants. Sedation is used only as
needed. Meticulous attention to maintaining a clear
airway and the well-being of the infant is obvious but
critical. 3940

Before ECMO is initiated for an infant with CDH,
the infant must first demonstrate some evidence
of adequate lung parenchyma. Some programs use
radiographic parameters to determine adequate lung
volumes. The lung-to-head ratio (LHR) is measured by
prenatal ultrasonography.4! It is defined as the product
of the orthogonal diameters of the right lung divided by
the head circumference. Severe pulmonary hypoplasia
is considered when the LHR is less than 1.0 and inter-
mediate hypoplasia lies between 1.0 and 1.4.42 The
LHR is operator dependent and can only be obtained
in a narrow gestational window and therefore leads to
poor reproducibility across different centers.

In the past decade there has been a great advance
in fetal magnetic resonance imaging (MRI), and this
technology has recently been applied to CDH. Studies

are starting to demonstrate that a percentage of the
predicted lung volume (PPLV) can accurately predict
disease severity in CDH. A group of investigators in
Boston published a report that stated that a value
less than 15 is associated with significantly higher
risks, meaning prolonged support and/or death in this
population.*3

Many centers believe the best method to evalu-
ate pulmonary hypoplasia and predict outcome is to
evaluate the patient clinically. This is assessed by hav-
ing a recorded best Paco, less than 50 mm Hg and a
preductal oxygen saturation greater than 90% for a
sustained period of at least 1 hour at any time in their
clinical course. With these criteria, successful ECMO
should yield an overall survival rate of 75% or better.
If patients with lethal anomalies, overwhelming pul-
monary hypoplasia, or neurologic complications are
not included, survival can approach 85 %.3%40.44

Extracorporeal Cardiopulmonary
Resuscitation

Studies demonstrate that 1% to 4% of pediatric inten-
sive care unit admissions have a cardiac arrest. Sur-
vival to discharge for a patient who had an arrest in
the pediatric intensive care unit ranges from 14% to
42%. The ELSO data demonstrate that approximately
73% of extracorporeal cardiopulmonary resuscitation
(ECPR) was used for patients with primary cardiac dis-
ease. Overall survival to discharge in this population
reached 38%. The American Heart Association recom-
mends ECPR for in-hospital cardiac arrest refractory
to initial resuscitation, secondary to a process that is
reversible or amenable to heart transplantation. Con-
ventional CPR must have failed, no more than several
minutes should have elapsed, and ECMO must be read-
ily available. ECPR is at its infancy, and this method
of acute resuscitation needs to be explored further.
Future research needs to analyze which patients will
benefit the most with as little morbidity as possible.4’

Second Course of ECMO

Approximately 3% of patients that are treated with
ECMO will require a second course. The survival rates
for patients in this cohort are comparable to the first
course. Negative prognostic indicators for second-
course ECMO patients include renal compromise
patients, higher number of first-course complications,
age older than 3 years old, or a prolonged second
course.6

METHODS OF EXTRACORPOREAL
SUPPORT

The goal of ECMO support is to provide an alternate
means for oxygen delivery. Three different extracor-
poreal configurations are used clinically: venoarte-
rial (VA), venovenous (VV), and double-lumen single
cannula venovenous (DLVV) bypass. The inception
of ECMO and its early days were characterized by VA
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Figure 6-1. Details of the cannulation procedure. A, The carotid sheath is exposed, the sternocleidomastoid muscle is retracted later-
ally, and the common carotid artery and the internal jugular vein are dissected free. B, The patient is anticoagulated after the vessels
are dissected and ligated cephalad. The arterial cannula is passed into the junction of the innominate artery and the aorta. The venous
catheter is passed into the right atrium. C, A polymeric silicone (Silastic) bumper is used to facilitate ligation of the cannulas. The two

ligatures on each vessel are then tied together.

ECMO because it offered the ability to replace both
cardiac and pulmonary function. Venous blood is
drained from the right atrium through the right inter-
nal jugular vein, and oxygenated blood is returned via
the right common carotid artery to the aorta.

There are potential disadvantages with VA ECMO.
A major artery must be cannulated and sacrificed.
The risk of gas and particulate emboli into the sys-
temic circulation is substantial, pulmonary perfu-
sion is reduced, and decreased preload and increased
afterload may reduce cardiac output, resulting in
nonpulsatile flow. Finally, the coronary arteries are
perfused by left ventricular blood, which is relatively
hypoxic.

VV and DLVV avoid these disadvantages and pro-
vide pulmonary support but do not provide cardiac
support. VV bypass is established by drainage from the
right atrium via the right internal jugular vein with
reinfusion into a femoral vein. DLVV is accomplished
by means of a double-lumen catheter inserted into the
right atrium via the right internal jugular vein. A major
limitation of VV or DLVV ECMO is that a fraction of
the infused, oxygenated blood reenters the pump and,
at high flows, may limit oxygen delivery (recircula-
tion). A limitation specific to DLVV is catheter size,
which confines use of this method of support to larger
neonates, infants, and smaller pediatric patients. VV
and DLVV bypass have become the preferred method
of extracorporeal support for all appropriate patients
who do not require cardiac support.2°

Cannulation

Cannulation can be performed in the neonatal or pedi-
atric intensive care unit under adequate sedation and
intravenous anesthesia, with proper monitoring. The
infant is positioned supine with the head at the foot of
the bed and the head and neck hyperextended over a

shoulder roll and turned to the left. Local anesthesia
is administered over the proposed incision site. A
transverse cervical incision is made along the ante-
rior border of the sternomastoid muscle, one finger-
breadth above the right clavicle. The platysma muscle
is divided, and dissection is carried down with the
sternomastoid muscle retracted to expose the carotid
sheath. The sheath is opened, and the internal jugu-
lar vein, common carotid artery, and vagus nerve are
identified (Fig. 6-1A). The vein is exposed first and
encircled with proximal and distal ligatures. Occasion-
ally it is necessary to ligate the inferior thyroid vein.
The common carotid artery lies medial and posterior,
contains no branches, and is mobilized in a similar
fashion. The vagus nerve should be identified and pro-
tected from injury.

If time permits, an activated clotting time (ACT)
should be checked before heparinization. The patient
is then systemically heparinized with 50 to 100 U/kg
of heparin, which is allowed to circulate for 2 to 3
minutes, which should produce an ACT of more than
300 seconds. The arterial cannula (usually 10 Fr for
newborns) is measured so that the tip will lie at the
junction of the brachiocephalic artery and the aorta
(2.5 to 3 cm or approximately one third the distance
between the sternal notch and the xiphoid). The
venous cannula (12-14 Fr for neonates) is measured
so that its tip lies in the distal right atrium (6 to 8 cm
or approximately half the distance between the supra-
sternal notch and the xiphoid process). The arterial
cannula is usually inserted first with VA bypass. The
carotid artery is ligated cephalad. Proximal control is
obtained, and a transverse arteriotomy is made near
the cephalad ligature (see Fig. 6-1B). To help prevent
intimal dissection, stay sutures (of fine Prolene) are
placed around the arteriotomy and used for retraction
when placing the arterial cannula. The saline-filled
cannula is inserted to its premeasured position and
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secured in the vessel with two silk ligatures (2-0 or
3-0). A small piece of vessel loop (bumper) may be
placed under the ligatures on the anterior aspect of the
carotid to protect the vessel from injury during decan-
nulation (see Fig. 6-1C).

In preparation for the venous cannulation, the
patient is given succinylcholine to prevent sponta-
neous respiration. The proximal jugular vein is then
ligated cephalad to the site selected for the venot-
omy. Gentle traction on this ligature helps during the
venous catheter insertion. A venotomy is made close
to the ligature. The saline-filled venous catheter is
passed to the level of the right atrium and secured in
a manner similar to that used for the arterial catheter.
Any bubbles are removed from the cannulas as they
are connected to the ECMO circuit. Bypass is initiated.
The cannulas are then secured to the skin above the
incision. The incision is closed in layers, ensuring that
hemostasis is meticulous.

For VV and DLVV bypass, the procedure is exactly as
just described, including dissection of the artery, which
is surrounded with a vessel loop to facilitate conver-
sion to VA ECMO should that become necessary. The
venous catheter tip should be in the mid-right atrium
(5 cm in the neonate) with the arterial portion of the
DLVV catheter oriented medially (pointed toward
the ear) to direct the oxygenated blood flow toward
the tricuspid valve.

The cannula positions for VA ECMO are confirmed
by chest radiograph and transthoracic echocardiogram.
The venous catheter should be located in the inferior
aspect of the right atrium, and the arterial catheter at
the ostium of the innominate artery and the aorta.
With a double-lumen venous catheter, the tip should
be in the mid-right atrium with return oxygenated
blood flow toward the tricuspid valve.4”

A challenging situation can arise when one attempts
to cannulate a newborn with a right-sided CDH. Ana-
tomic distortion can lead to cannulation of the azygos
vein, which will then fail to provide adequate ECMO
support. This can usually be detected by poor pump
function and echocardiography, which will not be able
to demonstrate the cannula in the superior vena cava
or right atrium. In this situation, attempting cannula
manipulation is often wrought with failure, and one
should consider other avenues for venous drainage,
including central cannulation.48

The small pediatric population (ages 2-12 years of
age) presents a difficult and controversial scenario
with regard to cannulation. Some centers continue
to perform arterial cannulation via the carotid artery.
The long-term outcome is unknown in this popula-
tion after sacrificing the artery. Due to this concern,
some centers will cannulate these patients via fem-
oral access. The arterial cannula is large and often
either partially or completely obstructs antegrade
flow. This has the potential morbidity of distal limb
ischemia, which can lead to sensory or motor defi-
cits, tissue loss, or even limb loss. One potential way
to avoid this morbidity is to provide antegrade flow
via a percutaneously placed distal perfusion catheter
(Fig. 6-2).%9

. q 15-Fr ECMO
-Fr antegrade venous cannula
cannula ¢

14-FrECMO _~7

arterial cannula T

Triple-lumen
venous access

Figure 6-2. This infant has been cannulated for ECMO using
the femoral artery and vein. To prevent possible distal limb isch-
emia, antegrade flow has been provided via a percutaneously
placed distal perfusion catheter.

ECMO Circuit

Venous blood is drained from the infant by gravity
through the cannula that is in the right atrium via
the right internal jugular vein into a small reservoir
or bladder (Fig. 6-3). An in-line oxymetric probe is
located between the venous-return cannula and the
bladder. This continuously monitors blood pH, Pao,,
Pco,, and O, saturation. The monitor provides the
information equivalent to the mixed venous blood gas
(excluding any recirculation in VV or DLVV ECMO)
and is extremely useful in monitoring the patient’s sta-
tus. The bladder is a 30- to 50-mL reservoir that acts
as a safety valve. In the event that venous drainage
does not keep up with arterial flow from the pump,
the bladder volume will be depleted, sounding an
alarm and automatically shutting off the pump. The
blood flow through the circuit ceases to prevent gas
bubbles forming from solution or drawing air into
the circuit. Hypovolemia is one of the most common
causes of decreased venous inflow into the circuit, but
kinking and occlusion of the venous line should be
suspected first. Raising the height of the patient’s bed
can improve venous drainage by gravity. An algorithm
for managing pump failure due to inadequate venous
return is shown in Figure 6-4.

A displacement roller pump pushes blood through
the membrane oxygenator. The roller pumps are
designed with microprocessors that allow for calcula-
tion of the blood flow based on roller-head speed and
tubing diameter of the circuit. The pumps are con-
nected to continuous pressure monitoring throughout
the circuit and are servoregulated if pressures within
the circuit exceed preset parameters. Another safety
device, the bubble detector (not depicted in Fig. 6-3),
is interposed between the pump and the membrane
oxygenator that halts perfusion to the patient if air is
detected within the circuit. The oxygenator consists
of a long, two-compartment chamber composed of a
spiral-wound silicone membrane and a polycarbonate
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Figure 6-3. Diagram of venoarterial extracorporeal membrane oxygenation circuit.

core, with blood flow in one direction and oxygen flow
in the opposite direction. Oxygen diffuses through the
membrane into the blood circuit, and carbon dioxide
and water vapor diffuse from blood into the sweep gas.
The size (surface area) of the oxygenator is based on
the patient’s size. Another oxymetric probe is located
in the arterial return line distal to the oxygenator to

INADEQUATE VENOUS RETURN

| (Venous return monitor alarm standing, pump cutting out) |

| Give intravascular volume or decrease flow rate |

Check venous catheter position; alleviate kinks in venous line
(chest radiography or echocardiography)

\

| Increase height of bed, reposition infant |

| Check venous bladder function |

| Sedate infant as needed |

Place additional venous drainage cannula if required

Figure 6-4. Suggested algorithm for the management of
inadequate venous return during extracorporeal membrane
oxygenation. (Adapted from DeBerry BB, Lynch J, Chung DH, Zwisch-
enberger JB: Emergencies during ECLS and their management. In Van
Meurs K, Lally KP, Peek G, Zwischenberger JB (eds): ECMO: Extracorpo-
real Cardiopulmonary Support in Critical Care, 3rd ed. Ann Arbor, M,
Extracorporeal Life Support Organization, 2005, pp 133-156.)

provide information about the blood returning to the
patient. The blood emerges from the upper end of the
oxygenator and passes through the countercurrent
heat exchanger and returns at body temperature to
the aortic arch via the right common carotid artery.

PATIENT MANAGEMENT ON ECMO

Once the cannulas are connected to the circuit, bypass
is initiated, and the flow is slowly increased to 100
to 150 mL/kg/min. Continuous in-line monitoring
of the (pre-pump) SvO, and arterial (post-pump)
Pao, as well as pulse oximetry is vital. The goal of VA
ECMO is to maintain an SvO, of 37 to 40 mm Hg and
saturation of 65% to 70%. VV ECMO is more diffi-
cult to monitor because of recirculation, which may
produce a falsely elevated SvO,. Inadequate oxygen-
ation and perfusion are indicated by metabolic acido-
sis, oliguria, hypotension, elevated liver function test
results, and seizures. Arterial blood gases should be
monitored closely, with Pao, and Paco, maintained
at as close to normal levels as possible. The oxygen
level of the blood returning to the patient should be
maintained fully saturated. To increase a patient’s
oxygen level on ECMO, one can either increase the
ECMO flow rate (~ cardiac output) or the hemoglobin
must be increased to maintain hemoglobin at 15 g/dL
(~ oxygen content). CO, elimination is extremely effi-
cient with the membrane, and it is important to adjust
the sweep (gas mixing) to maintain a Paco, in the
range of 40 to 45 mm Hg. This is important, especially
during weaning, because a low Paco, inhibits the
infant’s spontaneous respiratory drive. Vigilant moni-
toring allows timely adjustments. In addition to con-
tinuous blood gas monitoring, the arterial blood gas
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General Studies Obtained during

ECMO
Laboratory Study General Frequency
and Comments
Chest radiography Daily

Cranial ultrasonography Only for neonates, the first

3 days and then as needed
Every 1 hr, more often if
outside of parameters

Activated clotting time

Preoxygenator blood gas Every 4 hr
Postoxygenator blood gas Every 4 hr
Patient blood gas Every 6 hr
Glucose monitoring test Every 4 hr

Complete blood cell count
with platelets

Every 6 hr; include a
differential daily

Chem-7 Every 6 hr, including
magnesium, calcium, and
phosphorus daily

Fibrinogen Daily and after infusion of

cryoprecipitate and fresh
frozen plasma; may also
include prothrombin time
and p-dimer

is directly measured every 4 hours. As soon as these
parameters are met, all vasoactive drugs are weaned
and ventilator levels are adjusted to “rest” settings.
Gastrointestinal prophylaxis (H, antagonists or pro-
ton pump inhibitors) is initiated, and mild sedation
and analgesia are provided, usually with fentanyl and
midazolam. Paralyzing agents are avoided. Ampicillin
and either gentamicin or cefotaxime are administered
for antimicrobial prophylaxis. Routine blood, urine,
and tracheal cultures should be obtained.?%47 A daily
chest radiograph is performed. Opacification or “white
out” is often noted during the early ECMO course.
The reasons for this are multifactorial and include
decreased ventilatory pressures (both PIP and PEEP),
reperfusion of the injured lung, and exposure of the
blood to a foreign surface, causing an inflammatory
response with the release of cytokines. A list of typical
diagnostic tests is shown in Table 6-2.

Heparin is administered (30-60 mg/kg/hr) through-
out the ECMO course to preserve a thrombus-free cir-
cuit. ACTs should be monitored hourly and maintained
at 180 to 220 seconds. A complete blood cell count
should be obtained every 6 hours and coagulation pro-
files obtained daily. To prevent a coagulopathy, plate-
lets are transfused to maintain a platelet count greater
than 100,000/mm?3. The use of fibrinogen and other
clotting factors is controversial. The hematocrit should
remain above 40% by using red blood cell transfusions
so that oxygen delivery is maximized.2°

Volume management of patients on ECMO is
extremely important and very difficult. It is impera-
tive that all inputs and outputs be diligently recorded
and electrolytes monitored every 6 hours. All fluid
losses should be repleted and electrolyte abnormali-
ties corrected. All patients should receive maintenance
fluids as well as adequate nutrition by using paren-
teral hyperalimentation. The first 48 to 72 hours of

ECMO typically involve fluid extravasation into the
soft tissues. The patient becomes edematous and often
requires volume replacement (crystalloid, colloid, or
blood products) to maintain adequate intravascular
and bypass flows, appropriate hemodynamics, and
urine output greater than 1 mL/kg/hr. By the third
day of bypass, diuresis of the excess extracellular fluid
begins and can be facilitated with the use of diuretics
and, if necessary, an in-line hemofilter.2047

Operative Procedure on ECMO

Surgical procedures, such as CDH repair, may be per-
formed while the child remains on bypass, but one
must account for the need for continued postopera-
tive anticoagulation. Hemorrhagic complications are a
frequent morbidity associated with this situation, and
these complications increase mortality. To try to avoid
these problems before the procedure, the platelet
count should be greater than 150,000/mm?, the ACT
can be reduced to 180 to 200 seconds, and ECMO flow
is increased to full support. Moreover, it is imperative
that meticulous hemostasis is obtained throughout the
operation. The fibrinolysis inhibitor aminocaproic acid
(100 mg/kg) is administered just prior to incision, fol-
lowed by a continuous infusion (30 mg/kg/hr) until
evidence of bleeding ceases.20-47

Weaning and Decannulation

As the patient improves, less blood flow is required
to pass through the ECMO circuit and the flow may
be weaned at a rate of 10 to 20 mL/hr as long as the
patient maintains good oxygenation and perfusion.
The most important guide to VA ECMO weaning is
the SVO,. For VV ECMO, it is the Sao,. Flows should
be decreased to 30 to 50 mL/kg/min, and the ACT
should be at a higher level (200-220 seconds) to pre-
vent thrombosis. Moderate conventional ventilator
settings are used, but higher settings can be used if
the patient needs to be weaned from ECMO urgently.
If the child tolerates the low flow, all medications and
fluids should be switched to vascular access on the
patient and the cannulas may be clamped, with the
circuit bypassing the patient via the bridge. If the pos-
sibility remains that the child may need to be placed
back on bypass, then the cannulas should be flushed
with heparin (2 U/mL). The patient is then observed
for 2 to 4 hours. If this is tolerated, decannulation can
be accomplished.

Decannulation is performed in a near-identical
manner as cannulation. This should be executed under
sterile conditions with the patient in the Trendelen-
burg position and with the use of a muscle relaxant to
prevent air aspiration into the vein. Ventilator settings
should be increased with the use of the muscle relax-
ant. The venous catheter is typically removed first to
allow for better exposure, and the vessel is ligated.
Repair of the carotid artery is controversial. Short-term
results demonstrate acceptable patency rates and an
equivalent short-term neurodevelopmental outcome
when compared with children undergoing carotid
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artery ligation.’%>! However, long-term follow-up of
ECMO survivors is necessary to determine whether
carotid artery repair is important. The incision should
be irrigated and closed over a small drain, which is
removed 24 hours later.2947

COMPLICATIONS

Mechanical Complications
Membrane Failure

Failure of the membrane oxygenator is demonstrated
by a decrease in oxygenation or retention of CO,.
The cause of such complications include either fibrin
clot formation or water condensation, both of which
diminish the membrane’s ability to transfer oxygen
and CO,. An incidence of oxygenator failure or clot
in the oxygenator is reported in 21.6% of respiratory
ECMO runs in the neonatal and pediatric popula-
tion.! This is potentially a serious complication and
deserves due attention. The membrane should not be
subject to high pressures, which should be continu-
ously monitored. Pressure limits are specific for dif-
ferent manufacturers of membranes and for the size
of the membrane. Signs of clot formation within the
membrane can be detected by direct visualization of
the top or bottom of the membrane, but the extent of
the clot cannot be determined. The progressive con-
sumption of coagulation factors, such as platelets and
fibrinogen, also indicates that the membrane may be
progressively building clot, and the need to change
the oxygenator should be considered. Another sign
of impending membrane failure is the formation of
water vapor exiting the exhaust port of the oxygen-
ator, along with rising CO, levels. The oxygenator
can easily be exchanged without coming off bypass
if the circuit was built with a double-diamond tubing
arrangement with dual connectors both before and
after the membrane. Such an arrangement allows par-
allel placement of a new oxygenator without having
to come off bypass.

Raceway Tubing Rupture

Tubing rupture has become a much less frequent event
with the introduction of Super Tygon (Norton Perfor-
mance Plastics, Inc., Akron, OH) tubing. Extra tubing
between the bladder and the oxygen membrane should
be part of the initial circuit construction so that it can
be used to rotate or “walk the raceway” tubing within
the roller pump. This should be performed every 5 to 7
days and requires coming off pump for a matter of sec-
onds. The tubing should be inspected repeatedly and
all connections secured properly and replaced if defec-
tive. When a raceway rupture does occur, the pump
must be turned off immediately, and the patient must
be ventilated and perfused by conventional methods
(increased ventilator pressures and oxygen, and CPR
performed, if necessary). The raceway tubing should
be replaced and the flow recalibrated.
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Accidental Decannulation

Securing the cannulas properly and taping the tubing
in place to the bed with some motion of the patient’s
head still possible will help prevent accidental decan-
nulation. Unexpected decannulation is a surgical emer-
gency, and immediate pressure should be applied to
the cannula site along with discontinuation of bypass.
Conventional ventilator settings should be increased
simultaneously. The neck incision must be immedi-
ately re-explored to prevent further hemorrhage and
the cannulas replaced if continued bypass is needed.

Patient Complications
Air Embolism

The ECMO circuit has several potential sources for
entry of air. The initial cannulation procedure can be
a source of air embolism. Thus, all visible air bubbles
should be removed by using heparinized saline. Other
entry points throughout the circuit include all of the
connectors, the stopcocks, and the membrane oxy-
genator. Therefore, the circuit must be continually
inspected. Air on the arterial side requires the patient
to be taken off bypass immediately. The air should
be aspirated from a port and the blood recirculated
through the bridge until all air has been removed. Air
on the venous side is not as urgent a problem, and the
air can often be “walked” into the bladder where it can
be aspirated without coming off bypass.

In the event that an air embolism reaches the
patient, he or she should be immediately taken off
ECMO and conventional ventilator settings adjusted
to best meet the child’s needs. The patient should
be placed in the Trendelenburg position to prevent
air from entering the cerebral circulation. Next, an
attempt should be made to aspirate any accessible
air out of the arterial cannula. If air enters the coro-
nary circulation, inotropic support may be necessary.
Before reinstituting ECMO, identifying and repairing
the cause of the embolus is essential. Prevention of air
embolism is vital. When setting up the circuit, all air
must be removed and all connections made tight and
thoroughly inspected before initiating bypass.

Neurologic Complications

For respiratory ECMO in neonates and pediatric
patients, neurologic complications have an overall
incidence of 26.3%.! ICH, infarct, and seizure carry
significant mortality when encountered in ECMO
patients. Frequent neurologic examinations should
be performed and the use of paralytic agents avoided.
The examination should include evaluation of alert-
ness and interaction, spontaneous movements, eye
findings, the presence of seizures, fullness of the fon-
tanelles, tone, and reflexes. Cranial ultrasonography
should be performed on all neonates before initiating
ECMO to identify those patients in whom significant
ICH already exists. A retrospective analysis revealed
that birth weight and gestational age were the most
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significant correlating factors with ICH for neonates on
ECMO.?? Once the patient goes on ECMO, ultrasonog-
raphy is repeated during the first 3 days when indi-
cated by clinical condition. If the examination reveals
a new moderate (grade II) hemorrhage or an expand-
ing ICH, ECMO is usually discontinued and reversal of
anticoagulation is advisable.

In the event that an ICH is suspected or detected
on cranial ultrasonography and deemed to be small in
size, it is reasonable to maintain a low ACT (180-200
seconds) with a platelet count greater than 125,000
to 150,000/mm>. Serial head ultrasound imaging
should be performed to monitor the progression of the
hemorrhage.?°

Cannula Site or Bleeding at Other Sites

The ECMO registry reports an 8.4% incidence of can-
nulation site bleeding and a 13% incidence of other
surgical site bleeding.! Contact of blood with the foreign
surface of the circuit activates the coagulation cascade.
The number of platelets and their function are also
affected. In conjunction with anticoagulation, the risk
of bleeding while undergoing an operation on ECMO
is considerable. To reduce this risk, meticulous hemo-
stasis should be maintained during the procedure and
before closure. If necessary, the surgeon should employ
topical hemostatic agents. Lowering the ACT param-
eters to 180 to 200 seconds and maintaining a platelet
count of at least 125,000/mm? can assist in obtaining
hemostasis. If bleeding from the cannula incision is
greater than 10 mL/hr for 2 hours despite conservative
treatment strategies, it should be explored.2°

Bleeding into the site of previous surgical interven-
tions occurs frequently and must be handled aggres-
sively. Constant monitoring for bleeding by observing
a decreasing hematocrit, an increasing heart rate, a
decline in the blood pressure, or an inadequate venous
return are signs of hemorrhage. Treatment includes
replenishing lost blood products, including coagula-
tion factors, if necessary. ACT parameters should be
decreased to 180 to 200 seconds and platelet count
maintained at least greater than 125,000/mm?. The
use of agents that inhibit fibrinolysis, such as amino-
caproic acid, also can help prevent bleeding. The use
of recombinant activated factor VII (NovoSeven, Novo
Nordisk, Inc., Princeton, NJ) has been described in
the management of bleeding unresponsive to conven-
tional methods. This is an off-label use of this agent,
and thrombosis is a significant morbidity that has been
described.’? Often, one must evacuate the hematoma
and explore for surgical bleeding, if necessary, as is the
case in the postcardiac surgery patient left with an open
chest and central cannulation. If bleeding is not quickly
controlled, decannulation and removing the obligatory
anticoagulation must be strongly considered.

Coagulation Abnormalities

ECMO patients have a coagulopathy secondary to
consumption by the circuit. The treatment for this
coagulopathy is removal of the source, and a circuit

change is a logical approach. Disseminated intra-
vascular coagulation (DIC) occurs in approximately
2.4% of ECMO cases.! DIC is characterized by the
consumption of plasma clotting factors and platelets,
resulting in deposition of fibrin thrombi in the micro-
vasculature. Once the factor levels and platelet count
decrease below certain levels, bleeding will occur.
Sepsis, acidosis, hypoxia, and hypotension are the
most common causes, which is why ECMO patients
are at risk for developing DIC. The most common
cause of coagulopathy is consumption of clotting fac-
tors by the circuit and only seldom is it due to sepsis
or DIC.

Patent Ductus Arteriosus

The dramatic decrease in pulmonary hypertension seen
usually in the first 48 hours of an ECMO run causes
dramatic changes in the neonate’s circulation. A left-
to-right shunt through the patent ductus arteriosus
(PDA) develops and causes less-efficient oxygenation,
pulmonary edema, and poor peripheral perfusion. As
a rule, the PDA closes spontaneously with the use of
fluid restriction and diuresis. The use of indometha-
cin should be avoided because of its effects on platelet
function. Rarely is PDA ligation required or indicated
while on ECMO.

Renal Failure

Oliguria is common in ECMO patients and is often
seen during the first 24 to 48 hours. The capillary
leak that is seen after placing a child on ECMO may
cause decreased renal perfusion, or it may be due
to the nonpulsatile nature of blood flow that occurs
with VA ECMO. Once the patient is considered to be
adequately volume resuscitated, and fluid shifts have
stabilized, the use of furosemide (1 to 2 mg/kg) can be
used to improve urine output. If the creatinine level
continues to rise, then renal ultrasonography is recom-
mended. The use of continuous hemofiltration, which
is easily added in-line to the ECMO circuit, is another
mechanism to assist in managing the fluid shifts,
hyperkalemia, and azotemia. Hemofiltration removes
plasma water and dissolved solutes while retaining
proteins and cellular components of the intravascular
space.20.53

Hypertension

The reported incidence of hypertension on ECMO var-
ies from 28% to as high as 92%.%* According to the
ELSO registry, 13.1% of respiratory ECMO patients
require pharmacologic intervention. One group
reported that detectable ICH occurred in 44% of their
hypertensive patients and clinically significant ICH
developed in 27%.%° The patient should initially be
assessed for reversible causes of hypertension, such
as pain, hypercarbia, and hypoxia. Embolic renal
infarction is another important cause of hypertension.
Medical management includes the use of hydralazine,
nitroglycerin, and captopril.
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Infection

The incidence of nosocomial infections during ECMO
has been reported as high as 30%. Associated risk fac-
tors include the duration of the ECMO run, the length
of hospitalization, and surgical procedures performed
before the initiation of ECMO or during the run.>¢
The ELSO registry data from July 2008 states an 8.5%
culture-proven infection rate in ECMO neonates and
pediatric patients.! This is remarkably low, consider-
ing the large surface area of the circuit, the duration
of bypass, and the frequency of access to the circuit.
Fungal infections carry a significantly higher hospital
mortality rate, and the onset of sepsis carries a higher
morbidity and mortality rate in neonates, as would be
expected.’”>8 Because of the large volume of blood
products often transfused into ECMO patients, the risk
of developing a bloodborne infectious disease is sig-
nificant. One study reported that approximately 8% of
a group of children who were treated with ECMO as
neonates were seropositive for antibodies to hepatitis
C virus.”® With more stringent screening techniques,
this number has probably decreased since its initial
publication.

RESULTS

ECMO is a prime example of the evolution from an
experimental technique to a commonly used thera-
peutic approach. The ELSO registry has accumulated
data since the early 1980s from all registered centers
throughout the world, allowing analysis of this man-
agement. The number of registered centers continues
to rise, as does the number of ECMO cases. In 1992,
over 1500 ECMO cannulations for neonatal respira-
tory disease were performed. In 2007, only 808 cases
were reported. In contrast, the number of cardiac cases
has steadily increased over the past 20 years with
the exception of 2007. The decline in case volume is
likely due to improvements in ventilation manage-
ment strategies and the addition of new agents to our
armamentarium for respiratory failure (inhaled nitric
oxide, smooth muscle relaxants, and high-frequency
oscillation).1-20

Overall survival to discharge for neonates and
pediatric patients is 64.9% for all diagnoses.! Higher
survival rates are seen in neonates with respiratory dis-
eases (76%) versus pediatric patients with respiratory
failure (55%), but the pediatric population (45 %) fairs
better than neonates (38%) with cardiac failure as the
reason for ECMO (Table 6-3).! According to the 2007
ELSO Registry data, newborns with meconium aspira-
tion syndrome who require ECMO have the best sur-
vival rate at 94%, whereas ECMO survival for infants
with CDH is 51% (Table 6-4).!

The pediatric population of ECMO patients rep-
resents a diverse group with regard to patient age as
well as diagnoses. Almost an equal number of respira-
tory cases (3854) and cardiac cases (4181) have been
reported. This is in stark contrast to the neonatal popu-
lation in which there is an almost 7:1 ratio of a primary

EXTRACORPOREAL MEMBRANE OXYGENATION 85

ECMO Cases by Patient Group
(ELSO Registry, 1980-2007)

Survival to
Indication No. Cases Discharge (%)
Neonatal respiratory failure 22,429 76
Neonatal cardiac failure 3,416 38
Pediatric respiratory failure 3,854 55
Pediatric cardiac failure 4,181 45

ELSO, Extracorporeal Life Support Organization.’

respiratory to a primary cardiac diagnosis.! A higher
complication rate exists with the pediatric patients,
reflecting the longer duration of bypass required for
reversal of the respiratory failure.

Feeding and Growth Sequelae

Approximately one third of ECMO-treated infants
have feeding problems.¢%-%2 The possible causes for the
poor feeding are numerous and include interference
from tachypnea, generalized central nervous system
depression, poor hunger drive, soreness in the neck
from the surgical procedure, manipulation or com-
pression of the vagus nerve during the cannulation,
sore throat from prolonged intubation, and poor oral-
motor coordination.®*%* Newborns with CDH have a
higher incidence of feeding difficulties as compared
to those with meconium aspiration syndrome. CDH
children often have foregut dysmotility, which leads
to significant gastroesophageal reflux, delayed gastric
emptying, and obvious feeding difficulties. Respira-
tory compromise and chronic lung disease add to the
problem.63-65

Normal growth is most commonly reported in
ECMO-treated patients, yet these children are more
likely to experience problems with growth than are
normal controls. Head circumference below the fifth
percentile occurs in 10% of ECMO-treated children.®¢
Growth problems are most commonly associated
with ECMO children who had CDH or residual lung
disease.®*

Neonatal Respiratory ECMO Cases
(ELSO Registry, 1980-2007)

Survival to

Indication No. Cases Discharge (%)
Meconium aspiration 7,354 94

syndrome
Respiratory distress 1,461 84

syndrome
PPHN/PFC 3,630 78
Sepsis 2,561 75
Congenital 5,582 51

diaphragmatic hernia

ELSO, Extracorporeal Life Support Organization'; PPHN, persistent
pulmonary hypertension of the newborn; PFC, persistent fetal
circulation.
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Respiratory Sequelae

Respiratory morbidity is more likely to be iatrogenic
than a consequence of congenital lung disease. Never-
theless, approximately 15% of infants require supple-
mental oxygen at 4 weeks of age in some series. At
age 5 years, ECMO children were twice as likely to
have reported cases of pneumonia as compared with
controls (25% vs. 13%). These children with pneumo-
nia are more likely to require hospitalization, and the
pneumonia occurs at a younger age (half of the pneu-
monias were diagnosed before 1 year of life).¢7.°¢ CDH
infants have been found to have severe lung disease
after ECMO and often require supplemental oxygen at
the time of discharge.6463-71

Neurodevelopmental Sequelae

Probably the most serious post-ECMO morbidity
is neuromotor handicap. The total rate of handicap
from 540 patients at 12 institutions is 6%, with a
range from 2% to 18%.%72-84 Nine percent of ECMO
survivors have significant developmental delay, rang-
ing from none to 21%. This is comparable to other
critically ill, non-ECMO-treated neonates.?> A single
center study using multivariate analysis identified
ventilator time as the only independent predictor of

motor problems at age 1 in CDH patients.8¢ Auditory
defects are reported in more than one fourth of ECMO
neonates at discharge.®” The deficits are detected by
brain-stem auditory evoked response (BAER) test-
ing, are considered mild to moderate, and generally
resolve over time. The cause of the auditory defects
also may be iatrogenic, caused by induced alkalosis,
diuretics, or gentamicin ototoxicity. As a result, all
patients should have a hearing screening at the time
of neonatal intensive care unit discharge. Visual defi-
cits are uncommon in ECMO neonates who weigh
more than 2 kg.88

Seizures are widely reported among ECMO neo-
nates, ranging from 20% to 70%.8°°2 However, by
age 5 years, only 2% had a diagnosis of epilepsy. Sei-
zures in the neonatal population are associated with
neurologic disease and poorer outcomes, including
cerebral palsy and epilepsy.”®> Severe nonambulatory
cerebral palsy has an incidence of less than 5% and
is usually accompanied by significant developmental
delay.667277 Milder cases of cerebral palsy are seen in
up to 20% of ECMO survivors. Overall, ECMO-treated
neonates function within the normal range and the
rate of handicap appears to be stable across studies with
an average of 11%, ranging from 2% to 18%.66:7274-84
Again, this morbidity reflects how desperately ill these
children are and is not a direct effect of ECMO.
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mazingly, ventilation via tracheal cannulation was
performed as early as 1543 when Vesalius dem-
onstrated the ability to maintain the beating heart in
animals with open chests.! This technique was first ap-
plied to humans in 1780, but there was little progress
in positive-pressure ventilation until the development
of the Fell-O’'Dwyer apparatus. This device provided
translaryngeal ventilation using bellows and was first
used in 1887 (Fig. 7-1).2> The Drinker-Shaw iron
lung, which allowed piston-pump cyclic ventilation of
a metal cylinder and associated negative-pressure ven-
tilation, became available in 1928 and was followed by
a simplified version built by Emerson in 1931.# Such
machines were the mainstays in the ventilation of vic-
tims of poliomyelitis in the 1930s through the 1950s.
In the 1920s, the technique of tracheal intubation
was refined by Magill and Rowbotham.>¢ In World War
I1, the Bennett valve, which allowed cyclic application
of high pressure, was devised to allow pilots to tolerate
high-altitude bombing missions.” Concomitantly, the
use of translaryngeal intubation and mechanical ven-
tilation became common in the operating room as well
as in the treatment of respiratory insufficiency. How-
ever, application of mechanical ventilation to new-
borns, both in the operating room and in the intensive
care unit, lagged behind that for children and adults.
The use of positive-pressure mechanical ventilation
in the management of respiratory distress syndrome
(RDS) was described in 1962.8 It was the unfortu-
nate death of Patrick Bouvier Kennedy at 32 weeks of
gestation in 1963 that resulted in additional National
Institutes of Health (NIH) funding for research in the
management of newborns with respiratory failure.’
The discovery of surfactant deficiency as the etiology
of RDS in 1959, the ability to provide positive-pressure
ventilation in newborns with respiratory insufficiency
in 1965, and demonstration of the effectiveness of
continuous positive airway pressure in enhancing lung
volume and ventilation in patients with RDS in 1971

set the stage for the development of continuous-flow
ventilators specifically designed for neonates.'-12 The
development of neonatal intensive care units, hyper-
alimentation, and neonatal invasive and noninvasive
monitoring enhanced the care of newborns with respi-
ratory failure and increased survival in preterm new-
borns from 50% in the early 1970s to more than 90%
today.!?

Figure 7-1. The Fell-O’'Dwyer apparatus that was first used to
perform positive-pressure ventilation in newborns. (Reprinted from
Matas R: Intralaryngeal insufflation. JAMA 34:1468-1473, 1900.)
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PHYSIOLOGY OF GAS EXCHANGE
DURING MECHANICAL VENTILATION

The approach to mechanical ventilation is best
understood if the two variables of oxygenation and
carbon dioxide (CO,) elimination are considered
separately.4

Carbon Dioxide Elimination

The primary purpose of ventilation is to eliminate
CO,, which is accomplished by delivering tidal volume
(VT) breaths at a designated rate. The product (VT
rate) determines the minute volume ventilation (VE).
Although CO, elimination is proportional to VE, it is,
in fact, directly related to the volume of gas ventilat-
ing the alveoli because part of the VE resides in the
conducting airways or in nonperfused alveoli. As such,
the portion of the ventilation that does not participate
in CO, exchange is termed the dead space (VD).!> In
a patient with healthy lungs, this dead space is fixed
or “anatomic” and consists of about one third of the
tidal volume (VD/VT = 0.33). In a setting of respira-
tory insufficiency, the proportion of dead space (VD/
VT) may be augmented by the presence of nonper-
fused alveoli and a reduction in VT. Furthermore, dead
space can unwittingly be increased through the pres-
ence of extensions of the trachea such as the endo-
tracheal tube, a pneumotachometer to measure tidal
volume, an end-tidal CO, monitor, or an extension
of the ventilator tubing beyond the “Y.” It is critical,
therefore, that endotracheal tubes are shortened to a
reasonable length and other safeguards are applied to
ensure that the VD is minimized.

Tidal volume is a function of the applied ventila-
tor pressure and the volume/pressure relationship
(compliance), which describes the ability of the lung
and chest wall to distend. At the functional residual
capacity (FRC), the static point of end expiration, the
tendency for the lung to collapse (elastic recoil) is in
balance with the forces that promote chest wall expan-
sion (Fig. 7-2).!> As each breath develops, however,
the elastic recoil of both the lung and chest wall work
in concert to oppose lung inflation. Therefore, pulmo-
nary compliance is a function of both the lung elastic
recoil (lung compliance) and that of the rib cage and
diaphragm (chest wall compliance).

The compliance can be determined in a dynamic
or static mode. Figure 7-3 demonstrates the dynamic
volume/pressure relationship for a normal patient.
Note that application of 25 cm H,O of inflating pressure
(AP) above static FRC at positive end-expiratory pres-
sure (PEEP) of 5 cm H,O generates a VT of 40 mL/kg.
The lung, at an inflating pressure of 30 cm H,0 when
compared with ambient (transpulmonary) pressure, is
considered to be at total lung capacity (TLC) (Table
7-1). Note that the loop observed during both inspira-
tion and expiration is curvilinear. This is due to the
resistance that is present in the airways and describes
the work required to overcome air flow resistance.
As a result, at any given point of active flow, the
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Figure 7-2. Pulmonary function as a function of chest wall and
lung compliance in healthy patients. At functional residual ca-
pacity, the tendency for the chest wall to expand and the lung to
collapse is balanced. (Adapted from West JB: Respiratory Physiology:
The Essentials. Baltimore, Williams & Wilkins, 1985.)

measured pressure in the airways is higher during
inspiration and lower during expiration than at the
same volume under zero-flow conditions. Pulmonary
compliance measurements, as well as alveolar pres-
sure measurements, can be effectively performed only
when no flow is present in the airways (zero flow),
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Figure 7-3. Dynamic pressure/volume relation and effective
pulmonary compliance (Ceff) in the normal lung. The volume at
30 cm H,0 is considered total lung capacity (TLC). Ceff is calcu-
lated by AV/AP. (Adapted from Bhutani VK, Sivieri EM: Physiological
principles for bedside assessment of pulmonary graphics. In Donn SM
[ed]: Neonatal and Pediatric Pulmonary Graphics: Principles and Appli-
cations. Armonk, NY, Futura Publishing, 1998.)
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Definitions and Normal Values for
Respiratory Physiologic Parameters

Variable Definition Normal Value
TLC Total lung capacity 80 ml/kg

FRC Functional residual capacity 40 ml/kg

IC Inspiratory capacity 40 ml/kg

ERV Expiratory reserve volume 30 ml/kg

RV Residual volume 10 ml/kg

VT Tidal volume 5 ml/kg

VE Minute volume ventilation 100 mL/kg/min
VE Alveolar ventilation 60 mls/kg/hr

VD Dead space mL = wt in Ibs
VDT % Dead space 0.33

CSt Static compliance 2 mL/cm H,0/kg
Ceff Effective compliance 1 mL/cm H,0/kg

which occurs at FRC and TLC. The change observed
is a volume of 40 mL/kg and pressure of 25 cm H,0
pressure or 1.6 mL/kg/cm H,O. This is termed effec-
tive compliance because it is calculated only between
the two arbitrary points of end inspiration and end
expiration.

As can be seen from Figure 7-4, the volume/pres-
sure relationship is not linear over the range of most
inflating pressures when a static compliance curve is
developed. Such static compliance assessments are
most commonly performed via a large syringe in
which aliquots of 1 to 2 mL/kg of oxygen, up to a total
of 15 to 20 mL/kg, are instilled sequentially with 3- to
5-second pauses. At the end of each pause, zero-flow
pressures are measured. By plotting the data, a static
compliance curve can be generated. This curve dem-
onstrates how the calculated compliance can change
depending on the arbitrary points used for assessment
of the effective compliance (Ceff).!°
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Figure 7-4. Static lung compliance curve in a normal lung. Ef-
fective compliance would be altered depending on whether FRC
were to be at a level resulting in lung atelectasis (A) or overdis-
tention (C). Optimal lung mechanics are observed when FRC is set
on the steepest portion of the curve (B). (Adapted from West JB:
Respiratory Physiology. Baltimore, Williams & Wilkins, 1985.)
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Alternatively, the pulmonary pressure/volume
relationship can be assessed by administration of a
slow constant flow of gas into the lungs with simulta-
neous determination of airway pressure.!”18 A curve
may be fit to the data points to determine the optimal
compliance and FRC.!” The compliance will change
as the FRC or end-expiratory lung volume (EELV)
increases or decreases. For instance, as can be seen in
Figure 7-4, at low FRC (point A), atelectasis is pres-
ent. A given AP will not optimally inflate alveoli.
Likewise, at a high FRC (point C), because of air trap-
ping or application of high PEEP, the lung is already
distended. Application of the same AP will result only
in overdistention and potential lung injury with little
benefit in terms of added VT. Thus, optimal compli-
ance is provided when the pressure/volume range is
on the linear portion of the static compliance curve
(point B). Clinically, the compliance at a variety of
FRC or PEEP values can be monitored to establish
optimal FRC.20

Finally, it is important to recognize that a portion of
the VT generated by the ventilator is actually compres-
sion of gas within both the ventilator tubing and the
airways (Fig. 7-5). The ratio of gas compressed in the
ventilator tubing to that entering the lungs is a func-
tion of the compliance of the ventilator tubing and the
lung. The compliance of the ventilator tubing is 0.3 to
4.5 mL/cm H,0.?! A change in pressure of 15 cm H,O
in a 3-kg newborn with respiratory insufficiency and
a pulmonary compliance of 0.4 mL/cm H,0/kg would
result in a lung VTt of 18 mL and an impressive venti-
lator tubing/gas compression volume of 15 mL if the
tubing compliance were 1.0 mL/cm H,0. The relative
ventilator tubing/gas compression volume would not
be as striking in an adult. The ventilator tubing com-
pliance is characterized for all current ventilators and
should be factored when considering VT data. The soft-
ware in many ventilators corrects for ventilator tubing
compliance when displaying VT values.

INSP flow
100

B
50 —,

T ( I I I i
-0.25 Y 0.25 0.50 0.75:
-50 —\(:

L}
-100 \
J

-150

Volume from tubing
compressibility

T T ~ Volume
.00 1.25 1.50

-200 & EXP flow

Figure 7-5. Flow/volume loops demonstrating the effect of
ventilator tubing/gas compression volume in the ventilator tub-
ing of a patient with respiratory insufficiency. The high flow
during expiration results from gas decompressing from the ven-
tilator tubing. (Adapted from Pilbeam SP: Mechanical Ventilation:
Physiological and Clinical Applications. St. Louis, CV Mosby, 1998.)
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Typical ventilator rate requirements in patients with
healthy lungs range from 10 breaths/min in an adult
to 30 breaths/min in a newborn. The VT is maintained
at 5 to 10 mL/kg, resulting in a VE of about 100 mL/
kg/min in adults and 150 mL/kg/min in newborns.
In healthy lungs, these settings should provide suffi-
cient ventilation to maintain normal Paco, levels of
approximately 40 mm Hg and should generate peak
inspiratory pressures of between 15 and 20 ¢cm H,O0
above an applied PEEP of 5 cm H,0. Clinical assess-
ment by observing chest wall movement, auscultation,
and evaluation of gas exchange determines the appro-
priate VT in a given patient.

Oxygenation

In contrast to CO, determination, oxygenation is
determined by the fraction of inspired oxygen (F10,)
and the degree of lung distention or alveolar recruit-
ment, determined by the level of PEEP and the mean
airway pressure (Paw) during each ventilator cycle.
If CO, was not a competing gas at the alveolar level,
oxygen within pulmonary capillary blood would sim-
ply be replaced by that provided at the airway, as long
as alveolar distention was maintained. Such apneic
oxygenation has been used in conjunction with extra-
corporeal carbon dioxide removal (ECCO,R) or arte-
riovenous CO, removal (AVCO,R), in which oxygen
is delivered at the carina, whereas lung distention is
maintained through application of PEEP.>>23 Under
normal circumstances, however, alveolar ventilation
serves to remove carbon dioxide from the alveolus and
to replenish the Po,, thereby maintaining the alveolar/
pulmonary capillary blood oxygen gradient.

Rather than depending on the degree of alveolar
ventilation, oxygenation predominantly is a func-
tion of the appropriate matching of pulmonary blood
flow to inflated alveoli (ventilation/perfusion match-
ing [V/Q])."> In normal lungs, the PEEP should be
maintained at 5 cm H,O, a pressure that allows main-
tenance of alveolar inflation at end expiration, balanc-
ing the lung/chest wall recoil. An Fio, of 0.50 should
be administered initially. However, one should be able
to wean the FIO, rapidly in a patient with healthy
lungs and normal V/Q matching. Areas of ventilation
but no perfusion (highV/Q), such as in the setting of
pulmonary embolus, do not contribute to oxygen-
ation. Therefore, hypoxemia supervenes in this situ-
ation once the average residence time of blood in the
remaining perfused pulmonary capillaries exceeds that
necessary for complete oxygenation. Normal residence
time is threefold that required for full oxygenation of
pulmonary capillary blood.

The common pathophysiology observed in the set-
ting of respiratory insufficiency, however, is that of
minimal or no ventilation, with persistent perfusion
(low V/Q), resulting in right-to-left shunting and
hypoxemia. Patients with the acute respiratory dis-
tress syndrome (ARDS) have collapse of the posterior,
or dependent, regions of the lungs when supine.?42°
Because the majority of blood flow is distributed to

these dependent regions, one can easily imagine the
limited oxygen transfer and large shunt secondary
to V/Q mismatch and the resulting hypoxemia that
occurs in patients with ARDS. Attempts to inflate the
alveoli in these regions, such as with the application
of increased PEEP, can reduce V/Q mismatch and
enhance oxygenation.

Just as partial pressure of carbon dioxide in the
artery (Paco,) is used to evaluate ventilation, partial
pressure of oxygen in arterial blood (Pao,) and arte-
rial oxygen saturation (Sao,) levels are the measures
most frequently used to evaluate oxygenation. Lung
oxygenation capabilities are also frequently assessed
as a function of the difference between the ideal alve-
olar and the measured systemic arterial oxygen levels
(A-a gradient), the ratio of the Pao, to the Fio, (P/F
ratio), the physiologic shunt (Qps/Qt), and the
oxygen index (OI).

A -a gradient = (F10, - [PB—PH,0] - Paco0,/RQ) - Pao,

where F10, is the fraction of inspired oxygen, PB is the
barometric pressure, PH,0 is the partial pressure of
water, and RQ is the respiratory quotient or the ratio of
CO, production (VCO0,) to oxygen consumption (VO,).

Qps/Qt = (C10, — Cao,)/(C10, — Cvo,)

where Cvo0,/Ca0,/C10, are the oxygen contents of
venous, arterial, and expected pulmonary capillary
blood, respectively.

OI = (Paw - F10, - 100)/Pao,

where Paw represents the mean airway pressure.!®
The overall therapeutic goal of optimizing param-
eters of oxygenation is to maintain oxygen delivery
(D0,) to the tissues. Three variables ascertain Do,: car-
diac output (Q), hemoglobin concentration (Hgb), and
arterial blood oxygen saturation (Sa0,). The product of
these three variables determines Do, by the relation:

DOZ = Q‘CaOZ
where Cao, = (1.36-Hgb-[Sa0,/100])
+ (0.0031- Pao,)

Note that the contribution of the Pao, to D0, is mini-
mal and, therefore, may be disregarded in most circum-
stances. If the hemoglobin concentration of the blood is
normal (15 g/dL) and the hemoglobin is fully saturated
with oxygen, the amount of oxygen bound to hemoglo-
bin is 20.4 mL/dL (Fig. 7-6). In addition, approximately
0.3 mL of oxygen is physically dissolved in each deciliter
of plasma, which makes the oxygen content of normal
arterial blood equal to approximately 20.7 mL O,/dL.
Similar calculations reveal that the normal venous blood
oxygen content is approximately 15 mL/O,/dL.

Typically Do, is four to five times greater than the
associated oxygen consumption (V0,). As DO, increases
or Vo, decreases, more oxygen remains in the venous
blood. The result is an increase in the oxygen hemoglo-
bin saturation in the mixed venous pulmonary artery
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Do, = Cao, x
cardiac output

Cao, =1.36 x
Hgb x Sao, +
0.003 x Pao,

SVo, = 75%

Sao, = 100%

D02 =
O, venous return = 20 mL Oy/kg/min
15 mL Oy/kg/min .
Do,/Vo, ratio = 2:1

Metabolism

|

Vo, =5 mL O,/kg/min

Figure 7-6. Oxygen consumption (Vo,) and delivery (Do) rela-
tions. (Adapted with permission from Hirschl RB: Oxygen delivery in
the pediatric surgical patients. Opin Pediatr 6:341-347, 1994.)

blood (SV0,). In contrast, if the Do, decreases or VO,
increases, relatively more oxygen is extracted from the
blood, and therefore less oxygen remains in the venous
blood. A decrease in SV 0, is the result. In general, the
SV o, serves as an excellent monitor of oxygen kinetics
because it specifically assesses the adequacy of Do, in
relation to Vo, (D0,/Vo, ratio; Fig. 7-7).2¢ Many pul-
monary arterial catheters contain fiberoptic bundles
that provide continuous mixed venous oximetry data.
Such monitoring provides a means for assessing the
adequacy of Do,, rapid assessment of the response to
interventions such as mechanical ventilation, and cost
savings due to a diminished need for sequential blood
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Figure 7-7. The relation of the mixed venous oxygen satura-
tion (SVo,) and the ratio of oxygen delivery to oxygen consump-
tion (Do,/Vo,) in normal eumetabolic, hypermetabolic septic, and
hypermetabolic exercising canines. (Reprinted from Hirschl RB: Car-
diopulmonary Critical Care and Shock: Surgery of Infants and Children:
Scientific Principles and Practice. Philadelphia, Lippincott-Raven, 1997.)
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gas monitoring.?®27 If a pulmonary artery catheter
is unavailable, the central venous oxygen saturation
(ScVo,) may serve as a surrogate of the SV 0,.28

Four factors are manipulated in an attempt to
improve the D0,/V0, ratio: cardiac output, hemoglo-
bin concentration, Sao,, and VO,. The result of various
interventions designed to increase cardiac output, such
as volume administration, infusion of inotropic agents,
administration of afterload-reducing drugs, and cor-
rection of acid/base abnormalities, may be assessed by
the effect on the SVo, (Fig. 7-8). One of the most effi-
cient ways to enhance Do, is to increase the oxygen-
carrying capacity of the blood. For instance, an increase
in hemoglobin from 7.5 to 15 g/dL will be associated
with a twofold increase in Do, at constant cardiac out-
put. However, blood viscosity is increased with blood
transfusion, which may result in a reduction in cardiac
output.?’ The Sao, can often be enhanced through
application of supplemental oxygen and mechanical
ventilation.

Assessment of the “best PEEP” identifies the level
at which Do, and SV 0, are optimal without compro-
mising compliance.??3! Evaluation of the best PEEP
should be performed in any patient requiring an FI0,
greater than 0.60 and may be determined by continu-
ous monitoring of the SV 0, as the PEEP is sequentially
increased from 5 to 15 cm H,O over a short period.
The point at which the SV0, is maximal indicates opti-
mal Do,. The use of PEEP with mechanical ventilation
is limited, however, by the adverse effects observed on
cardiac output, the incidence of barotrauma, and the
risk for ventilator-induced lung injury with applica-
tion of peak inspiratory pressures greater than 30 to
40 c¢m H,0.3233 Furthermore, oxygen consumption
may be elevated secondary to sepsis, burns, agita-
tion, seizures, hyperthermia, hyperthyroidism, and
increased catecholamine production or infusion. A
number of interventions may be applied to reduce
Vo,, such as sedation and mechanical ventilation.
Paralysis may enhance the effectiveness of mechanical
ventilation while simultaneously reducing vVo,.?43°> In
the appropriate setting, hypothermia may be induced
with an associated reduction of 7% in Vo, with each
1°C decrease in core temperature.3°
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Figure 7-8. Alterationsin SVo, are shown as sodium nitroprus-
side is administered to reduce left ventricular afterload in the
setting of cardiac insufficiency. (Reprinted from Hirschl RB: Cardio-
pulmonary Critical Care and Shock: Surgery of Infants and Children: Sci-
entific Principles and Practice. Philadelphia, Lippincott-Raven, 1997.)
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MECHANICAL VENTILATION

As discussed earlier, failure of gas exchange (CO,
elimination or oxygenation) can be indications for
mechanical ventilation. The ventilator can also be used
to reduce the work of breathing and decrease oxygen
consumption. Finally, mechanical ventilation is used
in patients who are unable to breathe independently
for neurologic reasons (primary hypoventilation, trau-
matic brain injury, inability to protect airway).

The Mechanical Ventilator
and Its Components

The ventilator must overcome the pressure generated
by the elastic recoil of the lung at end inspiration plus
the resistance to flow at the airway. To do so, most
ventilators in the intensive care unit are pneumatically
powered by gas pressurized at 50 pounds per square
inch. Microprocessor controls allow accurate manage-
ment of proportional solenoid-driven valves, which
carefully control infusion of a blend of air or oxy-
gen into the ventilator circuit while simultaneously
opening and closing an expiratory valve.?” Additional
components of a ventilator include a bacterial filter,
a pneumotachometer, a humidifier, a heater/thermo-
stat, an oxygen analyzer, and a pressure manometer. A
chamber for nebulizing drugs is usually incorporated
into the inspiratory circuit. The VT is not usually mea-
sured directly. Rather, flow is assessed as a function of
time, thereby allowing calculation of VT. The modes
of ventilation are characterized by three variables that
affect patient and ventilator synchrony or interaction:
the parameter used to initiate or “trigger” a breath, the
parameter used to “limit” the size of the breath, and
the parameter used to terminate inspiration or “cycle”
the breath (Fig. 7-9).38

Gas flow in most ventilators is triggered either by
time (controlled breath) or by patient effort (assisted
breath). Controlled ventilation modes are time trig-
gered: the inspiratory phase is concluded once a
desired volume, pressure, or flow is attained, but the
expiratory time will form the difference between the
inspiratory time and the preset respiratory cycle time.
In the assist mode, the ventilator is pressure or flow
triggered. With the former, a pressure generated by
the patient of approximately —1 ¢cm H,O will trigger
the initiation of a breath. The sensitivity of the trig-
gering device can be adjusted so that patient work is
minimized. Other ventilators detect the reduction in
constant ventilator tubing gas flow that is associated
with patient initiation of a breath. Detection of this
decrease in flow results in initiation of a positive-pres-
sure breath.

The magnitude of the breath is controlled or limited
by one of three variables: pressure, volume, or flow.
When a breath is volume, pressure, or flow “con-
trolled,” it indicates that inspiration concludes once
the limiting variable is reached. Pressure-controlled
or pressure-limited modes are the most popular for all
age groups, although volume-control ventilation may
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Figure 7-9. Variables that characterize the mode of mechani-
cal ventilation.

be of advantage in preterm newborns.??4° In the pres-
sure modes, the respiratory rate, the inspiratory gas
flow, the PEEP level, the inspiratory/expiratory (I/E)
ratio, and the Paw are determined. The ventilator
infuses gas until the desired peak inspiratory pressure
(PIP) is provided. Zero-flow conditions are realized at
end-inspiration during pressure-limited ventilation.
Therefore, in this mode, PIP is frequently equivalent to
end-inspiratory pressure (EIP) or plateau pressure. In
many ventilators, the gas flow rate is fixed, although
some ventilators allow manipulation of the flow rate
and therefore the rate of positive-pressure develop-
ment. Those with rapid flow rates will provide rapid
ascent of pressure to the preset maximum, where it will
remain for the duration of the inspiratory phase. This
“square wave” pressure pattern results in decelerating
flow during inspiration (Fig. 7-10). Airway pressure is
“front loaded,” which increases Paw, alveolar volume,
and oxygenation without increasing PIP.4! However,
one of the biggest advantages of pressure-controlled
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Figure 7-10. Pressure and flow waveforms during pressure-
limited, time-cycled ventilation. Decelerating flow is applied,
which “front loads” the pressure during inspiration. Auto-positive
end-expiratory pressure is present when the expiratory time is
inadequate for complete expiration. (Reprinted from Marini JJ: New
options for the ventilatory management of acute lung injury. New Ho-
rizons 1:489-503, 1993.)
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or pressure-limited ventilation is the ability to avoid
lung overdistention and barotrauma/volutrauma (dis-
cussed later). The disadvantage of pressure-controlled
or pressure-limited ventilation is that delivered vol-
ume varies with airway resistance and pulmonary
compliance and may be reduced when short inspira-
tory times are applied (Fig. 7-11).*? For this reason,
both VT and VE must be monitored carefully.

Volume-controlled or volume-limited ventilation
requires delineation of the VT, respiratory rate, and
inspiratory gas flow. Gas will be inspired until the pre-
set VT is attained. The volume will remain constant
despite changes in pulmonary mechanics, although the
resulting EIP and PIP may be altered. Flow-controlled
or flow-limited ventilation is similar in many respects
to volume-controlled or volume-limited ventilation.
A flow pattern is predetermined, which effectively
results in a fixed volume as the limiting component
of inspiration.

The ventilator breath is concluded based on one of
four variables: volume, time, pressure, or flow. With
volume-cycled ventilation, inspiration is terminated
when a prescribed volume is obtained. Likewise, with
time-, pressure-, or flow-cycled ventilation, expiration
begins after a certain period has passed, the airway
pressure reaches a certain value, or when the flow has
decreased to a predetermined level, respectively.
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Figure 7-11. Effect of rate on tidal volume (VD/VT) and minute
ventilation (VE) during pressure-limited ventilation. Note that
VE remains unchanged above 20 breaths/min. Simultaneously,
VD/VT and Paco, increase, despite an increase in respiratory rate.
(Reprinted from Nahum A, Burke WC, Ravenscraft SA: Lung mechanics
and gas exchange during pressure-control ventilation in dogs: Aug-
mentation of CO, elimination by an intratracheal catheter. Am Rev
Respir Dis 146:965-973, 1992.)
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A factor that limits inspiration suggests that the cho-
sen value limits the level of the variable during inspi-
ration, but the inspiratory phase does not necessarily
conclude once this value is attained. For instance, dur-
ing “pressure-limited” ventilation, gas flow continues
until a given pressure limit is attained. However, the
inspiratory phase may continue beyond that point. The
limitation only controls the magnitude of the breath
but does not always determine the length of the inspi-
ratory phase. In contrast, during pressure-controlled
ventilation, both gas flow and the inspiratory phase
terminate once the preset pressure is reached because
pressure is used to limit the magnitude of the breath
and the gas flow.

Modes of Ventilation (Table 7-2)
Controlled Mechanical Ventilation

Controlled mechanical ventilation (CMV) is time trig-
gered, flow limited, and volume or pressure cycled.
Spontaneous breaths may be taken between the man-
datory breaths. However, no additional gas is provided
during spontaneous breaths. Therefore, the work of
breathing is markedly increased in the spontaneously
breathing patient. This mode of ventilation is no lon-
ger used.

Intermittent Mandatory Ventilation

Intermittent mandatory ventilation (IMV) is time trig-
gered, volume or pressure limited, and either time,
volume, or pressure cycled. A rate is set, as is a volume
or pressure parameter. Additional inspired gas is pro-
vided by the ventilator to support spontaneous breath-
ing when additional breaths are desired. The difference
between CMV and IMV is that, in the latter, inspired
gases are provided to the patient during spontaneous
breaths.#* IMV is useful in patients who do not have
respiratory drive, for example, in those who are neu-
rologically impaired or pharmacologically paralyzed.
Work of breathing is still elevated in this mode in the
awake and spontaneously breathing patient.

Synchronized Intermittent Mandatory
Ventilation

In the SIMV mode, the ventilator synchronizes IMV
breaths with the patient’s spontaneous breaths (Fig.
7-12). Small, patient-initiated negative deflections in
airway pressure (pressure triggered) or decreases in
the constant ventilator gas flow (bias flow) passing
through the exhalation valve (flow triggered) pro-
vide a signal to the ventilator that a patient breath has
been initiated. Ventilated breaths are timed with the
patient’s spontaneous respiration, but the number of
supported breaths each minute is predetermined and
remains constant. Additional constant inspired gas
flow is provided for use during any other spontane-
ous breaths. Advances in neonatal ventilators have
provided the means for detecting small alterations in
bias flow. As such, flow-triggered SIMV can be applied
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Modes of Ventilation

Comment

No longer used

For no respiratory drive (neurologically impaired or
paralyzed)

Work of breathing elevated in spontaneously
breathing patient

Supports limited number of breaths

Supports all patient breaths
Similar to IMV but patient controls breaths

Mode Trigger Limit Cycle
cMV Time Flow Pressure/Volume
IMV Time Volume/Pressure Time
Volume/Pressure
SIMV* Pressure/Flow Volume/Pressure Time
Volume/Pressure
ACV* Pressure/Flow Volume/Pressure Time
Volume/Pressure
PSV* Pressure/Flow Pressure Flow
Time
A Pressure/Flow Volume Flow
Time
VAPSV Pressure/Flow Pressure Flow
Time
PAV* Patient Pressure Patient

*Patient-controlled rate.

to newborns, which appears to enhance ventilatory
patterns and allows ventilation with reduced airway
pressures and F10,.444> SIMV may be associated with
a reduction in the duration of ventilation and the inci-
dence of air leak in newborns in general, as well as in
those premature infants with bronchopulmonary dys-
plasia and intraventricular hemorrhage.4647

Assist-Control Ventilation

In the spontaneously breathing patient, brain stem
reflexes dependent on cerebrospinal fluid levels of CO,
and pH can be harnessed to determine the appropriate
breathing rate.!> As in SIMV, with ACV the assisted
breaths can be either pressure triggered or flow trig-
gered. The triggering-mechanism sensitivity can be set
in most ventilators. In contrast to SIMV, the ventila-
tor supports all patient-initiated breaths. This mode
is similar to IMV but allows the patient inherently to
control the ventilation needs and minimizes patient
work of breathing in adults and neonates.*®4° Occa-
sionally, patients may hyperventilate, such as when
they are agitated or have neurologic injury. Heavy
sedation may be required if agitation is present. A
minimal ventilator rate below the patient’s assist rate
should be established in case of apnea.

Pressure Support Ventilation

Pressure support ventilation (PSV) is a pressure- or
flow-triggered, pressure-limited, and flow-cycled mode
of ventilation. It is similar in concept to ACV, in that
mechanical support is provided for each spontaneous
breath and the patient determines the ventilator rate.
During each breath, inspiratory flow is applied until
a predetermined pressure is attained.’® As the end of

Sedation for hyperventilation and backup rate for
apnea

Supports all patient breaths

Usually partially supported to allow for weaning

Time cycled when termination-sensitivity for flow is off

Similar to PSV but volume used for partial support

Maintains a desired tidal volume using both VSV and
PSV

Dynamically maintains tidal volume
Size of the breath is determined by patient effort

inspiration approaches, flow decreases to a level below
a specified value (2 to 6 L/min) or a percentage of peak
inspiratory flow (at 25%). At this point, inspiration
terminates. Although it may apply full support, PSV
is frequently used to support the patient partially by
assigning a pressure limit for each breath that is less
than that required for full support.’® For example,
in the spontaneously breathing patient, PSV can be
sequentially decreased from full support to a PSV 5 to
10 cm H,0 above PEEP, allowing weaning while pro-
viding partial support with each breath.>>>3 Thus, VT
during PSV may be dependent on patient effort. PSV
provides two advantages during ventilation of spon-
taneously breathing patients: (1) it provides excellent
support and decreases the work of breathing associ-
ated with ventilation, and (2) it lowers PIP and Paw
while higher VT and cardiac output levels may be
observed.>0:5455

Pressure-triggered SIMV and PSV may be applied
to newborns. Inspiration is terminated when the peak
airway flow decreases to a set percentage between
5% and 25%. This flow cutoff for inspiration, known
as the termination sensitivity, may be adjusted. The
higher the termination sensitivity value, the shorter is
the inspiratory time. The termination sensitivity func-
tion also may be disabled, at which point ventilation is
time cycled instead of flow cycled. Studies have dem-
onstrated a reduction in work of breathing and seda-
tion requirements when SIMV with pressure support
is applied to newborns.

Volume Support Ventilation

Volume support ventilation (VSV) is similar to PSV
except that a volume, rather than a pressure, is
assigned to provide partial support. Automation with
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Figure 7-12. Pressure, volume, and flow waveforms observed
during intermittent mandatory ventilation (IMV) and synchro-
nized IMV (SIMV). In this case, an end-inspiratory pause has
been added. Note the difference between peak (PIP) and end-
inspiratory (EIP) or plateau pressure. Arrows, triggering variables;
open circles, cycling variables. (Adapted from Bartlett RH: Use of the
Mechanical Ventilator: Surgery. New York, Scientific American, 1988.)

VSV is enhanced because less need occurs for manual
changes to maintain stable tidal and minute volume
during weaning.’® Both VSV and PSV are equally
effective at weaning infants and children from the
ventilator.>”

Volume-Assured Pressure Support
Ventilation

Volume-assured pressure support ventilation (VAPSV)
attempts to combine volume- and pressure-controlled
ventilation to ensure a desired VT within the con-
straints of the pressure limit. It has the advantage of
maintaining inflation to a point below an injurious
PIP level while maintaining VT constant in the face of
changing pulmonary mechanics. Work of breathing
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may be markedly decreased while Ceff is increased
during VAPSV.>8

Proportional Assist Ventilation

Proportional assist ventilation (PAV) is an intriguing
approach to the support of the spontaneously breath-
ing patient. It relies on the concept that the combined
pressure generated by the ventilator (Paw) and respi-
ratory muscles (Pmus) is equivalent to that required
to overcome the resistance to flow of the endotracheal
tube/airways (Pres) and the tendency for the inflated
lungs to collapse.>®

With PAV, airway pressure generation by the ven-
tilator is proportional at any instant to the respiratory
effort (Pmus) generated by the patient. Small efforts,
therefore, result in small breaths, whereas greater
patient effort results in development of a greater VT.
Inspiration is patient triggered and terminates with
discontinuation of patient effort. Rate, VT, and inspi-
ratory time are entirely patient controlled. The pre-
dominant variable to be set on the ventilator is the
proportional response between Pmus and the applied
ventilator pressure. This proportional assist (Paw/
Pmus) can be increased until nearly all patient effort
is provided by the ventilator.®° Patient work of breath-
ing, dyspnea, and PIP are reduced.®!-¢2 Elastance and
resistance are set, as is applied PEEP. VT is variable, and
risk of atelectasis may be present. PAV produces similar
gas exchange with lower airway pressures when com-
pared with conventional ventilation in infants.®> Com-
pared with preterm newborns being ventilated with
the assist-control mode and with IMV, preterm new-
borns managed with PAV maintained gas exchange
with lower airway pressures and a decrease in the oxy-
genation index by 28%.°4 Chest wall dynamics also
are enhanced.®® PAV represents an exciting first step in
servoregulating ventilators to patient requirements.

Continuous Positive Airway Pressure

During continuous positive airway pressure (CPAP),
pressures greater than those of ambient pressure are
continuously applied to the airways to enhance alveo-
lar distention and oxygenation.®® Both airway resis-
tance and work of breathing may be substantially
reduced. However, because no support of ventilation
is provided, this mode requires that the patient pro-
vide all of the work of breathing. This mode should
be avoided in patients with hypovolemia, untreated
pneumothorax, lung hyperinflation, or elevated intra-
cranial pressure and in infants with nasal obstruction,
cleft palate, tracheoesophageal fistula, or untreated
congenital diaphragmatic hernia. CPAP is frequently
applied via nasal prongs, although it can be delivered
in adult patients with a nasal mask.

Inverse Ratio Ventilation

In the setting of respiratory failure, it would be help-
ful to enhance alveolar distention to reduce hypox-
emia and shunt. One means to accomplish this is to
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maintain the inspiratory plateau pressure for a longer
proportion of the breath.®” The inspiratory time may
be prolonged to the point at which the I/E ratio may be
as high as 4:1.%8 In most circumstances, however, the
I/E ratio is maintained at approximately 2:1. Inverse
ratio ventilation (IRV) is usually performed during
pressure-controlled ventilation (PC-IRV), although
prolonged inspiratory times can be applied during
volume-controlled ventilation by adding a decelerat-
ing flow pattern or an end-inspiratory pause to the
volume-controlled ventilator breath.®® One advantage
of IRV is the ability to recruit alveoli that are associated
with high-resistance airways that inflate only with
prolonged application of positive pressure.”® Unfor-
tunately, IRV is associated with a profound sense of
dyspnea in patients who are awake and spontaneously
breathing. Therefore, heavy sedation and pharmaco-
logic paralysis is required during this ventilator mode.
Because ET is reduced, the risk for incomplete expi-
ration, identified by the failure to achieve zero-flow
conditions at end expiration, is increased. This results
in “auto-PEEP” or a total PEEP greater than that of the
preset or applied PEEP. Care should be taken to recog-
nize the presence of auto-PEEP and to incorporate it
into the ventilation strategy to avoid barotrauma.”! IRV
also may negatively affect cardiac output and, there-
fore, decrease D0,.7> Some studies using IRV revealed
an increase in Paw and oxygenation while protecting
the lungs by reducing PIP.7>-7¢ Likewise, others sug-
gest that early implementation of IRV in severe ARDS
enhances oxygenation and allows reduction in Fio,,
PEEP, and PIP.”7 On the contrary, a number of studies
have failed to demonstrate enhanced gas exchange with
this mode of ventilation. Some series have suggested
that IRV is less effective at enhancing gas exchange
than is application of PEEP to maintain the same mean
airway pressure.’® Overall, it appears that oxygenation
is determined primarily by the mean airway pressure
rather than specifically by the application of IRV. As
such, the usefulness of IRV remains in question.”® Con-
tinuous monitoring of the SV0, may aid in determining
whether the addition of IRV has enhanced Do,.

Airway Pressure Release Ventilation

Airway pressure release ventilation (APRV) is a unique
approach to ventilation in which CPAP at high levels is
used to enhance mean alveolar volume while intermit-
tent reductions in pressure to a “release” level provide
a period of expiration (Fig. 7-13). Re-establishment of
CPAP results in inspiration and return of lung volume
back to the baseline level. The advantage of APRV is a
reduction in PIP of approximately 50% in adult patients
with ARDS when compared with other more conven-
tional modes of mechanical ventilation.8%8! Spontane-
ous ventilation also is allowed throughout the cycle,
which may enhance cardiac function and renal blood
flow.82:83 Some data suggest that V/Q matching may be
improved and dead space reduced.?4%> In performing
APRY, tidal volume is altered by adjusting the release
pressure. Conceptually, ventilator management during
APRV is the inverse of other modes of positive-pressure
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Figure 7-13. Typical pressure and volume waveforms observed
during airway pressure release ventilation (APRV).

ventilation in that the PIP, or CPAP, determines oxy-
genation, while the expiratory pressure (release pres-
sure) is used to adjust VT and CO, elimination. APRYV is
very similar to modes of ventilation, such as IRV, that
use prolonged I/E ratios. However, APRV appears to be
better tolerated when compared with IRV in patients
with acute lung injury/ARDS, as demonstrated by a
reduced need for paralysis and sedation, increased car-
diac performance, decreased pressor use, and decreased
PIP requirements.3¢ The clinical experience with APRV
is limited in the pediatric population.7-88

Bilevel Control of Positive Airway
Pressure (BiPAP)

Although sometimes used in the setting of acute lung
injury, BiPAP is frequently used for home respiratory
support by varying airway pressure between one of
two settings: the inspiratory positive airway pres-
sure (IPAP) and the expiratory positive airway pres-
sure (EPAP).89°0 With patient effort, a change in
flow is detected, and the IPAP pressure level is devel-
oped. With reduced flow at end expiration, EPAP is
re-established. This device, therefore, provides both
ventilatory support and airway distention during the
expiratory phase. However, BiPAP ventilators should
be used only to support the patient who is spontane-
ously breathing.

Monitoring during Mechanical
Ventilation

Current mechanical ventilators incorporate highly
accurate solid-state pressure transducers that provide
data on a variety of pressures and gas flows. Volume
is not measured directly. Instead, flow is integrated
over time in the determination of volume. Ventilators
can also calculate and display a variety of pressure/
volume, flow/volume, or volume/pressure waveforms
as well as demonstrate volume, flow, and pressure
over time. Low-pressure alarms are present to detect
disconnection and leaks and are set at approximately
10 cm H,O below the anticipated PIP. High-pressure
alarms are set approximately 10 cm H,O above PIP to
avoid incidental application of excessive pressure to
the lungs. Apnea alarms typically are triggered if VT
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is not delivered for more than 10 seconds. Alarms for
numerous other parameters such as PEEP, low VT, low
and high rate, and low and high F10, may be adjusted
on various ventilators. Most ventilators also have an
indicator that notifies the operator if the ventilator set-
tings result in an I/E ratio that is greater than 1:1.

In the setting of respiratory insufficiency, mechani-
cal ventilation should be used in conjunction with
invasive monitoring such as systemic arterial, central
venous, and pulmonary arterial catheters, as well as
pulse oximetry and end-tidal CO, monitoring. Technol-
ogy that allows frequent blood gas sampling without
blood loss is now available for newborns and infants.
It is likely that ventilators in the future will incorpo-
rate SVO, or ScVo,, Sa0,, and oxygen consumption
data in determining online cardiac output and Do,
values to help guide management.”! As online blood
gas monitoring becomes more accurate, FI10,, rate, PIP,
and PEEP will be servoregulated on the basis of Sao,,
SVo0,, and Paco, values.

Management of the Mechanical
Ventilator

IMV and SIMV may suffice for patients with normal
lungs, such as when needed after an operation.”? If a
patient is spontaneously breathing and is to be ven-
tilated for more than a brief period, a flow- or pres-
sure-triggered assist mode, pressure support, or PAV
will result in maximal support and minimal work of
breathing.484° Ventilator modes that allow adjustment
of specific details of pressure, flow, and volume are
required in the patient with severe respiratory failure.
With all these modes, the ventilator rate, VT or PIP,
PEEP, and either inspiratory time alone or I/E ratio
(if ventilation is pressure limited) must be assigned.
Other secondary controls such as the flow rate, the
flow pattern, the trigger sensitivity for assisted breaths,
the inspiratory hold, the termination sensitivity, and
the safety pressure limit also are set on individual ven-
tilators. The normal VE is 100 to 150 mL/kg/min. The
F10, is usually initiated at 0.50 and decreased based on
pulse oximetry. All efforts should be made to main-
tain the F10, less than 0.60 to avoid alveolar nitro-
gen depletion and the development of atelectasis.?>%4
Oxygen toxicity likely is a result of this phenomenon,
although free oxygen radical formation may play a
role when an Fio, greater than 0.40 is applied for pro-
longed periods.”> A short inspiratory phase with a low
I/E ratio favors the expiratory phase and CO, elimina-
tion, whereas longer I/E ratios enhance oxygenation.
In the normal lung, I/E ratios of 1:3 and inspiratory
time of 0.5 to 1 second are typical.

Strategies in Respiratory Failure
Preventing Ventilator- Induced Lung
Injury

A decrease in pulmonary compliance and FRC is seen
in the patient with acute lung injury (Pao,/F10, ratio,
200-300) or ARDS (Pa0,/Fi0, ratio, < 200). This is
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secondary to alveolar collapse and a decrease in the
volume of lung available for ventilation and, in turn, to
decreased pulmonary compliance. As a result, higher
ventilator pressures are necessary to maintain Vt and
VE. However, any attempt to ventilate the patient
with respiratory insufficiency due to parenchymal dis-
ease with higher pressures can result in compromise
of cardiopulmonary function and the development of
ventilator-induced lung injury.®®

The concept of ventilator-induced lung injury was
first demonstrated in 1974 by demonstrating the det-
rimental effects of ventilation at PIP of 45 cm H,O in
rats.®” Electron microscopy has been used to document
an increased incidence of alveolar stress fractures in
ex-vivo, perfused rabbit lungs exposed to transalveo-
lar pressures more than 30 cm H,O (Fig. 7-14).°8 Other
studies have demonstrated increases in albumin leak,
elevation of the capillary leak coefficient, enhanced
wet-to-dry lung weight, deterioration in gas exchange,
and augmented diffuse alveolar damage on histology
with application of increased airway pressure (45 to 50
cm H,0) in otherwise normal rats and sheep over a 1-
to 24-hour period.3199.100 Pulmonary exposure to high
pressures may potentially worsen nascent respiratory
insufficiency and, ultimately, lead to the development
of pulmonary fibrosis.

Such injury may be prevented during application of
high PIPs by strapping the chest, thereby preventing
lung overdistention, suggesting that alveolar distention
or “volutrauma” is the injurious element, rather than
application of high pressures or “barotrauma.”!! A
low-VT (6 mL/kg) approach to mechanical ventilation
in rabbits with Pseudomonas aeruginosa-induced acute
lung injury appears to be associated with enhance-
ment in oxygenation, increase in pH, increase in arte-
rial blood pressure, and decrease in extravascular lung
water when compared with a high-VT group (15 mL/
kg).192 A relation may also exist between ventilator
gas flow rate and the development of lung injury.'03
Positive blood cultures have been seen in five of six
animals exposed to high end-inspiratory pressure but
rarely in those with low end-inspiratory pressure.!04

Together, these data suggest that the method of
ventilation has an effect on lung function and gas
exchange as well as a systemic effect, which may
include translocation of bacteria from the lungs. As
such, avoidance of high PIPs and lung overdistention
should be a primary goal of mechanical ventilation.
Although the animal data would suggest that high
PIPs and volumes may be deleterious, two multi-
center studies have attempted to randomize patients
with ARDS to high and low peak pressure or volume
strategies. The first failed to demonstrate a difference
in mortality or duration of mechanical ventilation in
patients randomized to either the low-volume (7.2 +
0.8 mL/kg) or the high-volume (10.8 + 1.0 mL) strat-
egy, although the applied PIP was not elevated to
what would commonly be considered injurious levels
in either group (low, 23.6 + 5.8 cm H,O; high, 34.0
+ 11.0 cm H,0).1%5 Another study revealed similar
results but had similar design limitations.!%¢ A sur-
vival increase from 38% to 71% at 28 days, a higher
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Figure 7-14. Scanning electron micrographs demonstrating disruptions in the blood-gas barriers (arrows) in rabbit lungs subjected to
20 cm H,0 airway pressure and 75 cm H,0 pulmonary arterial pressure. (Reprinted with permission from Fu Z, Costello ML, Tsukimoto K, et al:
High lung volume increases stress failure in pulmonary capillaries. J Appl Physiol 73:123-133, 1992.)

rate of weaning from mechanical ventilation, and a
lower rate of barotrauma has been demonstrated in
patients in whom a lung-protective ventilator strategy
was used. This strategy consisted of lung distention to
alevel that prevented alveolar collapse during expira-
tion (see later) and avoidance of high distending pres-
sures.!%7 One study identified a significant reduction
over time in bronchoalveolar lavage concentrations
of polymorphonuclear cells (P < .001), interleukin

(IL)-1p (P < .05), tumor necrosis factor (TNF)-a
(P < .001), interleukin (IL)-8 (P < .001), and IL-6
(P < .005) and in plasma concentration of IL-6 (P <
.002) among 44 patients randomized to receive a
lung-protective strategy rather than a conventional
approach.!8 The mean number of ventilator-free days
at 28 days in the lung-protective strategy group was
higher than in the control group (12 + 11 vs. 4 + 8 days,
respectively; P < .01). Mortality rates at 28 days from
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Figure 7-15. Probability of survival and of being discharged
home and breathing without assistance during the first
180 days after randomization in patients with acute lung injury
and the acute respiratory distress syndrome. The status at 180
days or at the end of the study was known for all but nine pa-
tients. (From The Acute Respiratory Distress Network: Ventilation with
lower tidal volumes as compared with traditional tidal volumes for
acute lung injury and the acute respiratory distress syndrome. N Engl J
Med 342:1301-1308, 2000.)

admission were 38% and 58% in the lung-protective
strategy and control groups, respectively (P =.19).
The NIH’s Acute Respiratory Distress Network con-
vincingly demonstrated that mortality was reduced
with the use of a low-volume (6 mL/kg, mortality of
31%) when compared with a high-volume (12 mL/kg,
mortality of 39%; P = 0.005) ventilator approach (Fig.
7-15).19% Interestingly, no difference was found in gas
exchange or pulmonary mechanics between groups
to account for the difference in mortality. However,
IL-6 levels and the incidence of organ failure were
increased in the high-volume group when compared
with the low-volume group. Similarly, multisystem
organ failure scores increased significantly 72 hours
after admission only in patients who were ventilated
with a conventional rather than a lung-protective
strategy, with renal failure being the most prevalent
organ dysfunction.!!® Statistically significant correla-
tions were noted between changes in overall multi-
system organ failure score and changes in plasma
concentration of inflammatory mediators, including
IL-6, TNF-a, IL-1f, and IL-8. A significant correlation
was also seen between the IL-6 level and the number
of failing organs. Exposure of neutrophils (PMNs) to
bronchoalveolar lavage fluid from a control group of
ARDS patients resulted in increased PMN activation
as compared with those exposed to bronchoalveolar
lavage fluid from a group of patients managed with a
lung-protective strategy.'!! The majority of clinicians
are now convinced that avoidance of high PIP and
support of lung recruitment, through the application
of appropriate levels of PEEP (see later), should be a
primary goal of any mechanical ventilatory program.

Permissive Hypercapnia

To avoid ventilator-induced lung injury, practitioners
have applied the concept of permissive hypercapnia.
With this approach, Paco, is allowed to increase to
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levels as high as 120 mm Hg as long as the blood pH
is maintained in the 7.1 to 7.2 range by administra-
tion of buffers.!12 Mortality was reduced to 26 % when
compared with that expected (53%; P < .004) based
on Acute Physiology and Chronic Health Evaluation
I (APACHE 1I) scores when low-volume, pressure-
limited ventilation with permissive hypercapnia was
applied in the setting of ARDS in adults.'!? For burned
children, the mortality rate was only 3.7% despite a
high degree of inhalation injury when a ventilator
strategy used a PIP of 40 cm H,O and accepted an
elevated Paco, as long as the arterial pH was greater
than 7.20.1'* Other studies suggested that a strategy
of high-frequency (40 to 120 breaths/min) ventila-
tion with a low VT, low PIP, high PEEP (7 to 30 cm
H,0), and mild hypercapnia (Paco, from 45 to 60 mm
Hg) enhances the survival rate in children with severe
ARDS.115

Using Protective Effects of PEEP

Although application of high, overdistending airway
pressures appears to be associated with the develop-
ment of lung injury, a number of studies have dem-
onstrated that application of PEEP or high-frequency
oscillatory ventilation (HFOV) may allow avoidance of
lung injury by the following mechanisms: (1) recruit-
ment of collapsed alveoli, which reduces the risk
for overdistention of healthy units; (2) resolution of
alveolar collapse, which in and of itself is injurious;
and (3) avoidance of the shear forces associated with
the opening and closing of alveoli.!'¢!17 In the older
child with injured lungs, a pressure of 8 to 12 cm H,O
is required to open alveoli and to begin VT genera-
tion.107.118119 Alyeoli will subsequently close unless
the end-expiratory pressure is maintained at such
pressures, and cyclic opening and closing is thought
to be particularly injurious because of application of
large shear forces.!'® One way to avoid this process is
through the application of PEEP to a point above the
inflection pressure (Pflex), such that alveolar disten-
tion is maintained throughout the ventilatory cycle
(Fig. 7-16).120121 In addition, as mentioned previ-
ously, it has been demonstrated that the distribution
of infiltrates and atelectasis in the supine patient with
ARDS is predominantly in the dependent regions of
the lung.!?2 This is likely the result of compression due
to the increased weight of the overlying edematous
lung. It has been shown that when the superimposed
gravitational pressure from the weight of the overly-
ing lung exceeded the PEEP applied to a given region
of the lung, end-expiratory lung collapse increased,
resulting in de-recruitment.'?*> Thus, application of
PEEP may result in recruitment of these atelectatic
lung regions, simultaneously enhancing pulmonary
compliance and oxygenation. PEEP and prone posi-
tioning (see later) are more effective if the need for
ventilation is of extrapulmonary etiology rather than
pulmonary etiology.1?4

As a result of these new data and concepts, the
approach to mechanical ventilation in the patient
with respiratory failure has changed drastically over
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Figure 7-16. Static pressure/volume curve demonstrating
the Pflex point in a patient with acute respiratory distress syn-
drome. Positive end-expiratory pressure should be maintained
approximately 2 cm H,0 above that point. The upper inflection
point (UIP) indicates the point at which lung overdistention is
beginning to occur. Ventilation to points above the UIP should
be avoided in most circumstances. (Reprinted from Roupie E, Dam-
brosio M, Servillo G: Titration of tidal volume and induced hypercap-
nia in acute respiratory distress syndrome. Am J Respir Crit Care Med
152:121-128, 1995.)

the past few years (Table 7-3). Time-cycled, pressure-
controlled ventilation has become favored because of
the ability to limit EIP to noninjurious levels at a maxi-
mum of 35 cm H,0.'? In infants and newborns, this
EIP limit is set lower at 30 cm H,O. The VT should
be maintained in the range of 6 mL/kg.!%° A lung-
protective approach also incorporates lung distention
and prevention of alveolar closure. Pressure/volume
curves should be developed on each patient at least
daily, so that the Pflex can be identified and the PEEP
maintained above Pflex. If a pressure/volume curve
cannot be determined, then Pflex can be assumed to
be in the 7- to 12-cm H,0 range, and PEEP, at that
level or up to 2 cm H,O higher, can be applied.!19125.126
Recruitment maneuvers that use intermittent sustained

Current Favored Approaches to the

Treatment of ARDS
Pressure-limited ventilation
VT = 6 ml/kg
IRV

EIP < 35 cm H,0

PEEP > Pflex or > 12 cm H,0
Permissive hypercapnia

Fio, < 0.06

SV0,=65%
Sao, = 80%-85%
Transfusion to hemoglobin > 13 g/dL
Diuresis to dry weight
Prone positioning
Extracorporeal support

ARDS, acute respiratory distress syndrome; VT, tidal volume; IRV,
inverse ratio ventilation; EIP, end-inspiratory pressure.

inflations of approximately 40 cm H,O for up to 40
seconds often can be beneficial by initially inflating
collapsed lung regions.!?” The inflation obtained with
the recruitment maneuver is then sustained by main-
taining PEEP greater than Pflex.

As both PIP and PEEP are increased, enhancements
in compliance and reductions in VD/VT and shunt are
to be expected. If they are not observed, then one
should suspect the presence of overdistention of cur-
rently inflated alveoli instead of the desired recruit-
ment of collapsed lung units. Application of increased
levels of PEEP also may result in a decrease in venous
return and cardiac output. In addition, West’s zone I
physiology, which predicts diminished or absent pul-
monary capillary flow in the nondependent regions
of the lungs at end inspiration, may be exacerbated
with application of higher airway pressures. This may
be especially detrimental, because it is the nondepen-
dent regions that are best inflated and to which one
would wish to direct as much pulmonary blood flow
as possible.!> As a result, parameters of Do, should be
carefully monitored during application of increased
PEEP.!2% One approach for monitoring delivery is by
applying close attention to the Svo, whenever the
PEEP is increased to more than 5 cm H,0. As men-
tioned, increasing the PEEP gradually in increments of
2.5 cm H,0 can be done until the desired level of oxy-
genation or lung protection is achieved or a decrease
in SVo0, to below the maximum is observed. Effective
lung compliance also should be monitored to ensure
that alveolar recruitment is being achieved.

If oxygenation remains inadequate with applica-
tion of higher levels of PEEP, Fi0, should be increased
to maintain Sao, greater than 90%, although levels as
low as 80% may be acceptable in patients with ade-
quate DO,. As mentioned previously, one of the most
effective ways to enhance Do, is with transfusion. All
attempts should be made to avoid the atelectasis and
oxygen toxicity associated with F10, levels greater than
0.60.22 Extending Fio, to levels more than 0.60 often
has little effect on oxygenation, because severe respira-
tory failure is frequently associated with a large trans-
pulmonary shunt. If inadequate Do, persists, a trial
increase in PEEP level should be performed or institu-
tion of extracorporeal support considered.'?° Inflation
of the lungs also can be enhanced by prolonging the
inspiratory time by PC-IRV. Pharmacologic paralysis and
sedation are required during performance of PC-IRV,
although paralysis may have the additional benefit of
decreasing oxygen consumption and enhancing venti-
lator efficiency.® Pao, may improve with application of
PC-IRV.130.131 Monitoring the effect on Do, and SVo, is
critical, however, to ensure the benefit of this interven-
tion. The advantages of the alveolar inflation associated
with a decelerating flow waveform during pressure-
limited modes of ventilation also should be used.*!

Prone Positioning

Altering the patient from the supine to the prone
position appears to enhance gas exchange (Fig.
7-17).132.133 Enhanced blood flow to the better-inflated
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Figure 7-17. Pao, during supine (s) and prone (p) positioning.
Note the increase in oxygenation when trauma patients with
acute respiratory distress syndrome are in the prone position and
a general trend toward increased Pao, with each return to the
supine position. (Reprinted from Fridrich P, Krafft P, Hochleuthner H,
Mauritz W: The effects of long-term prone positioning in patients with
trauma-induced acute respiratory distress syndrome. Anesth Analg
83:1206-1211, 1996.)

anterior lung regions with the prone position would
logically appear to account for the increase in oxygen-
ation. However, data in oleic acid lung-injured sheep
suggest that the enhancement in gas exchange may be
due predominantly to more homogeneous distribution
of ventilation, rather than to redistribution of pulmo-
nary blood flow, because lung distention is more uni-
form in the prone position.!34-13¢ This effect may be
reversed after a number of hours. Enhanced posterior
region lung inflation frequently accounts for persistent
increases in oxygenation when the patient is returned
to the supine position. Therefore, benefit may be seen
when the prone and supine positions are alternated,
usually every 4 to 6 hours.'??2 A randomized, con-
trolled, multicenter trial evaluating the effectiveness
of the prone position in the treatment of patients with
ARDS was recently completed.!?” The prone group
was placed in the prone position for 6 or more hours
daily for 10 days while the control group remained in
the supine position. Although the Pao,/F10, ratio was
greater in the prone when compared with the supine
group (prone, 63.0 + 66.8, vs. supine, 44.6 + 68.2;
P=0.02), no difference in mortality was noted between
groups. It is clear that some patients will not respond
to altered positioning, in which case this adjunct
should be discontinued. Meticulous attention to care-
ful patient padding and avoidance of dislodgement of
tubes and catheters is of the utmost importance in suc-
cessful implementation of this approach.

Adjunctive Maneuvers

Another means for enhancing oxygenation may be
through administration of diuretics and the associated
reduction of left atrial and pulmonary capillary hydro-
static pressure.!*® Diuresis results in a decrease in lung
interstitial edema. In addition, reduction of lung edema
decreases compression of the underlying dependent
lung.!?® Collapsed dependent lung regions are thereby
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recruited. Although this treatment approach has not
been proved in randomized clinical trials, reduction in
total body fluid in adult patients with ARDS appears to
be associated with an increase in survival.!*® One must
be cognizant of the risks of hypoperfusion and organ
system failure, especially renal insufficiency, if overly
aggressive diuresis is performed. Overall, however, a
strategy of fluid restriction and diuresis should be pur-
sued in the setting of ARDS, while monitoring organ
perfusion and renal function.'#! In a randomized trial,
a conservative fluid management strategy improved the
oxygenation index, the lung injury score, the ventilator-
free days, and the number of days spent out of the inten-
sive care unit while the prevalence of shock and dialysis
use did not increase.'4? Although the study was limited
to 60 days, the results further support keeping a patient
with acute lung injury in a state of fluid balance.

Applying noninjurious PIPs and enhancing PEEP
levels limits the AP (the amplitude between the PIP
and the PEEP) and VT and compromises CO, elimi-
nation. Therefore, the concept of permissive hyper-
capnia, which was discussed previously, is integral to
the successtul application of lung-protective strategies.
Paco, levels greater than 100 mm Hg have been
allowed with this approach, although most practitio-
ners prefer to maintain the Paco, at less than 60 to
70 mm Hg.!!3 Bicarbonate or tris(hydroxymethyl)am-
inomethane (THAM) may be used to induce a meta-
bolic alkalosis to maintain the pH at greater than 7.20.
Few significant physiologic effects are observed with
elevated Paco, levels as long as the pH is maintained
at reasonable levels.'#3 If adequate CO, elimination
cannot be achieved while limiting EIP to noninjurious
levels, then initiation of extracorporeal life support
(ECLS) should be considered.

The one situation in which it may be acceptable to
increase EIP to levels greater than 35 cm H,O (30 cm
H,O0 in the infant and newborn) is in the patient with
reduced chest wall compliance and relatively normal
pulmonary compliance. Because pulmonary compli-
ance is a combination of lung compliance and chest
wall compliance, a decrease in chest wall compliance,
such as due to abdominal distention, obesity, or chest
wall edema, can markedly reduce pulmonary compli-
ance despite reasonable lung compliance. This situation
is analogous to studies discussed previously in which
the lungs remain uninjured despite application of high
airway pressures because the chest is strapped to pre-
vent lung overdistention.!°! This is a frequent problem
in secondary respiratory failure due to trauma, sepsis,
and other frequent disease processes observed among
surgical patients, including tightly placed dressings. A
cautious increase in EIP in such patients may be war-
ranted. Finally, a simple intervention, such as raising
the head of the bed, may have marked effects on FRC
and gas exchange in such patients.

Weaning from Mechanical Ventilation

Once a patient is spontaneously breathing and able
to protect the airway, consideration should be given
to weaning from ventilator support. Weaning in the



102 section 1 GENERAL

majority of children should take 2 days or less.'4* The
F10, should be decreased to less than 0.40 before extu-
bation. Simultaneously, PEEP should be lowered to 5
cm H,0. The pressure support mode of ventilation is an
efficient means for weaning because the preset inspira-
tory pressure can be gradually decreased while partial
support is provided for each breath.!4> Adequate gas
exchange with a pressure support of 7 to 10 cm H,0
above PEEP in adults and newborns is predictive of
successful extubation.'#® Another study in adults dem-
onstrated that simple transition from full ventilator
support to a “T-piece,” in which oxygen flow-by is pro-
vided, is as effective at weaning as is gradual reduction
in rate during IMV or pressure during PSV.14” In all cir-
cumstances, brief trials of spontaneous breathing before
extubation should be performed with flow-by oxygen
and CPAP. Prophylactic dexamethasone administration
does not appear to increase the odds of a successful trial
in infants, except in “high risk” patients who receive
multiple doses starting at least 4 hours before extuba-
tion.!48.14% Parameters during a T-piece trial that indi-
cate readiness for extubation include the following: (1)
maintenance of the pretrial respiratory and heart rates;
(2) inspiratory force greater than 20 cm H,0; (3) VE
less than 100 mL/kg/min; and (4) Sao, greater than
95%. If the patient’s status is in question, transcutane-
ous CO, monitoring, along with arterial blood gas anal-
ysis (Paco, < 40 mm Hg; Pao, > 60 mm Hg), may help
to ascertain whether extubation is appropriate. The
weaning trial should be brief. Under no circumstances
should it last longer than 1 hour, because the nar-
row endotracheal tube provides substantial resistance
to spontaneous ventilation. In most cases, the patient
who tolerates spontaneous breathing through an endo-
tracheal tube for only a few minutes will demonstrate
enhanced capabilities once the tube is removed.
Frequent causes of failed extubation include per-
sistent pulmonary parenchymal disease, interstitial
fibrosis, and reduced breathing endurance. Pressure
support ventilation is ideal for use in the difficult-to-
wean patient because it allows gradual application of
spontaneous support to enhance respiratory strength
and conditioning (Table 7-4).14> Enteral and paren-
teral nutrition should be adjusted to maintain the
total caloric intake to no more than 10% above the
estimated caloric needs of the patient. Excess calo-
ries will be converted to fat, with a high respiratory
quotient and increased CO, production. Nutritional
support high in glucose will have a similar effect.!4®
Manipulation of feedings along with treatment of sep-
sis may reduce Vco, and enhance weaning. Pulmonary
edema should be treated with diuretics. Some patients
will benefit from a tracheostomy to avoid ongoing
upper airway contamination, to decrease dead space
and airway resistance, and to provide airway access
for evacuation of secretions during the weaning pro-
cess. In addition, the issue of “extubating” the patient
is removed by tracheostomy tube placement. Sponta-
neous breathing trials, therefore, are easy to perform,
and the transition from the mechanical ventilator is a
much smoother and efficient process.!>° Tracheostomy
in older patients can be performed by percutaneous

Management of the Patient for
Whom Extubation Attempts Have
Failed

Frequent spontaneous breathing trials
Pressure support ventilation

Caloric intake <10% above expenditure
Minimize carbohydrate calories
Diuresis to dry weight

Treat infection

Tracheostomy

means at the bedside.!>! Long-term complications are
fairly minimal in older patients. However, in newborns
and infants, the rate of development of stenoses and
granulation tissue may be significant.152.153

NONCONVENTIONAL MODES AND
ADJUNCTS TO MECHANICAL VENTILATION

High-Frequency Ventilation

The concept of high-frequency jet ventilation (HFJV)
was developed in the early 1970s to provide gas
exchange during procedures performed on the tra-
chea. HFJV uses small bursts of gas through a small
“jet port” in the endotracheal tube typically at a rate
of 420 breaths/min, with the range being 240 to 660
breaths/min.!>* The expiratory phase is passive.!>> The
VT is adjusted by controlling the PIP, which is usually
initiated at 90% of conventional PIP. CO, removal is
most affected by the AP. Therefore, an increase in the
PIP or a decrease in the PEEP will result in enhanced
CO, elimination. Adjusting the Paw, PEEP, and Fi0,
alters oxygenation. HFJV is typically superimposed on
background conventional VT mechanical ventilation.

The utilization of HFJV has decreased in favor of

high-frequency oscillatory ventilation (HFOV), which
uses a piston pump-driven diaphragm and delivers
small volumes at frequencies between 3 and 15 Hz.1>4
Both inspiration and expiration are active. Oxygen-
ation is manipulated by adjusting Paw, which controls
lung inflation similar to the role of PEEP in conven-
tional mechanical ventilation. CO, elimination is con-
trolled by manipulating the tidal volume, also known
as the amplitude or power. In short, only four vari-
ables are adjusted during HFOV:

1. Mean airway pressure (Paw) is typically initiated
at a level 1 to 2 cm H,0 higher in premature
newborns and 2 to 4 cm H,O higher in term
newborns and children than that used during
conventional mechanical ventilation.!>> For
most disease processes, Paw is adjusted there-
after to maintain the right hemidiaphragm at
the rib 8 to 9 level on the anteroposterior chest
radiograph.

2. Frequency (Hz) is usually set at 12 Hz in prema-
ture newborns and 10 Hz in term patients. Low-
ering the frequency tends to result in an increase
in VT and a decrease in Paco,.
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3. Inspiratory time, which may be increased to
enhance tidal volume, is usually set at 33 %.

4. Amplitude or power (AP) is set to achieve good
chest wall movement and adequate CO, elimi-
nation.

Gas exchange during high-frequency ventilation is
thought to occur by convection involving those alveoli
located close to airways. For the remaining alveoli,
gas exchange occurs by streaming, a phenomenon in
which inspiratory gas, which has a parabolic profile,
tends to flow down the center of the airways whereas
the expiratory flow, which has a square profile, takes
place at the periphery (Fig. 7-18).1%7 Other effects may
play a role: (1) pendelluft, in which gas exchange takes
place between lung units with different time constants,
as some are filling while others are emptying; (2) the
movement of the heart itself may enhance mixing of
gases in distal airways; (3) Taylor dispersion, in which
convective flow and diffusion together function to
enhance distribution of gas; and (4) local diffusion.!>8

High-frequency ventilation should be applied to the
newborn and pediatric patient for whom conventional
ventilation is failing, because of either parameters of
oxygenation or CO, elimination. The advantage of
high-frequency ventilation lies in the alveolar disten-
tion and recruitment that is provided while limiting
exposure to potentially injurious high ventilator pres-
sures.! Thus, the approach during high-frequency
ventilation should be to apply a mean airway pres-
sure that will effectively recruit alveoli and maintain
oxygenation while limiting the AP to that which will
provide chest wall movement and adequate CO, elim-
ination. CO, elimination at lower peak inspiratory
pressures may be a specific advantage in patients with
air leak, especially those with bronchopleural fistu-
las.1%% Once again, the effect on Do,, rather than sim-
ply Pao,, should be considered.

Although some studies with HFOV in preterm new-
borns suggested that the incidence of bronchopulmo-
nary dysplasia was similar to that in the conventional

Figure 7-18. Streaming as a mechanism of gas exchange dur-
ing high-frequency ventilation. Note that the parabolic wave-
front of the inspiratory gas induces central flow in the airways,
whereas expiratory gas flows at the periphery.
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ventilation group and that adverse effects were noted
on intraventricular hemorrhage and periventricular
leukomalacia, other trials noted an increase in the
rescue rate and a reduction in bronchopulmonary
dysplasia in this population.!¢!-165 One multicenter,
randomized trial revealed that 56% of preterm new-
borns managed with HFOV were alive without the
need for supplemental oxygen at 36 weeks postmen-
strual age as compared with 47% of those receiving
conventional ventilation (P =.046).1%¢ In an additional
pilot study, those preterm infants managed with HFOV
were extubated earlier and had decreased supplemen-
tal oxygen requirements.!®” Thus, although mixed, the
data would suggest a reduction in pulmonary morbid-
ity with the use of HFOV when compared with con-
ventional ventilation.

In term newborns and pediatric patients with respi-
ratory insufficiency, studies suggest that the rescue rate
and survival in those treated with HFOV is significantly
increased when compared with conventional mechan-
ical ventilation.!¢8-170 In a randomized controlled trial
of HFOV and inspired (inhaled) nitrous oxide (iNO) in
pediatric ARDS, HFOV with or without iNO resulted in
greater improvement in the PA0,/FI0, ratio than did
conventional mechanical ventilation.!'”! However, in
contrast, one randomized controlled trial in term new-
borns failed to identify a significant difference in out-
come between these treatment modalities.!”? In fact, a
Cochrane Database review of randomized clinical tri-
als comparing the use of HFOV versus conventional
ventilation failed to show any clear advantage in the
elective use of HFOV as a primary modality in the
treatment of premature infants with acute pulmonary
dysfunction.!”® Reductions in oxygenation index and
F10, were observed during HFOV in 17 adult patients
with ARDS.!7# A multicenter, randomized, controlled
trial of HFOV for adults with ARDS demonstrated a
nonsignificant trend toward improved 30-day mor-
tality in the HFOV group when compared with the
conventional ventilation group (37% vs. 52%, respec-
tively; P =.102).17°

Intratracheal Pulmonary Ventilation
or Tracheal Gas Insufflation

Intratracheal pulmonary ventilation (ITPV) involves
infusion of fresh gas (oxygen) into the trachea via a
cannula placed at the tip of the endotracheal tube.
This gas flow effectively replaces the central airway
dead space with fresh oxygen during the expira-
tory phase of the ventilatory cycle and functions to
reduce dead space, which augments CO, elimination.
For this purpose, a special “reverse thruster cath-
eter” (RTC) was developed for gas insufflation that
reverses the flow of gas at the tip such that it fol-
lows a retrograde path up the endotracheal tube (Fig.
7-19).176 The catheter, which entrains gas, produces
a Venturi effect and provides for more effective dead
space reduction during expiration. ITPV has been
shown to maintain reasonable levels of ventilation in
normal animals at PIPs one half to one third of those
required during conventional mechanical ventilation.
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Figure 7-19. Thereverse-thruster catheter used in performance
of intratracheal pulmonary ventilation (ITPV). During inspiration,
the exhalation valve on the ventilator closes, and gas flows pro-
grade, filling the lung with a tidal volume of oxygen gas. During
expiration, the gas flows retrograde, entraining and replacing
the gas in the airways, thereby reducing dead space and Paco,.
(Reprinted with permission from Wilson JM, Thompson JR, Schnitzer JJ,
et al: Intratracheal pulmonary ventilation and congenital diaphragmatic
hernia: A review of two cases. J Pediatr Surg 28:484-487, 1993.)

This same group also demonstrated the ability to
maintain adequate levels of CO, during ITPV, but
not during CMYV, in lambs in whom only 12.5% of
the lung parenchyma remained available for gas
exchange.!”” Others have demonstrated that PIPs
could be reduced from 28.3 cm H,0 on CMV to 10.3
cm H,0 during ITPV (P = .028) in term lambs while
maintaining gas exchange.!”® In the same study, ini-
tiation of ITPV in lambs resulted in a decrease in PIP
from 44 to 32 cm H,O (P = .002), with a simulta-
neous decrease in Paco, from 52.2 to 31.9 mm Hg
(P = .029). This same group also demonstrated that
initiation of ITPV in newborn lambs with congenital
diaphragmatic hernia led to a decrease in Paco, from
110 £ 21 to 52 = 24 (P = .0014).'7° The concept of
reducing dead space by replacing upper airway gas
during the expiratory phase also was applied by using
a simple catheter, rather than the RTC, and has been
termed tracheal gas insufflation.42180

Clinical studies have demonstrated the ability of
ITPV to reduce airway dead space and therefore the
ventilator pressures required to achieve equivalent
rates of CO, elimination when compared with those
observed during conventional mechanical ventila-
tion in adult patients with ARDS, pediatric patients
on venoarterial ECLS, and newborns with congenital
diaphragmatic hernia after ECLS.!8!-183 Tracheal gas
insufflation was compared with conventional ven-
tilation in a randomized, controlled trial in preterm
newborns: PIP and PEEP were lower, while generat-
ing the same Paco,, and the time to extubation also
was reduced.!8 In adult patients with ARDS, tracheal
gas insufflation allowed a reduction in PIP without an
increase in Paco, 8%

Inhaled Nitric Oxide Administration

Nitric oxide (NO) is an endogenous mediator that
serves to stimulate guanylate cyclase in the endothe-
lial cell to produce cyclic guanosine monophosphate

iNO

+Soluble guanylate
cyclase

cGMP

GTP

5' GMP Relaxation

/

Zaprinast

Figure 7-20. Mechanism of action of inhaled nitrous oxide
(iNO) in inducing vascular smooth muscle relaxation. Zaprinast
is a phosphodiesterase inhibitor that may increase the potency
and duration of the effect of iNO. GTP, guanosine triphosphate;
cGMP, cyclic guanosine monophosphate. (Reprinted from Hirschl
RB: Innovative therapies in the management of newborns with con-
genital diaphragmatic hernia. Semin Pediatr Surg 5:255-265, 1996.)

(cGMP), which results in relaxation of vascular smooth
muscle (Fig. 7-20).13¢ NO is rapidly scavenged by heme
moieties. Therefore, inhaled nitric oxide (iNO) serves
as a selective vasodilator of the pulmonary circulation
but is inactivated before reaching the systemic circula-
tion. Diluted in nitrogen and then mixed with blended
oxygen and air, iNO is administered in doses of 1 to 80
parts per million (ppm).

Initial studies in adults with ARDS who were treated
withiNO demonstrated a decrease in pulmonary vascu-
lar resistance and an increase in Pao,, without change
in systemic arterial pressure. In addition, a prospec-
tive, multicenter randomized trial of iNO in 177 adults
with ARDS demonstrated a significant improvement
in oxygenation compared with placebo over the first
4 hours of treatment (Pao, increase = 20%: iNO, 60%;
CMV, 24%; P = .00002).187-18% The initial increase in
oxygenation translated to a reduction in F10, over the
first day and in the intensity of mechanical ventilation
over the first 4 days of treatment. However, no differ-
ences were observed between the pooled iNO groups
and placebo groups with respect to mortality rate and
number of days alive and off mechanical ventilation.
A subgroup of patients who received iNO at a dose
of 5 ppm showed an improvement in the number of
patients alive and off mechanical ventilation at day
28 (62% vs. 44%; P < .05). In another randomized,
controlled trial in adults, iNO increased Pao,/Fi0, at
1 hour and 12 hours.!?® Beyond 24 hours, the two
groups demonstrated an equivalent improvement in
Pao,/F10, Pediatric patients with respiratory failure
demonstrate increases in Pao, with iNO at 20 ppm.!°!



chapter 7

Unfortunately, a prospective, randomized, controlled
trial investigating the effects of iNO therapy in children
with respiratory failure revealed that although pul-
monary vascular resistance and systemic oxygenation
were acutely improved at 1 hour by administration of
10 ppm iNO, a sustained improvement at 24 hours
was not identified.!%2

Only 40% of the iNO-treated term infants with pul-
monary hypertension required ECLS when compared
with 71% of the control subjects.!®> These results
were corroborated by demonstrating a reduction in
the need for ECLS in control newborns (ECLS, 64%)
when compared with iNO-treated newborns (ECLS,
38%; P =0.001).1%4 The incidence of chronic lung dis-
ease was decreased in newborns managed with iNO
(7% vs. 20%). Similar results were noted for infants
with persistent pulmonary hypertension of the new-
born (PPHN) who were on HFOV. The need for ECLS
was decreased from 55% in the control HFOV group
to 14% in the combined iNO and HFOV group (P =
.007).1%5 In a clinical trial conducted by the Neonatal
Inhaled Nitric Oxide Study (NINOS) Group, neonates
born at 34 weeks or older gestational age with hypoxic
respiratory failure were randomized to receive 20 ppm
iNO or 100% oxygen as a control.!?¢ If a complete
response, defined as an increase in Pao, of more than
20 mm Hg within 30 minutes after gas initiation, was
not observed, then iNO at 80 ppm was administered.
Sixty-four percent of the control group and 46% of
the iNO group died within 120 days or were treated
with ECLS (P = .006). No difference in death was
found between the two groups (iNO, 14% vs. con-
trol, 17%), but significantly fewer neonates in the iNO
group required ECLS (39% vs. 54%). Follow-up at age
18 to 24 months failed to demonstrate a difference in
the incidence of cerebral palsy, rate of sensorineural
hearing loss, and mental developmental index scores
between the control and iNO patients.'°7 Other studies
have similarly failed to identify a difference in pulmo-
nary, neurologic, cognitive, or behavioral outcomes
between survivors managed with iNO and those in the
conventional group.!?8

An associated, but separate, trial demonstrated no
difference in death rates and a significant increase
in the need for ECLS when neonates with congeni-
tal disphragmatic hernia (CDH) were treated with 20
or 80 ppm of iNO versus 100% oxygen as control.1?
It should be noted, however, that some investigators
have suggested that the efficacy of iNO in patients with
CDH may be more substantial after surfactant admin-
istration or at the point at which recurrent pulmonary
hypertension occurs.??% iNO administration also may
be helpful in the moribund CDH patient until ECLS
can be initiated.

Some concern has been expressed for the develop-
ment of intracranial hemorrhage in premature new-
borns treated with iNO. More than a 25% increase
in the arterial/alveolar oxygen ratio (Pa0,/PA0O,) was
observed in 10 of 11 premature newborns, with a
mean gestational age of 29.8 weeks and severe RDS,
in response to administration of 1 to 20 ppm iNO.
However, in 7 of these 11 newborns, intracranial
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hemorrhage developed during their hospitalization.?°!
Also, a meta-analysis of the three completed studies
evaluating the efficacy of iNO in premature newborns
suggests no significant difference in survival, inci-
dence of chronic lung disease, or rate of development
of intracranial hemorrhage between iNO and control
patients.202

NO is associated with the production of poten-
tially toxic metabolites. When combined with O,,
iNO produces peroxynitrates, which can be damag-
ing to epithelial cells and also can inhibit surfactant
function.?032%4 Nitrogen dioxide, which is toxic, also
can be produced, and hemoglobin may be oxidized to
methemoglobin. Additional concerns exist about the
immunosuppressive effects and the potential for plate-
let dysfunction.

Surfactant Replacement Therapy

The use of exogenous surfactant has been responsi-
ble for a 30% to 40% reduction in the odds of death
among very low birth weight newborns with RDS
(Fig. 7-21).205.206 In addition, in those premature neo-
nates with birth weight more than 1250 g, mortality
in a controlled, randomized, blinded study decreased
from 7% to 4%.2%7 Two general forms of surfactant
are available: synthetic surfactant (e.g., Exosurf; Bur-
roughs Wellcome, Raleigh-Durham, NC), which is
made of dipalmytoyl phosphatidylcholine and is
protein free; and natural surfactant (e.g., Survanta;
Ross Laboratories, Columbus, OH; or Infasurf, ONY,
Inc., Amherst, NY), which contains bovine surfac-
tant extracts and associated proteins. Studies reveal

META-ANALYSIS OF PRETERM NEONATAL
SURFACTANT STUDIES
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Figure 7-21. A meta-analysis of studies evaluating the out-
come and complications of the prophylactic use and treatment
approach to exogenous natural and synthetic surfactant adminis-
tration in preterm newborns. BPD, bronchopulmonary dysplasia;
PTX, pneumothorax; ICH, intracranial hemorrhage; PDA, patent
ductus arteriosus. (Adapted from Jobe AH: Pulmonary surfactant
therapy. N Engl J Med 328:861-868, 1993.)
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a significantly lower risk of chronic lung disease in
Survanta (27%), when compared with Exosurf (34%)
infants with birth weights of 1001 to 1500 g.2°8 Com-
pared with Exosurf, Infasurf treatment results in a
62% decrease in the incidence of RDS (Infasurf, 16%,
vs. Exosurf, 42%) and a 70% decrease in death due
to RDS (Infasurf, 1.7%, vs. Exosurf, 5.4%).2°° On
the other hand, intraventricular hemorrhage occurs
more frequently in Infasurf-treated infants (Infasurf,
39.0%, vs. Exosurf, 29.9%). Another natural surfac-
tant, porcine-derived poractant alfa (Curosurf; Chiesi
Farmaceutici, Italy) has been shown to improve oxy-
genation more rapidly when compared with beractant
(Survanta).210

A randomized, prospective, controlled trial in term
newborns with respiratory insufficiency demonstrated
that the need for extracorporeal membrane oxygen-
ation (ECMO) was significantly reduced in those man-
aged with surfactant when compared with placebo.?!!
The benefit of surfactant was greatest in those with a
lower oxygenation index (< 23). Another controlled,
randomized study demonstrated the utility of surfac-
tant in term newborns with the meconium aspiration
syndrome.?!? The oxygen index minimally decreased
with the initial dose but markedly decreased with the
second and third doses of surfactant from a baseline of
23.7 to 5.9 (Fig. 7-22). After three doses of surfactant,
PPHN had resolved in all but one of the infants in the
study group versus none of the infants in the control
group. The incidence of air leaks and need for ECLS
were markedly reduced in the surfactant group com-
pared with the control patients.

Studies have concluded that surfactant phospho-
lipid concentration, synthesis, and kinetics are not
significantly deranged in infants with CDH compared
with controls, although surfactant protein A con-
centrations may be reduced in CDH newborns on
ECMO.213-215 Animal and human studies have sug-
gested that surfactant administration before the first
breath is associated with enhancement in Pao, and
pulmonary mechanics.?1217 However, among CDH
patients on ECLS, no difference between those ran-
domized to receive surfactant (n = 9) and those con-
trol patients receiving air (n = 8) was noted in terms
of lung compliance, time to extubation, period of oxy-
gen requirement, and the total number of hospital
days.213

Liquid Ventilation with
Perfluorocarbon

Perfluorocarbons are clear, colorless, odorless, rela-
tively dense fluids (1.9 g/mL) with relatively low sur-
face tension (19 din/cm) that carry large amounts of
oxygen (50 mL O,/dL) and carbon dioxide (210 mL
CO,/dL).2!® Liquid ventilation has been performed
by one of two methods?!?: (1) total liquid ventilation
(TLV), in which the lungs are filled with perfluorocar-
bon to a volume equivalent of FRC, on which a device
is used to generate tidal volumes of perfluorocarbon
in the perfluorocarbon-filled lung??%; and (2) admin-
istration of intratracheal perfluorocarbon to a volume
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Figure 7-22. The effect of exogenous surfactant administra-
tion on oxygen index in term newborns with meconium-aspira-
tion syndrome. (Reprinted from Findlay RD, Taeusch HW, Walther FJ:
Surfactant replacement therapy for meconium aspiration syndrome.
Pediatrics 97:48-52, 1996.)

equivalent of FRC followed by standard gas mechani-
cal ventilation of the perfluorocarbon-filled lung, oth-
erwise known as partial liquid ventilation (PLV).2!
The former technique appears to be somewhat more
effective at enhancing gas exchange, whereas the lat-
ter technique is more easily generalized to critical care
clinicians managing patients with severe respiratory
insufficiency.

A number of studies have demonstrated the efficacy
of PLV in enhancing gas exchange in animal models of
respiratory insufficiency.?22-225 It appears that intra-
tracheal administration of perfluorocarbon acts as a
surrogate surfactant, recruits atelectatic lung regions,
and redistributes pulmonary blood flow toward the
better-ventilated, nondependent regions of the lungs
in the patient with ARDS.22¢ Of great interest is the
demonstration of enhanced gas exchange with aero-
solized perfluorocarbon in saline-lavaged, surfactant-
depleted piglets. Pao, was higher and Paco, lower in
the PLV and aerosolized perfluorocarbon group com-
pared with that in the standard mechanical-ventilation
animals.??” The response was sustained even after dis-
continuation of aerosolization but not standard PLV. A
number of phase I and II clinical studies have demon-
strated the efficacy of PLV in enhancing oxygenation
and pulmonary mechanics in adults, children, and
newborns with respiratory insufficiency, including
those with CDH and those who are premature.?28-231
Studies in pediatric and adult patients have demon-
strated decreases in the (A-a)Do, from approximately
450 to 250 mm Hg within the first 48 hours after ini-
tiation of PLV.?*2 Prospective, controlled, randomized
pilot studies evaluating the safety and efficacy of PLV
in adult and pediatric patients with respiratory insuf-
ficiency have shown no differences between the PLV
and CMYV groups since a surprisingly low mortality of
20% among the pediatric patients with isolated respi-
ratory failure prohibited successful completion of the
study, which was subsequently discontinued. Among
adult patients with acute lung injury or ARDS, no
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differences in ventilatory pulmonary mechanics, gas-
exchange parameters, or survival were noted between
the PLV (n = 65) and CMV (n = 25) patients.?3> In
May 2001, the results of a multicenter, prospective
randomized study comparing PLV and CMV in adults
with ARDS revealed no significant difference in mor-
tality or 28-day ventilator-free days in the PLV com-
pared with the CMV group.??* Although PLV may be
further evaluated in subgroups of adult and pediatric
patients with respiratory failure, it is unlikely that PLV
will play a general role in the treatment of adult or
pediatric ARDS.

Premature newborns in whom surfactant therapy
fails demonstrate a twofold increase in mean pul-
monary compliance and a decrease in mean oxygen
index from approximately 50 to 10 over the 24-hour
period after initiation of PLV, although a pilot random-
ized study failed to reveal increased survival in the PLV
compared with the CMV group.??> Likewise, a pro-
spective, randomized, controlled pilot trial evaluating
PLV in term newborns with respiratory failure did not
demonstrate an increase in survival in the PLV group
compared with the CMV patients.

Studies have demonstrated the ability of in-utero
tracheal ligation to correct the structural and physi-
ologic effects of pulmonary hypoplasia in the sheep
fetus with CDH.?36¢:237 The ability to induce lung
growth has been demonstrated by distention of the
isolated right upper lobe in newborn sheep with per-
flubron (LiquiVent; Alliance Pharmaceutical Corp.,
San Diego, CA) to a pressure of 7 to 10 mm Hg.?38
An increase in size and alveolar number in the right
upper lobe was noted, while maintaining the air-
space fraction and the protein/DNA ratio. The alveo-
lar/arterial ratio was unchanged compared with that
in the nondistended control animals. This technique
of perfluorocarbon-induced lung growth (PILG)
would apply to patients with CDH who required
ECLS. The use of PILG demonstrated radiologic evi-
dence of an increase in ipsilateral lung size in those
patients managed with PILG (Fig. 7-23).2%>° A ran-
domized, prospective, controlled pilot study dem-
onstrated encouraging survival rates in six (75%)
of eight PILG-treated CDH patients on ECLS com-
pared with two (40%) of five conventionally treated
patients on ECLS.240

In 1989, the first report of the use of TLV in
humans was published.??824! Three moribund, pre-
term newborns, for whom surfactant therapy had
failed, were managed with TLV. Pulmonary compli-
ance increased during the period of TLV. However,
the gas-exchange response was variable, though
for the first time the ability to sustain gas exchange
during TLV in humans was demonstrated. A mul-
ticenter study of TLV in pediatric models of ARDS
demonstrated increased oxygenation and pulmonary
function with enhancement in cardiac output and
decrease in histologic parameters of lung injury in
the TLV group.?4? Although not yet effectively tested
in the clinical setting, these data suggest that TLV
may play a significant role in lavaging, re-inflating,
and ventilating injured lungs.

MECHANICAL VENTILATION IN PEDIATRIC SURGICAL DISEASE 107

VENTILATOR-ASSOCIATED
PNEUMONIA

Ventilator- associated pneumonia (VAP), diagnosed at
48 hours or later on mechanical ventilation, is the sec-
ond most common hospital-acquired infection in the
neonatal (NICU) and pediatric (PICU) intensive care
units. Occurring in 3% to 10% of all ventilated PICU
patients and 6% to 32% of NICU patients, VAP results
in higher mean lengths of ICU stay, increased mortal-
ity rates, and increased hospital costs.?43244 Controver-
sies exist on the definition, treatment, and prevention
of VAP. Finally, many studies do not incorporate the
pediatric population and therefore cannot be blindly
applied to all patients.

Definitions for VAP differ for infants 1 year or
younger (Table 7-5), children between 1 and 12 years
old (Table 7-6), and those older than 12 years of age
(Table 7-7). In all patients, mechanical ventilation
must be present for more than 48 hours.?4324> Micro-
bial confirmation is not necessary for the NNIS/CDC
criteria defined in the tables, and the use of quanti-
tative cultures for diagnosis in children and neonates
is variable. The technique of fiberoptic bronchoalveo-
lar lavage (BAL) has been described in children but is
not routinely used. Blind BAL findings of a bacterial
index (defined as the log;, of the colony-forming units
of microorganisms per milliliter of BAL fluid) greater
than 5 are the most reliable method for diagnosing
VAP in mechanically ventilated children and should
be used most often.?4¢

Investigations on the treatment of VAP focus on
empirical use of antibiotics and duration of therapy.
Broad-spectrum, early empirical antibiotics, when
appropriately chosen, have been shown to decrease
mortality in adults, but overuse can increase antibiotic
resistance.?47-248 Risk factors for multidrug-resistant
pathogens in pediatric patients include younger age,
increasing pediatric risk of mortality score, previous
PICU admissions, exposure to household contacts
hospitalized over the past year, intravenous antibiotic
use in the past 12 months, and exposure to chronic
care facilities.?4%-250 Once final cultures are available,
it is important to de-escalate therapy to prevent over-
use of antibiotics and the breeding of multidrug-resis-
tant organisms. The question of optimal duration of
therapy in adults was addressed using a multicenter,
randomized, controlled trial comparing 8 days of anti-
biotic therapy versus 15 days. There was no difference
in the mortality rates. Patients infected with nonfer-
menting gram-negative bacilli, however, benefited
from the longer duration of therapy with a reduced
relapse rate. Finally, patients treated for 8 days also
had a reduced incidence of multidrug-resistant patho-
gens on relapse when compared with those treated for
15 days.2!

Guidelines for the prevention of VAP have been
established based on current evidence by the VAP
Guidelines Committee and the Canadian Critical Care
Trials Group.?** Recommended therapeutic inter-
ventions include orotracheal route of intubation, a
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Figure 7-23. Progression of the distended lungs ipsilateral to the hernia with time (the perfluorocarbon is radiopaque) in the three
patients who received 7 days of pulmonary distention with perfluorocarbon. Notice the evident increase in lung size, which was not
observed in the contralateral lungs. (Reprinted with permission from Fauza DO, Hirschl RB, Wilson JM: Continuous intrapulmonary distension
with perfluorocarbon accelerates lung growth in infants with congenital diaphragmatic hernia: Initial experience. J Pediatr Surg 36:1237-1240,
2001.)
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NNIS/CDC Criteria for Diagnosis of
Ventilator-Associated Pneumonia in
Infants 1 Year or Younger

Worsening gas exchange (oxygen desaturations, increased
oxygen requirements, or increased ventilator demand) and
three of the following:

Temperature instability with no other recognized cause

New onset of purulent sputum, change in character of
sputum, increased respiratory secretions, or increased
suctioning requirements

Apnea, tachypnea, nasal flaring with retraction of chest wall,
or grunting

Wheezing, rales, or rhonchi

Cough

Bradycardia (< 100 beats/min) or tachycardia (> 170 beats/min)

From NNIS/CDC—National Nosocomial Infections Surveillance System/
Centers for Disease Control.

NNIS/CDC Criteria for Diagnosis of
Ventilator-Associated Pneumonia
in Children between Ages 1 and 12
Years

Three of the following:

Fever (>38.4°C) or hypothermia (<37°C) with no other
recognized cause

Leukopenia (<4,000 white blood cells/fmm3) or leukocytosis
(=15,000 white blood cells/mm3)

New onset of purulent sputum, change in character of
sputum, increased respiratory secretions, or increased
suctioning requirements

Rales or bronchial breath sounds

Worsening gas exchange (O, desaturations [pulse oximetry
< 94%], increased oxygen requirements, or increased
ventilation demand)

From NNIS/CDC—National Nosocomial Infections Surveillance System/
Centers for Disease Control.
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NNIS/CDC Criteria for Diagnosis of
Ventilator-Associated Pneumonia in
Children Older Than 12 Years

One of the following:

Fever (>38°C) with no other recognized cause

Leukopenia (<4,000 white blood cells/fmm3) or leukocytosis
(=12,000 white blood cells/fmm3)

Two of the following:

New onset of purulent sputum, change in character of
sputum, increased respiratory secretions, or increased
suctioning requirements

New onset of worsening cough, dyspnea, or tachypnea
Rales or bronchial breath sounds

Worsening gas exchange (Pao,/Fi0, < 240, increased oxygen
requirements, or increased ventilation demand)

Two or more abnormal chest radiographs (can be one if no
pulmonary or cardiac disease) with one of the following:

New or progressive and persistent infiltrate
Consolidation

Cavitation

Pneumatoceles (in infants <1 year)

From NNIS/CDC—National Nosocomial Infections Surveillance System/
Centers for Disease Control.

ventilator circuit specific for each patient, cir-
cuit changes if soiled or damaged but no scheduled
changes, change of heat and moisture exchangers
every 5 to 7 days or as indicated, use of closed endo-
tracheal suctioning system changed for each patient
and as clinically indicated, subglottic secretion drain-
age in patients expected to be mechanically ventilated
for more than 72 hours, and the head of bed elevated
at 45 degrees when possible. Consideration should be
given to the use of rotating beds and oral antiseptic
rinses.2%2 Finally, in adult patients, a team approach
and implementation of a VAP bundle encompassing
all the evidence-based guidelines has successfully
improved outcomes.?>3



VASCULAR ACCESS
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O ne of the well-recognized challenges in providing

medical care for infants and children is access to
the vascular system. Pediatric surgeons are frequently
called to provide vascular access in various settings
and for a variety of indications. The most commonly
used device for venous access in children is a periph-
eral intravenous (PIV) cannula. In adults, achieving
venous access is often accomplished with minimal
distress. However, in children, placement of an intra-
venous catheter can be quite traumatic to the child,
the parents, and the attendant health care providers.
In some situations it can be a fairly frustrating and
time-consuming procedure.! In an emergency, alter-
native means of vascular access should be sought rela-
tively quickly. Particular circumstances of each child
may demand specific solutions for vascular access,
namely, the choice of device and site chosen for its
placement (see Table 8-1 for indications for vascular
access and the respective device choices). It is impera-
tive that one is aware of the limitations and potential
adverse effects of the various vascular access devices
(VADs) that are available. Unfortunately, practitioners
often persist with a PIV cannula for a long time in-
stead of committing to a higher level of access early.
This reluctance is seen in all clinical settings, such as
the emergency department, operating room, neona-
tal intensive care unit (NICU), and other patient care
units. For example, a child may stay on low osmolar
and inadequate intravenous nutrition through a PIV
cannula instead of total parenteral nutrition (TPN)
through a central vascular device. In an emergency,
one should move on to other options promptly after
a few failed attempts at PIV cannula placement. In
the past, the options were a venous cutdown or an
emergency central venous catheter (CVC) placement.
These methods take considerable time and frequently
require the availability of a pediatric surgeon. Over the
past several years, intraosseous (I0) needle placement
has become the most common contingency method of
emergency vascular access in children (Fig. 8-1). The
newer mechanical devices have allowed easier train-
ing of emergency medical personnel and improved the
success rate of 10 placement in the prehospital set-
ting. In fact, with appropriate training, an IO needle
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can be placed more quickly than a PIV cannula.?
Umbilical vessels are frequently used in sick neonates
but can only be used for a finite period—maximum of
5 days for an umbilical artery catheter (UAC) and
14 days for an umbilical venous catheter (UVC).3
Early placement of a peripherally introduced central
venous catheter (PICC) is preferable in these infants.
Persistence with using PIV cannulas leads to higher
complication rates and reduces the number of future
PICC placement sites. Local availability and policies of
home health care personnel should be considered in
deciding if a CVC or PICC would be more appropri-
ate for home antibiotic therapy or home parenteral
nutrition therapy that is indicated for a medium term
(a few weeks). In choosing the appropriate VAD for
an oncology patient, the requirements of the oncolo-
gist, the patient’s age, expected activity level, expected
chance of cure, number of previous VADs placed, and
patency of the central veins all should be considered.
The number of lumens, size of the catheter, type of
catheter, and its location can all be tailored to the
specific patient. Long-term maintenance of central
venous access in patients suffering from intestinal
malabsorption is particularly challenging. Once the six
conventional sites of central venous access—bilateral
internal jugular, subclavian, and femoral veins—are
exhausted, one must become more creative in gaining
central access.

Complications that are common to all types of
VADs are extravasation of infusate, hemorrhage,
phlebitis, septicemia, thrombosis, and thromboem-
bolism. Prevention is the best way to manage these
complications. Careful placement, with the use of
ultrasound and/or fluoroscopic guidance as appro-
priate, can save time and reduce injury to adja-
cent structures. Maximal sterile barrier precautions
are recommended during placement of the lines
to reduce colonization and bloodstream infection
rates.*> Good stabilization will prevent dislodgement
of the catheters and/or flipping of subcutaneous
ports. Use of heparin-bonded catheters and heparin
infusion have reduced the incidence of thrombosis
of the veins while antibacterial-coated catheters are
recommended for infection prevention.*
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Indications for Vascular Access in Infants and Children and the Recommended Devices

Indications PIV PICC 10
Emergency venous access X X
Short-term venous access X

Medium-term venous access X X

Long-term venous access X

cvC
Non-tunneled Tunneled Subcutaneous Port
X
X
X
X X

PIV, peripheral intravenous catheter; PICC, peripherally introduced central venous catheter; 10, intraosseous needle; CVC, central venous catheter.

PERIPHERAL VENOUS ACCESS

As previously described, peripheral intravenous cath-
eter placement is the most frequently used method of
accessing the vascular compartment. Devices designed
for this purpose are universally available, and the
expertise needed for their placement is widely dis-
persed. Training new health care providers in these
techniques is relatively straightforward. Nonetheless,
obtaining PIV access in children in an emergency and
in children who have had multiple previous intrave-
nous catheters is particularly challenging.

In infants and children, PIV access is usually
achieved by using the veins on the dorsum of the
hand, forearm, dorsum of the foot, medial aspect of
the ankle, and the scalp. In infants, the median vein
tributaries on the ventral aspect of the distal fore-
arm and wrist and the lateral tributaries of the dor-
sal venous arch on the dorsum of the foot may be
available but typically admit only the finest-diam-
eter catheters. The position of the distal long saphe-
nous vein, anterior to the medial malleolus, is fairly
constant and is frequently palpable, making it one
of the most popular veins used for PIV access, par-
ticularly in infants. It allows a larger size catheter, and
it is also possible to stabilize the catheter well. Sev-
eral techniques have been shown to be beneficial in
cannulating a peripheral vein, namely, warming the

Figure 8-1. An intraosseous line has been inserted into the
tibia of a young child for vascular access.

extremity, transillumination, and epidermal vasodi-
lators.® Ultrasound guidance has been used to obtain
access to basilic and brachial veins in the emergency
department.” VeinViewer (Luminetx Corporation,
Memphis, TN) is a device that is slowly gaining popu-
larity based on near-infrared imaging and digital light
processing technology.®® It projects a real-time image
of all the patent subcutaneous veins on the overly-
ing skin. Unlike ultrasonography, there is no physical
contact with the overlying skin and hence there is no
compression or distortion of the veins. Scalp veins can
be readily visible and accessible but tend to be difficult
to maintain access for any length of time. Similarly,
external jugular vein catheters tend to get dislodged
promptly in a moving patient and may only be useful
for a short time. Significant complications associated
with PIV catheters include phlebitis, thrombosis, and
extravasation with chemical burn or necrosis of sur-
rounding soft tissue.

UMBILICAL VEIN AND ARTERY ACCESS

Sick neonates are often managed with catheters placed
either in the umbilical vein (UVC) and/or one of the
umbilical arteries (UAC). They are used for monitor-
ing central venous or arterial pressure, blood sam-
pling, fluid resuscitation, medication administration,
and TPN. To minimize infectious complications,
the UVCs are usually removed after a maximum of
14 days.!'0 These catheters are typically placed by neo-
natal nurse practitioners or neonatologists by dissect-
ing the umbilical cord stump within a few hours of
birth. It is possible for the pediatric surgeon to cannu-
late the umbilical vessels after the umbilical stump has
undergone early desiccation. A small vertical skin inci-
sion is made above or below the umbilical stump to
access the umbilical vein or artery, respectively. Once
the fascia is incised, the appropriate vessel is identified,
isolated, and cannulated. The tip of the UVC is placed
at the junction of the inferior vena cava (IVC) and the
right atrium (RA).!! The catheter is cut to reach the
xiphisternum from the insertion site to locate the tip
correctly. On the chest radiograph, the tip of the UVC
should be above or at the level of the diaphragm. The
tip of the UAC is positioned between the sixth and tenth
thoracic vertebrae, cranial to the celiac axis (Fig. 8-2).
Various calculations have been proposed to estimate
the correct length of the catheter before insertion,
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Figure 8-2. This abdominal and chest film in this newborn
shows the UAC catheter at the level of the seventh vertebral
body (solid arrow) and the umbilical venous catheter (dotted
arrow) above the level of the diaphragm. These are the recom-
mended positions for these catheters.

based on weight and other biometric measures of the
infant.!>13 The long-standing argument about the
safety of a “high” versus “low” position for the UAC tip!4
has been laid to rest; the “high” position just described
has been shown to be associated with a low incidence
of clinically significant aortic thrombosis without any
increase in other adverse sequelae.!”> Whereas the
umbilical vessel catheters, without doubt, have saved
many lives, they have also been associated with vari-
ous complications. In addition to tip migration, sepsis,
and thrombosis that are common to both, UVCs are
associated with perforation of the IVC, extravasation
of infusate into the peritoneal cavity, and portal vein
thrombosis.!® UACs are associated with aortic injuries,
thromboembolism of aortic branches, aneurysms of
the iliac artery and/or the aorta, paraplegia, and glu-
teal ischemia with possible necrosis.!! Pooled rates of
bloodstream infections associated with umbilical and
CVCsin NICUsis reported to be 11.6 per 1000 catheter-
days for premature infants with birth weight of less
than 1000 g, 7.0 for infants weighing 1000 to 1500 g,
and 4.0 for those weighing more than 2500 g.!”

PERIPHERALLY INTRODUCED CENTRAL
CATHETER

PICC lines provide a reliable central venous access
in neonates and older children of all sizes without a
need for directly accessing the central veins. Hence

the potential for morbidity is low. PICC lines are suit-
able for infusion of fluids, medications, TPN, and blood
products. They can be placed by specially trained regis-
tered nurses, advanced practice nurses, interventional
radiologists, intensivists, and surgeons. Many institu-
tions caring for sick children on a routine basis have
developed special teams and protocols for placement of
PICC lines to reduce variations in practice and increase
availability.!® Broadly, two techniques are used in the
placement of PICC lines. The traditional technique
involves placement of a relatively large cannula (about
19 gauge) in the vein of choice, through which the
PICC is introduced. The technique that is currently
most popular is the modified Seldinger technique. A
regular small peripheral intravenous catheter (about 24
gauge) is first placed in a suitable extremity vein such
as the basilic, cephalic, or long saphenous vein. A fine
guide wire is advanced through this, the initial cath-
eter is removed, the track is dilated, and the peel-away
PICC introducer cannula is advanced over the guide
wire. The guide wire is then removed, and the PICC
line is introduced through the introducer (Fig. 8-3).17
The tip of the PICC should be placed at the superior
vena cava (SVC)/RA junction or the IVC/RA junction.
Locations other than these are considered non-central
and are associated with higher complications.?° Lack
of visible or palpable peripheral veins may necessitate
use of ultrasound guidance to access a deeper vein
such as the brachial vein. Accumulating evidence sug-
gests that early placement of a PICC line is beneficial
to the neonates compared with management with sev-
eral peripheral venous catheters.?!>2 Delayed attempts

Figure 8-3. Placement of a PICC using the modified Seldinger
technique described in the text. The axillary vein is being accessed
in this premature infant.



at placement of a PICC line in these sick neonates may
preclude its success because of lack of a suitable patent
peripheral vein.!® PICC lines are also eminently suit-
able for short- to medium-term (weeks) home intra-
venous therapy of antibiotic or parenteral nutrition.??
The most common complications associated with PICC
lines are infections, occlusion, and dislodgement of
the catheter.?* Symptomatic upper extremity venous
thrombosis is seen as often as 7% in adults receiving
chemotherapy through PICC lines versus 1% in those
receiving no chemotherapy.?®

CENTRAL VENOUS CATHETERS

Until recently, CVCs have been the mainstay of reli-
able central vascular access in children. With the
development of PICC teams!® and the increasing use
of PICC lines, there has been a decline in the use of
CVCs in neonates and older children. Non-tunneled
CVCs are used for short- and medium-term indica-
tions, whereas surgically placed tunneled CVCs are
used for medium- and long-term indications. In pre-
mature neonates, if PICC placement is not success-
ful, tunneled CVCs are preferentially used because of
their smaller size and durability as opposed to non-
tunneled CVCs. The central veins accessed for place-
ment of CVCs are the bilateral internal jugular veins,
subclavian veins, and femoral veins. In older children
and full-term neonates, the percutaneous Seldinger
technique is used. In premature neonates and occa-
sionally in older children, the relevant central vein or
one of its tributaries, common facial vein?® or exter-
nal jugular vein in the neck, cephalic vein in the del-
topectoral groove, or the long saphenous vein at the
groin (Fig. 8-4)2728, is exposed surgically and cannu-
lated directly. In the emergency situation, percutane-
ous femoral vein access is preferred because this area
is away from all the other activity centered around the
head, neck, and chest. Despite accumulating evidence,

Figure 8-4. This broviac catheter was placed through a
cutdown at the groin to access the long saphenous vein close
to the saphenofemoral junction. The catheter is positioned in a
subcutaneous tunnel in the thigh to exit just above the knee on
the anteromedial aspect.
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familiarity continues to dictate the choices made by
pediatric surgeons in choosing the site of placement
of CVCs.2829 In a recent, unpublished survey of 282
practicing North American pediatric surgeons, 84%
preferred placing tunneled CVCs in NICU infants
around the neck with the left subclavian, right inter-
nal jugular, and right external jugular veins being the
vessels of choice (in that order), citing familiarity as
the main reason. The tip of a CVC placed from the
lower body should be positioned at the junction of
the IVC and RA. The xiphoid process is a good surface
landmark to estimate the length of catheter needed.
On a radiographic image, the tip should project just
above the diaphragm. Placing the tip high will ensure
prompt dilution of the infusate and is likely to be
associated with lower chance of thrombosis. If the tip
is placed close to the IVC bifurcation or in the iliac
veins, it cannot be considered truly “central,” and
hyperosmolar infusions should be avoided. A CVC
placed through an upper body vein should be posi-
tioned such that the tip is at the junction of the SVC
and RA. Surface landmarks for this location are less
reliable. A point about 1 ¢m caudal to the manubri-
osternal junction, at the right sternal border, gives a
close estimate to the SVC/RA junction in toddlers and
older children. The lower margin of the third right
costosternal junction has been shown to be the best
surface landmark in adults for placement of the CVC
tip at the SVC/RA junction.?? Length recommenda-
tions have been made based on a child’s weight for
placement of right internal jugular and right subcla-
vian CVCs.?! On a chest radiograph, the tip of the
catheter should project about two vertebral bodies
caudal to the carina. The tunneled, surgically placed
CVC can be left in for several months to years. The
Broviac and Hickman catheters (Bard Access Sys-
tems, Salt Lake City, UT) are made of silicone and
are available in various sizes, the smallest being a
2.7-Fr single-lumen catheter. These catheters have
a Dacron cuff that allows tissue ingrowth, resulting
in anchoring of the catheter within the subcutane-
ous tunnel. The cuff can be placed close to the exit
site of the catheter to facilitate easier removal by dis-
section through the exit site itself. Placement of the
Dacron cuff midway between the venotomy site and
the exit site has the advantage of reduced chance of
unintended removal of the catheter.

There is mounting evidence demonstrating the vir-
tue of ultrasound guidance for percutaneous central
venous access. Two devices developed for this pur-
pose have been well studied: SiteRite (Bard Access
Systems, Salt Lake City, UT) and SonoSite (SonoSite
Inc, Bothel, WA). Real-time 2D ultrasound guid-
ance is now recommended as the preferred method
when placing a CVC into the internal jugular vein
in adults and children in elective situations.??3> In
a randomized controlled trial, real-time ultrasound
guidance has been shown to be beneficial in inter-
nal jugular vein catheterization in infants weighing
less than 7.5 kg when compared with an ultrasound
image-based skin surface marking.?* The benefits
of ultrasound guidance include higher success rate,
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Figure 8-5. A, Representative ul-
trasound image of the right inter-
nal jugular vein and carotid artery
as seen from the cranial end of an
adult. B, The circle outlines the ar-
tery. The vein is just anterior and
lateral to the artery and is shown
by the irregular ellipse. The sterno-
mastoid muscle is seen just anterior
to the vein.

faster access, fewer needle passes, and fewer arterial
punctures.?2-36 The ultrasound transducer is wrapped
in a sterile sleeve, and sterile gel is used to obtain
real-time images of the vessel being accessed. Either
a short-axis view—across the diameter of the vessel
(Fig. 8-5)-or the long axis view-along the length of
the vessel-is used to visualize the needle approaching
and entering the vessel. A guide wire is then passed
into the vessel, followed by the routine Seldinger
technique for placement of the CVC.?3:3> Because of
the proximity of the clavicle, visualization of the sub-
clavian vein is poor with ultrasound. Infraclavicular
axillary vein cannulation has been performed with
96% success with ultrasound guidance for tunneled
CVC placement into the subclavian vein.?? There is
limited evidence suggesting ultrasound guidance is
helpful for subclavian vein and femoral vein cannu-
lation in adults.??

The majority of bloodstream infections in children
are associated with the use of a vascular access device.
The pooled rate of catheter-associated bloodstream
infections in pediatric intensive care units (PICUs)
is reported to be 7.7 per 1000 catheter-days.!” The
incidence of umbilical catheter- and CVC-associated
bloodstream infections in neonates is 4 to 11.3 per
1000 catheter-days. Tunneled CVCs placed in neo-
nates in the NICU at the neck have been associated
with a higher rate of complications than those placed
in the groin; infection rates were 5.8 versus 0.7 per
1000 catheter-days.?® Acute CVCs placed in 289 pedi-
atric burn care unit patients also resulted in higher
infection rates associated with subclavian and inter-
nal jugular CVCs compared with the femoral CVCs:
10 and 13.6 versus 8.2 per 1000 catheter-days.?® This
is thought to be due to the higher nursing and respi-
ratory therapy activity at the head and neck in these
patients who require intensive care. Although prophy-
lactic antibiotics reduced the rate of CVC-associated
septicemia in neonates, they are not recommended
because no reduction in mortality was shown. More-
over, there is a potential risk for selection of resistant
organisms.38

TOTALLY IMPLANTED CENTRAL
VENOUS CATHETERS

Totally implantable intravascular devices (ports) are
subcutaneous reservoirs attached to CVCs. The reser-
voirs are made with a metal or hard plastic shell and
a silicone septum that is penetrated for access. They
provide a reliable, long-lasting solution for patients
who need intermittent access to their central veins.
They are ideal for patients who desire to be involved
in aquatic sports and other physical activities. They
are most useful for patients with malignancies, coag-
ulopathies, hemolytic syndromes, and renal failure,
requiring recurrent vascular access. Ports are available
with a low profile and as small as 5-Fr catheters for
infants, with progressively larger ones for older chil-
dren. Larger ports are available with dual lumens.
More recently, some high-flow ports have been intro-
duced (PowerPort-Bard Access Systems, Salt Lake City,
UT) that allow high-pressure injection of intravenous
contrast for radiologic imaging. Ports require special
noncoring needles to keep the septum from leaking.
Regular hypodermic needles should not be used with
ports because they tend to cut out small cores of the
silicone septum with each penetration. The cutting
edge of the noncoring needle is in line with the needle,
keeping it from cutting a core of the septum. The res-
ervoir should be implanted in a subcutaneous pocket,
over a firm base such as the chest wall. Placing the
port in the abdominal wall is not acceptable because
penetration of the skin and septum against a soft base
is difficult, if not impossible. Preferred sites for port
placement include the pectoral area, parasternal area,
above and medial to the areola, and the subclavicular
area, medial to the anterior axillary fold. In patients
with a concern for cosmesis, the low pre-sternum
area and the lateral chest wall are two locations that
hide the scar when the port is eventually removed. In
determining port placement, consideration should be
given to the age of the patient, the intended activities,
as well as the convenience of the caregivers. Placing
a lateral chest wall port will make it difficult for an



infant to be picked up under the axillae. Subclavicular
placement will make it easy to access the port with
minimal disrobing; in obese girls and young women,
it is less likely to get displaced by the highly mobile
breast tissue. However, the resultant scar is very dif-
ficult to hide. The presternal location will provide a
very stable foundation for the port, even in the obese
child. When placed over the lower sternum, it can be
accessed with opening the front of a button-down top
or shirt. Once the port is removed, the scar can be hid-
den nicely. Complications that are unique to a port are
inability to access the port, disconnection of the cath-
eter from the reservoir with extravasation, flipping of
the port, fracture and embolization of the catheter,
and breakdown of the overlying skin.3® Unlike silicone
catheters, polyurethane catheters have a tendency
to adhere to the vein if left in place for more than
20 months.40

INTRAOSSEOUS ACCESS

Several studies have been published over the past
60 years establishing the safety and effectiveness of 10
access for infusion of fluids and medications in chil-
dren. Safety and efficacy of 10 access in neonates has
been specifically addressed in some recent studies.4!-42
IO access has also been shown to be faster than access
with a PIV2 and safer than an emergency CVC.

Bone marrow consists of rich lattice network of ves-
sels. Whereas the peripheral veins collapse in patientsin
shock, the vascular spaces in the bone marrow do not.*3
The bioavailability of resuscitative drugs administered
through 10 access has been well established** and
shown to be better than that of those administered
through an endotracheal tube.#> The current Pediatric
Advanced Life Support (PALS) recommendation is to
establish IO access promptly if PIV access cannot be
attained rapidly in neonates and children of all ages
who need intravenous drugs or fluids urgently.4¢ Train-
ing in the technique of 10 access placement is included
in the PALS and the Advanced Trauma Life Support
(ATLS) provider courses.*” In children, the long bones
of the lower extremities are used preferentially for IO
placement. The proximal tibia is the most common site
used, with the distal femur being the next most com-
mon. With full sterile precautions, a needle designed
for bone marrow aspiration is advanced through the
cortical bone to access the bone marrow. In an infant,
a spinal needle may be used,*® but in an older child, a
generic bone marrow needle or a purposely designed
10 needle such as the widely used Jamshidi needle
(Cardinal Health, McGraw Park, IL) is used (see Fig.
8-1).4> In the case of the proximal tibia, the subcuta-
neous, anteromedial flat surface of the tibia, 1 to 3 cm
distal to the tibial tuberosity, is chosen. A small skin
incision is made using the tip of a pointed scalpel or a
large-bore hypodermic needle. The 10 needle is posi-
tioned pointing posteriorly and angled slightly caudad.
It is then advanced through the cortical bone using a
screwing and unscrewing motion with constant pres-
sure. Once the needle penetrates the outer cortex, a
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sudden “give” is felt. The needle is held in this position
and the obturator is removed. A syringe is attached
and bone marrow is aspirated to confirm correct place-
ment. The 10 needle is stabilized with a dressing. The
femoral location is accessed by placing the needle 1 to
3 cm cephalad to the patella, angled slightly cranial to
avoid the growth plate. Contraindications for IO place-
ment include injury or suspected injury to the bone or
soft tissue overlying the placement site. Recently intro-
duced mechanical devices such as the Bone Injection
Gun (BIG, Wasimed, Caesarea, Israel), FAST1 System
(Pyng Medical Corporation, Vancouver, Canada), and
EZ-10 (Vidacare, San Antonio, TX)*>4> have helped to
expand the use of 10 access. The first two are spring-
loaded devices. The FAST1 System is designed for ster-
nal use in adults. The EZ-10 is a power drill-assisted
device that makes I0 placement easier in older chil-
dren and adults.

Early concerns about potential adverse effects on
the growth plates of long bones used for IO access have
been allayed by animal studies.*8 The overall complica-
tion rate is estimated to be about 1%.4> Extravasation
of fluid is the most common adverse event. Compart-
ment syndrome, osteomyelitis, skin and soft tissue
infection, bone fractures, and fat embolism, although
rare, have also been reported.*>

VENOUS CUTDOWN

Although the advent and eventual broader acceptance
of IO infusion has almost eliminated the need for venous
cutdown and reduced the role of emergency place-
ment of CVCs,¢ pediatric surgeons should maintain the
knowledge and skills required to perform this proce-
dure. The vessel of choice is the long saphenous vein
near the medial malleolus. The vein is superficial and is
of satisfactory size and there is minimal subcutaneous
fat in this location. A transverse incision is made ante-
rior and cephalad to the medial malleolus. The vein is
readily identified by dissecting through the thin subcu-
taneous tissue and is stabilized by placing proximal and
distal stay ligatures. The vein is then directly cannulated
using a venous catheter of appropriate size relative to
the vein. The catheter is anchored to the adjacent skin.

ALTERNATE ROUTES FOR CENTRAL
VENOUS ACCESS

Patients who have had multiple previous CVCs can
have unrecognized thrombosis or stenosis of the cen-
tral veins that precludes the successful placement of
a new catheter. Doppler ultrasonography or magnetic
resonance angiography should be used to survey the
central veins, including the brachiocephalic vein,
the SVC, and the IVC.%° Percutaneous access can be
gained via a patent IVC by interventional radiologists
either by a translumbar or a transhepatic approach.>®
A tunneled catheter can then be placed to reach the
IVC/RA junction. The translumbar IVC catheters are
quite durable, but the transhepatic ones tend to get
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withdrawn from the vascular space owing to the con-
stant respiratory excursions of the diaphragm. The bra-
chiocephalic vein, if patent, can similarly be accessed
by interventional radiologists through a suprasternal
route. In the absence of these options, the azygos vein
may be accessed through one of the intercostal veins
percutaneously®! or surgically through a thoracot-
omy°?2 or with thoracoscopic assistance.>> Direct right
atrial access has been used to manage patients with
intestinal failure and occluded central veins®# for long
periods and in cardiac patients in an acute situation.

ARTERIAL CATHETER

Intra-arterial catheters allow continuous hemody-
namic monitoring and blood sampling. Radial arteries
at the wrist are most commonly used for intra-arterial
access because of good collateral circulation. Dorsalis
pedis and posterior tibial arteries are the other periph-
eral sites that are sometimes used. Femoral arteries
are frequently used by cardiologists for catheter-based
cardiac interventions and occasionally for monitor-
ing. However, in general, it is advisable not to use the
main artery of an extremity for chronic arterial cath-
eter placement to avoid thromboembolic and isch-
emic complications. The adequacy of collateral arterial
supply through the ulnar artery should be confirmed
before placement of a radial arterial line by using the
Allen test.>>->7 The right radial artery allows preductal
monitoring and sampling. Percutaneous cannulation
is often successful. If not, an arterial cutdown may be

performed. Vasospasm is common and is self-limiting,
reversing within a few hours. Thromboembolism can
result in limb loss if the axillary, brachial, or femo-
ral artery is catheterized. Digital ischemia can result
from radial artery catheters. Local infections can occur
when the catheters are left for several days. A pseudo-
aneurysm can result from injury to the adjacent vein
during placement.

HEMODIALYSIS CATHETERS

The current recommendation is to use an autologous
arteriovenous fistula (AVF) as the route of choice for
hemodialysis.>® AVFs permit high flow rates that facili-
tate effective dialysis. They also are reliable, are dura-
ble, and, once established, have low complication rates.
Because patients are often referred late and AVFs take
time to mature, there is frequently a need for CVCs
for immediate dialysis. Temporary and tunneled long-
term double-lumen hemodialysis catheters are placed
preferentially through the right internal jugular vein,
either percutaneously or by cutdown. The larger size
of the vein and the straight internal path of the cath-
eter allow a larger catheter to be placed safely through
the right internal jugular vein. The long-term, cuffed
hemodialysis catheters are precurved to allow right
internal jugular placement with tunneling to the pec-
toral area. Flow rates achieved through hemodialysis
catheters tend to be lower and they last a relatively
short time. Totally implanted subcutaneous hemodi-
alysis access systems are being developed.>®



SURGICAL INFECTIOUS DISEASE
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D espite improvements in antimicrobial therapy,

surgical technique, and postoperative intensive
care, infection continues to be a significant source
of mortality and morbidity for the pediatric patient.
Widespread antibiotic use has brought with it the
complication of resistant organisms,! and antibiotic
selection has become increasingly complex as newer
antibiotics are continually developed.? In addition,
infections with uncommon organisms are becoming
more common with diminished host resistance from
immunosuppressive states such as immaturity, cancer,
systemic diseases, and medications after transplant
procedures. Surgical infections generally require some
surgical intervention, such as drainage of an abscess or
removal of necrotic tissue, as opposed to being treated
solely with antibiotics.

Two broad classes of infectious disease processes
affect a surgical practice: those infectious conditions
brought to the pediatric surgeon for treatment and
cure and those that arise in the postoperative period as
a complication of surgical intervention.>

COMPONENTS OF INFECTION

The pathogenesis of infection involves a complex
interaction between the host and pathogens. Four
components are important: virulence of the organism,
size of inoculum, presence of nutrient source for the
organism, and a breakdown in the host’s defense.

The virulence of any microorganism depends on its
ability to cause damage to the host. Exotoxins, such
as streptococcal hyaluronidase, are digestive enzymes
released locally that allow the spread of infection by
breaking down host extracellular matrix proteins.
Endotoxins, such as lipopolysaccharides, are compo-
nents of gram-negative cell walls that are released only
after bacterial cell death. Once systemically absorbed,
endotoxins trigger a severe and rapid systemic inflam-
matory response by releasing various endogenous
mediators such as cytokines, bradykinin, and prosta-
glandins.# Surgical infections are often polymicrobial,
involving various interactions among the species of
microorganisms.

The size of the inoculum is the second component
of an infection. The number of colonies of microor-
ganisms per gram of tissue is a key determinant. The
smallest number of bacteria required to cause clinical
infection varies from species to species. Predictably,
any decrease in host resistance decreases the absolute
number of colonies necessary to cause clinical dis-
ease. In general, if the bacterial population in a wound
exceeds 100,000 organisms per gram of tissue, inva-
sive infection is present.’

For any inoculum, the ability of the organisms to
find suitable nutrients is essential for their survival
and comprises the third component of any clinical
infection. Accumulation of necrotic tissue, hematoma,
or other environmental contamination offers nutrient
medium for continued organism growth and spread.
Of special importance to the surgeon is the concept
of necrotic tissue and infection. This tissue is recog-
nized as a nutrient source for invading microorgan-
isms.® Also, complement proteins and neutrophils
accumulate in necrotic tissue that diverts them from
the invading microorganisms.”

Finally, for a clinical infection to arise, the body’s
defenses must be broken. Even highly virulent organ-
isms can be eradicated before clinical infection occurs
if resistance is intact. Evolution has equipped humans
with numerous mechanisms of defense, both anatomic
and systemic.

DEFENSE AGAINST INFECTION
Anatomic Barriers

Intact skin and mucous membranes provide an effec-
tive surface barrier to infection.® These tissues are not
merely a mechanical obstacle. The physiologic aspects
of skin and mucous membranes provide additional
protection. In the skin, the constant turnover of kera-
tinocytes, temperature of the skin, and acid secretion
from sebaceous glands inhibits bacterial cell growth.
The mucosal surfaces also have developed advanced
defense mechanisms to prevent and combat microbial
invasion. Specialized epithelial layers provide resistance
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to infection. In addition, mechanisms such as the
mucociliary transport system in the respiratory tract
and normal colonic flora in the gastrointestinal tract
prevent invasion of organisms. Any pathologic situa-
tion affecting the normal function of these anatomic
barriers increases the host’s susceptibility to infec-
tion. A skin injury or a burn provides open access to
the soft tissues, and antibiotic use disrupts normal
colonic flora. Such breakdowns in surface barriers are
dealt with by the second line of defenses, the immune
system.’

Immune Response

The immune system involves complex pathways and
many specialized effector responses. The first line of
defense is the more primitive and nonspecific innate
system, which consists primarily of phagocytic cells and
the complement system. The neutrophil is able to rap-
idly migrate to the source of the infection and engulf
and destroy the infecting organisms by phagocytosis.
Cytokines, low molecular weight proteins including
tumor necrosis factor (TNF), and many interleukins
attract and activate neutrophils and play a significant
role in mediating the inflammatory response. In addi-
tion, the complement system, when activated, initiates
a sequential cascade that also enhances phagocytosis,
stimulates inflammation, and leads to lysis of patho-
gens. Neonates, in particular premature infants, have
an immature immune system and must rely solely on
the innate immune system and the protective agents
in human breast milk.!° The more specialized, adaptive
immune system involves a highly specific response to
antigens as well as the eventual production of a vari-
ety of humoral mediators.!!

Humoral and Cell-Mediated Immunity

Specific, adaptive immunity has two major compo-
nents. The humoral mechanism (B-cell system) is based
on bursa cell lymphocytes and plasma cells. The cellu-
lar mechanism (T-cell system) consists of the thymic-
dependent lymphocytes.!? The adaptive immune
system is an antigen-specific system that is regulated by
the lymphocytes. A myriad of receptors on the T cells
that are matched to particular individual antigens cre-
ate these specific responses. Furthermore, antibody
production from B cells enhances the antigen-specific
interaction. The receptors of the T cells are produced
by genes that undergo rearrangements, accounting for
the enormous diversity of the unique receptors.!!
Immunity provided by the B-cell system consists
primarily of specific antibodies. Human antibodies are
classified into five basic types of immunoglobulins.
The first exposure of an antigen leads to the produc-
tion of IgM antibodies, whereas subsequent exposure
to the same antigen results in rapid production of IgG
antibodies. Humoral antibodies may neutralize tox-
ins, tag foreign matter to aid phagocytosis (opsoniza-
tion), or lyse invading cellular pathogens. Plasma cells
and non-thymic-dependent lymphocytes that reside
in the bone marrow and in the germinal centers and

medullary cords of lymph nodes produce the reac-
tive components of this humoral system. These agents
account for most of the human immunity against
extracellular bacterial species.

The cellular or T-cell component of immunity is
based on sensitized lymphocytes located in the sub-
cortical regions of lymph nodes and in the periarte-
rial spaces of the spleen. These lymphocytes form a
part of the recirculating lymphocyte pool. The T cells
are specifically responsible for immunity to viruses,
most fungi, and intracellular bacteria. They produce
a variety of lymphokines, such as transfer factors, that
further activate lymphocytes, chemotactic factors, leu-
kotrienes, and interferons.

Immunodeficiencies

Susceptibility to infection is increased when some
component of the host defense mechanism is absent,
reduced in absolute numbers, or significantly curtailed
in function. Some of these derangements may have a
congenital basis, although the majority are acquired as
a direct result of drugs, radiation, endocrine disease,
surgical ablation, tumors, or bacterial toxins. Immu-
nodeficiencies from any cause significantly increase
the risk of surgical infections both in hospitalized and
postoperative patients. In addition, mycotic infections
are an increasing problem in immunocompromised
pediatric patients.!?

Systemic diseases lead to diminished host resis-
tance. For example, in diabetes mellitus, leukocytes
often fail to respond normally to chemotaxis. There-
fore, more severe and unusual infections often occur
in diabetic patients.!* In addition, tumors and other
conditions that impair hematopoiesis lead to derange-
ments in phagocytosis, resulting in an increased predi-
lection for infection. Human immunodeficiency virus
(HIV) infection in children is another major source of
immunodeficiency. Vertical transmission from mother
to child is the dominant mode of HIV acquisition
among infants and children. Most of this transmission
is thought to occur late in pregnancy or postnatally
through breast feeding. Finally, poor nutritional status
has adverse effects on immune function owing to a
wide variety of negative influences on specific defense
mechanisms, including decreased production of anti-
bodies and phagocytic function.!®

In patients with a primary immune defect, suscep-
tibility to a specific infection is based on whether the
defect is humoral, cellular, or a combination. Primary
immunodeficiencies are rare but important because
prompt recognition can lead to lifesaving treatment
or significant improvement in the quality of life.1®
B-cell deficiencies are associated with sepsis from
encapsulated bacteria, especially pneumococcus, Hae-
mophilus influenzae, and meningococcus. Often a ful-
minating course rapidly ends in death, despite timely
therapeutic measures. Although congenital agam-
maglobulinemia or dysgammaglobulinemia has been
widely recognized, other causes of humoral defects
include radiation, corticosteroid and antimetabolite
therapy, sepsis, splenectomy, and starvation. Chronic



granulomatous disease is caused by a deficiency in
the respiratory burst action of phagocytes that leads
to severe and recurrent bacterial and fungal infections
in early childhood. Children with chronic granuloma-
tous disease are prone to develop hepatic abscesses as
well as suppurative adenitis of a single node or mul-
tiple nodes, both of which may require surgical drain-
age or excision.!”

T-cell deficiencies are responsible for many viral,
fungal, and bacterial infections. Cutaneous candidiasis
is a good example of a common infection seen with a
T-cell deficiency. DiGeorge syndrome is a developmen-
tal anomaly in which both the thymus and the para-
thyroid glands are deficient, thus increasing the risk
for infection and hypocalcemic tetany during infancy.
Bacterial toxins, immunosuppressive drugs, malnutri-
tion, and radiation also can produce defects in cellular
immunity.!®

ANTIBIOTICS

The several classes of antibiotics are based on their
molecular structure and site of action. The varying
classes of antibiotics may be divided into bacterio-
static, which inhibit bacterial growth, and bacterio-
cidal, which destroy bacteria. The early initiation and
correct choice of antibiotics is essential for timely and
successful treatment of infections. In addition, it is
important to have knowledge of the specific suscepti-
bility patterns in a particular hospital or intensive care
unit (ICU) to direct initial empirical antibiotic therapy.
Finally, awareness of interactions and adverse reac-
tions in pediatric patients of commonly utilized medi-
cations is critical.

The pharmacokinetics and monitoring of drug
dosages in children is also important when treating
patients with antibiotics. The efficacy and safety of
many drugs have not been established in the pediatric
patient, especially in the newborn.!® Dosages based on
pediatric pharmacokinetic data offer the most rational
approach. The assumption that a child is a miniature
adult as the basis for extrapolation of adult dosages to
children is not ideal. Dosage requirements constantly
change as a function of age and body weight. Fur-
thermore, the volume of distribution and half-life of
many drugs are often increased in neonates and chil-
dren compared with adults for a variety of reasons.20-2!
Knowledge of a drug’s pharmacokinetic profile allows
manipulation of the dose to achieve and maintain a
given plasma concentration. The body surface area
(BSA) method of calculating drug dosages (Child’s
BSA [determined using nomogram)]/1.7 x Adult dose)
approximates the pediatric dose of many drugs but
does not always accurately determine dosage require-
ments in the premature and term newborn.

Newborns usually have extremely skewed drug-
distribution patterns. The entire body mass can be con-
sidered as if it were a single compartment for purposes
of dose calculations. For the majority of drugs, dose
adjustments can be based on plasma drug concentra-
tion. Administering a loading dose is advisable when
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rapid onset of drug action is required. For many drugs,
loading doses (milligrams per kilogram) are generally
greater in neonates and young infants than in older
children or adults.2?2 However, prolonged elimination
of drugs in the neonate requires lower maintenance
doses, given at longer intervals, to prevent toxicity.
Monitoring serum drug concentrations is useful if
the desired effect is not attained or if adverse reac-
tions occur. In the sick premature newborn, almost all
medications are administered intravenously because
gastrointestinal function and drug absorption are
unreliable.

The neonate undergoing extracorporeal membrane
oxygenation (ECMO) presents a special challenge to
drug delivery and elimination. Because the ECMO
circuit may bind or inactivate drugs and make them
unavailable to the patient, dosing of drugs requires
careful attention to drug response and serum levels.
The pharmacokinetics under these conditions gener-
ally include a larger volume of distribution and pro-
longed elimination, with a return to baseline after
decannulation.??

PREVENTION OF INFECTIONS

The most effective way to deal with surgical infectious
complications is to prevent their occurrence. The cli-
nician must recognize the variables that increase the
risk of infection and attempt to decrease or eliminate
them. A summary of the category 1 recommendations
published by the Hospital Infection Control Practices
Advisory Committee (HICPAC) of the Centers for Dis-
ease Control and Prevention that can be implemented
by the surgical team is listed in Table 9-1.

Patient Characteristics

In the adult surgical population, patient characteris-
tics and co-morbidities such as diabetes, liver failure,
systemic corticosteroid use, obesity, extremes of age,
and poor nutritional status are associated with an
increased risk of surgical site infection. However, these
chronic disease states are infrequently encountered
in children. A prospective multicenter study of surgi-
cal wound infections in the pediatric surgical popula-
tion found that postoperative wound infections were
related to factors at the operation rather than to patient
characteristics.?4 In this study of more than 800 pediat-
ric patients, the only factors associated with increased
surgical site infection were contamination at the time
of operation and the duration of the procedure. In con-
trast, the presence of co-existing disease or anomalies,
concurrent distant site infection, or American Society
of Anesthesiologists (ASA) perioperative assessment
score were not found to be associated with an increase
in wound infection. Other investigators have similarly
found that local factors at the time of operation, such as
degree of contamination, tissue perfusion, and opera-
tive technique, play a more important role in initiation
of a pediatric surgical site infection than the general
condition of the patient.?®
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Guidelines for Prevention
of Surgical Site Infections

Treat remote infections before elective surgery.

¢ Do not remove hair preoperatively unless it will interfere

with operation.

Adequately control serum blood glucose levels

perioperatively.

Require patients to shower or bathe with an antiseptic

agent before the operative day.

Use an appropriate antiseptic agent for skin preparation.

e Perform a surgical scrub for at least 2 to 5 minutes using an
appropriate antiseptic.

Administer a prophylactic antimicrobial agent only when
indicated.

Administer an antimicrobial agent such that bactericidal
concentration of the drug is established in serum and
tissues when the incision is made and maintained
throughout the operation.

Sterilize all surgical instruments.

e Wear a surgical mask.”

* Wear a cap or hood to fully cover hair on head and face.”
Wear sterile gloves.”

Use sterile gowns and drapes that are effective barriers
when wet.

¢ Handle tissue gently, maintain effective hemostasis,
minimize devitalized tissue and foreign bodies, and
eradicate dead space at the surgical site.

If drainage is necessary, use closed suction drain.

Protect with a sterile dressing for 24 to 48 hours
postoperatively an incision that has been closed primarily.

“Required by OSHA regulations.

From Mangram AJ, Horan TC, Pearson ML, et al. Guideline for Preven-
tion of Surgical Site Infection, 1999. Centers for Disease Control
and Prevention (CDC) Hospital Infection Control Practices Advisory
Committee. Am J Infect Control 27:97-132, 1999.

Surgical Preparation

Preoperative preparation of the operative site and
the sterility of the surgical team are very important
in reducing the risk of postoperative infection. Hand
scrubbing remains the most important proactive mech-
anism to reduce infection by reducing the number of
microorganisms present on the skin during the surgi-
cal procedure. In the United States, the conventional
method for scrubbing consists of a 5-minute first scrub
followed by subsequent 2- or 3-minute scrubs for sub-
sequent cases with either 5% povidone-iodine or 4%
chlorhexidine gluconate. These scrubbing protocols
can achieve a 95% decrease in skin flora.?¢27 Newer
alcohol-based antiseptic cleaners with shorter applica-
tions, usually 30 seconds, have been developed and
have been shown to be as effective as or even more
effective than hand washing in decreasing bacterial
contamination.2$-39In addition, these solutions increase
compliance and are less drying to the surgeon’s skin.
Preoperative showering with an antiseptic can reduce
colony counts up to ninefold. Despite reducing the col-
ony counts, no definitive data suggest that this actually
reduces the risk of infection.?! A similar reduction in
the patient’s skin flora can be achieved with aggressive
preoperative cleansing and sterile draping.

Shaving the operative field, if necessary, should be
done just before prepping the skin, and preferably with
electric clippers or depilatory creams.?!-34 Preoperative
shaving the night before has been shown to increase
rates of infection.3233.35

Normothermia has also been suggested as a means
to decrease the incidence of surgical wound infections.
Pediatric patients are at particular risk for experiencing
hypothermia during surgery due to an increased area-
to-body weight ratio leading to greater heat loss.?¢
Intraoperative hypothermia can potentially lead to
serious complications, including coagulopathy, surgical
site infections, and cardiac complications. A prospec-
tive randomized trial of 200 adult patients undergoing
colorectal surgery showed that intraoperative hypo-
thermia caused delayed wound healing and a greater
incidence of infections.?” A number of techniques are
available to warm infants and children during sur-
gery, including warming intravenous fluids or using a
warming mattress. In addition, supplemental oxygen
given during the perioperative period in adult patients
has been shown to decrease the rate of wound infec-
tion by as much as 40% to 50%.3% 3° Finally, adequate
control of glucose levels perioperatively has also been
demonstrated to decrease morbidity and mortality in
both adult and pediatric surgical patients, particularly
in those patients undergoing cardiac surgery.40-41

Antibiotic Prophylaxis

Operative procedures can be classified into one of
four types, as outlined in Table 9-2. In adults, several
well-designed prospective trials have documented
a decreased infection rate for all types of operative
procedures with established antibiotic recommenda-
tions.#? Important points for surgical antibiotic pro-
phylaxis include using agents that cover the most

Wound Classification
Class Definition

Clean An uninfected operative wound in
which no inflammation is encountered
and the respiratory, alimentary,
genital, or infected urinary tract is not
entered. In addition, clean wounds
are closed primarily and, if necessary,
drained with closed drainage.

Clean- An operative wound in which the
contaminated respiratory, alimentary, genital,
or urinary tract is entered under
controlled conditions and without
unusual contamination

Open, fresh, accidental wounds. This
includes operations with major breaks
in sterile technique or gross spillage
from the gastrointestinal tract and
incisions in which acute, nonpurulent
inflammation is encountered.

Dirty Old traumatic wounds with retained

devitalized tissue and those that

involve existing clinical infection

or perforated viscera

Contaminated



probable intraoperative contaminants for the opera-
tion, optimal timing for the initial dose of antibiotic
so that bactericidal concentrations are reached at the
time of incision, and maintaining the contribution lev-
els throughout the operation.?! Timing of the periop-
erative antibiotic coverage is crucial. The first dose is
generally given 30 minutes to 1 hour before the start
of the operation. In operations that take more than
the half-life of the administered drug, a second dose
of prophylactic antibiotics is indicated to re-achieve
adequate serum levels.43

Prophylaxis accounts for nearly 75% of antibiotic
use on pediatric surgical services. Additionally, pro-
phylaxis is the major cause of the inappropriate use
of antimicrobials in children. In one study of children
younger than 6 years of age undergoing surgical proce-
dures, prophylactic antibiotics were administered inap-
propriately to 42% of children receiving preoperative
antibiotics, 67% of children receiving intraoperative
antibiotics, and 55% of those receiving postoperative
antibiotics.#* In pediatric surgery, it is clear that antibi-
otic coverage is required during clean-contaminated,
contaminated, or dirty cases. However, some disagree-
ment exists concerning antimicrobial prophylaxis in
clean operations. Antibiotic prophylaxis in a clean case
in the pediatric population is now at the discretion of
the operating surgeon.

Bowel Preparation

The efficacy of bowel preparation before an elective
colon operation is well documented.*>4¢ Bowel prep-
aration includes mechanical irrigation and flushing
of the colon to remove stool, oral antibiotics against
colonic aerobes and anaerobes, and preoperative intra-
venous antibiotics that cover both common skin and
colonic flora.4” The preparation can be started on an
outpatient basis the day before the operation, and the
parenteral drugs are added to the regimen just before
the procedure. Recently, there has been debate in the
adult literature regarding the necessity of mechanical
bowel preparation. In infants and children, protocols
for bowel preparation have largely been extrapolated
from the adult colorectal literature. It appears that
the majority of pediatric surgeons use bowel prepara-
tions for elective colorectal surgery in an attempt to
reduce surgical site infections.*® Recently, others have
proposed that omitting mechanical bowel prepara-
tion carries no increased risk of infectious or anasto-
motic complications.*® If bowel preparation is used in
the pediatric population, care must be taken to avoid
dehydration.

Drains and Irrigation

The use of drains varies widely. Drains are indicated
in those surgical procedures in which one expects
an accumulation of blood, serum, exudate from the
wound, and potential dead space.’® Drains also are
indicated when closure of a hollow viscous is imper-
fect. When a drain is used, a closed drainage system
brought out through a separate stab incision away from
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the operative incision is preferable. Drains should be
removed as soon as possible because they are foreign
bodies that can impede wound healing and because
bacteria can colonize the wound via a drain or its exit
site.>!

Irrigating the operative field is an important com-
ponent in preventing postoperative infectious compli-
cations.>? Irrigation with copious amounts of sterile
saline mechanically removes loose debris, necrotic tis-
sue, serum, and excess clot. Use of various types of
irrigation solution have been used such as antibiotic or
dilute povidone-iodine solutions.>3>4

TYPES OF INFECTION
Postoperative Surgical Site Infection

Despite meticulous technique, perioperative antibiot-
ics, and the proper use of drains and irrigation, surgi-
cal infectious complications still occur. Postoperative
soft tissue infections can be divided into confined local
lesions and invasive, spreading ones. Early diagnosis
and prompt intervention help to avoid morbidity and
occasional mortality. Erythema, fever, leukocytosis,
tenderness, crepitus, and suppuration are diagnostic
signs but are not always present. When confronted
with one or more of these signs, clinical judgment
must be made. Treatment should be suited to the
extent of the infection and may include oral or intra-
venous antibiotics, simple incision and drainage, or
extensive surgical debridement. Fortunately, soft
tissue infections are uncommon in the pediatric sur-
gical population, ranging from 2% to 20%.2>°> The
incidence of wound infection depends on the type of
operative classification, varying from 1% to 11% in
clean wounds and from 6% to 20% in contaminated
wounds.

An abscess is a localized collection of pus in a cavity
formed by an expanding infectious process. The pus
is a combination of leukocytes, necrotic material, bac-
teria, and extracellular fluid. The usual cause is the
staphylococcal species in combination with one or
more organisms. The treatment is incision and drain-
age with packing to allow healing by secondary inten-
tion, followed by antibiotic therapy if associated with
localized cellulitis or an immunocompromised patient.
Drainage must be complete, or the abscess will reform.
A phlegmon is an area of diffuse inflammation with
little pus and some necrotic tissue. A phlegmon can
often be treated with antibiotics, although it can prog-
ress to an abscess.

Streptococcal soft tissue infections are probably the
most virulent and can arise within a few hours after
surgical procedures. High fever, delirium, leukocytosis,
and severe pain are hallmarks of the patient’s presen-
tation. Penicillin in high doses is the appropriate ini-
tial management for streptococcal infections, followed
by operative debridement of necrotic tissue. Bacillus
infections are the next most virulent infections. Inspec-
tion of the wound will show dark, mottled areas, as
opposed to the bright pink of a streptococcal cellulitis.
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Less than half of the patients with Bacillus infections
have detectable gas crepitation. Severe pain is the most
telling clinical symptom of this type of infection. High
doses of penicillin (500,000 to 800,000 U/kg/day) are
the hallmarks of treatment for these patients.

Nosocomial Infection

Nosocomial infections are defined as those infections
that are hospital acquired.>® As such, they are a poten-
tial threat to all hospitalized patients and increase
morbidity and mortality significantly. Their incidence
appears to be increasing as surgical care becomes more
advanced and patients survive longer from previously
fatal conditions. One report describing 676 operative
procedures in 608 pediatric patients showed a noso-
comial infection rate of 6.2%.%7 Fifty-three infectious
complications were tabulated: wound, 17 (2.5%); sep-
ticemia, 14 (2.1%); pulmonary, 10 (1.5%); urinary
tract, 5 (0.7%); abdominal, 5 (0.7%); and diarrhea,
2 (0.3%). The highest overall occurrence of infection
was in the infant group (1 month to 1 year; 13 [8.1%]
of 161). The probability of septicemia was highest in
neonates (4.2%) compared with infants (3.1%) and
older children (1.2%) (P < .05). The most common
isolates were Staphylococcus epidermidis (10 of 17) from
septic patients and gram-negative enteric bacteria (27
of 50) from organ and wound infections. Infection was
associated with impaired nutrition, multiple disease
processes, and multiple operations. In another study,
ECMO use correlated with an increased incidence of
nosocomial infection.’® Two other factors that have
been found to increase the risk of nosocomial infec-
tion in pediatric patients in ICUs are the length of the
preoperative stay and exposure to invasive medical
devices.>’

Pneumonia can be a lethal nosocomial infection,
with mortality ranging from 20% to 70% and account-
ing for 10% to 15% of all pediatric hospital-acquired
infections.®® The mortality rate is dependent on the
causative organism. The risk factors for nosocomial
pneumonia in the pediatric population include serious
underlying illness, immunosuppression, length of time
on a ventilator, and nasopharyngeal floral changes
with prolonged hospitalization.®! An increased risk
has been found in patients with gastric alkalinization
because the use of antacids in the ICU to prevent stress
ulceration increases bacterial counts in the stomach
and may potentially predispose the patient to increased
bacterial translocation.¢?

Clostridium difficile is a well-recognized cause of infec-
tious diarrhea that develops after antibiotic therapy
in many patients, although it likely only accounts for
20% of antibiotic-associated diarrhea. It is a very com-
mon cause of nosocomial infection, and its incidence is
increasing in frequency with associated increasing mor-
tality.63¢4 The best method of prevention is the judicious
and appropriate use of antibiotics. Prolonged antibiotic
use has an association with increased rates of C. difficile
colitis. Some studies have suggested the use of probi-
otics for the prevention and treatment of antibiotic-
associated diarrhea.®®>°¢ The rationale for their use is

that probiotics modify the makeup of colonic micro-
flora. Some of the reports on the efficacy of probiot-
ics in children are conflicting. However, a number of
randomized controlled studies have demonstrated
only a moderate beneficial effect of some strains of
bacteria in preventing antibiotic-associated diarrhea.
Until better evidence is available, the best method
of prevention is the judicious and appropriate use of
antibiotics.®”

To decrease nosocomial infections in hospitals, the
Centers for Medicare and Medicaid Services (CMS)
released aproposalin 2008 to expand the list of hospital-
acquired conditions (HAC) that would not be reim-
bursed by Medicare. These have been termed “Never
Events” and include surgical site infections after specific
elective surgeries, extreme glycemic aberrancies, ven-
tilator-associated pneumonia, and C. difficile—associated
diseases among others. Under this proposal, CMS will
not reimburse hospitals for treatment (medical or sur-
gical treatment) of these nosocomial entities.

Catheter Infections

Central venous catheters (CVCs) are essential in man-
aging critically ill pediatric patients. The use of CVCs in
pediatric patients has increased as prolonged vascular
access has become increasingly necessary to provide
parenteral nutrition, chemotherapy, antimicrobial
therapy, and hemodynamic monitoring to an increas-
ing number of children. However, the complication of
catheter-related infection is common, despite consid-
erable effort to reduce its occurrence. It is important to
recognize the difference between colonization of the
catheter and CVC infection. Colonization is defined as
the presence of a positive culture without signs and
symptoms of clinical infection. Infection is manifested
as erythema at the site of insertion, tachycardia, and/
or leukocytosis. Rates of infection are influenced by
patient-related factors, by type and severity of illness,
and by catheter-related parameters (catheter type,
purpose, and conditions under which it was placed).¢?
Coagulase-negative staphylococci, followed by entero-
cocci, were the most frequently isolated causes of
hospital-acquired bloodstream infections reported
from National Nosocomial Infections Surveillance
System report.®® A number of factors are associated
with the development of catheter-related infections,
including the sterility of the insertion technique, type
of solution being administered through the line, care
of the catheter once inserted, proximity of the cath-
eter to another wound, and the presence of another
infection elsewhere.

The location of the catheter, such as the subclavian,
internal jugular, or femoral veins, may be correlated
with the risk of infection. Studies in pediatric patients
have shown that femoral lines have an equivalent rate
of infection to that of non-femoral lines.®® For cath-
eters that will remain for a long time, tunneling the
catheter has been shown to significantly reduce the
risk of catheter-related infection.”%7!

Absolute sterile techniques should be maintained
in all instances of line insertion whenever possible.



Emergency situations may necessitate less-than-sterile
technique. The use of maximal sterile barriers, includ-
ing sterile gown and gloves and a large sterile sheet,
has been shown in adults to greatly reduce the risk
of catheter-related infection.”>7*> Povidone-iodine
has long been the standard for cleansing of the skin
before catheter insertion. However, recent studies
suggest that chlorhexidine significantly reduces the
incidence of microbial colonization compared with
povidone-iodine.”4

The skin and catheter hub are the most common
sources of colonization and infection. Thus, various
methods have been tried to combat these risks. Silver
ions have broad antimicrobial activity, and the use of
silver-impregnated cuffs have been proposed as a pre-
ventive measure.”>’¢ In addition, antimicrobial and
antiseptic catheters and cuffs may decrease the inci-
dence of catheter-related infections and potentially
decrease hospital costs associated with these infec-
tions.””78 Catheters have been coated with chlorhexi-
dine/silver sulfadiazine as well as minocycline/rifampin
along with other agents. The use of these catheters
in children is still under investigation but they have
been approved by the U.S. Food and Drug Administra-
tion for use in patients weighing more than 3 kg. It
is likely that these catheters become less effective in
reducing infection risks after being in place for longer
than 3 weeks because of a decrease in their antimi-
crobial activity.”® Of note, no studies in adults have
demonstrated a benefit for systemic antibiotic pro-
phylaxis after insertion of a CVC. Studies in high-risk
neonates and children have demonstrated conflicting
results, although a few studies have found that van-
comycin led to a reduction in catheter infections in
select patient populations. However, concern exists for
the emergence of resistance with the routine use of
antimicrobial prophylaxis.”®-80

A
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Other Infections Requiring Surgical
Care and Treatment

Although the infections discussed previously are pos-
sibly preventable and occur after surgical procedures
or hospitalization, some infections are seen by the
pediatric surgeon for treatment and cure for the first
time.

Necrotizing Soft Tissue Infection

Necrotizing fasciitis is a rapidly progressing infection
of the fascial tissues and overlying skin. Although it
can occur as a postoperative complication or as a pri-
mary infection, necrotizing fasciitis is more likely in
immunocompromised patients.8! However, in the
pediatric population, necrotizing fasciitis often affects
previously healthy children.8? Because the diagno-
sis is often not obvious, the clinician must look for
clinical clues such as edema beyond the area of ery-
thema, crepitus, skin vesicles, or cellulitis refractory
to intravenous antibiotics. Skin necrosis is generally
a late sign and is indicative of thrombosis of vessels
in the subcutaneous tissue. Pediatric necrotizing fas-
ciitis often occurs in the truncal region, as opposed to
the extremities as is most common in adults (Figs. 9-1
and 9-2).8 Although infections with a single organ-
ism often occur in adults with necrotizing fasciitis,
polymicrobial infections predominate in children.34
Prompt surgical intervention, including wide excision
of all necrotic and infected tissue, along with the insti-
tution of antibiotics including penicillin, is mandatory
to avoid progression and mortality. Necrotizing fasci-
itis can also occur as a complication of chickenpox.8>
Extensive debridement and antibiotic therapy initi-
ated early are necessary to decrease the mortality from
this rare complication of varicella lesions.

B

Figure 9-1. This 15-year-old was sick for 2 weeks with perforated appendicitis and presented in shock. After a midline incision for
exploration for a rigid abdomen, his appendix was removed. The peritoneal cavity was extensively and copiously irrigated and the
abdominal incision was left open. He returned to the operating room 2 days later for evaluation and was found to have necrotizing
fasciitis of the rectus abdominis muscles bilaterally. Eventually, despite aggressive surgical debridement, this process spread to the ret-
roperitoneum and down the left inguinal canal through a patent processus vaginalis. One week postoperatively, he was found to have
edema and erythema of the left leg that prompted exploration. The necrotizing fasciitis had progressed down all compartments of the
left thigh and the lateral compartment of the left lower leg. In the upper thigh, the semimembranosus and semitendinosus muscles had
to be excised due to necrotic musculature. These photographs were taken on his ninth postoperative day. In A, the abdomen is seen to
be open and the medial aspect of the left thigh is visualized. In B, the incisions in the left buttock area, the left lateral thigh, and the

left lateral lower leg are seen.
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Inflammatory infiltrate

Fascia

Figure 9-2. This photomicrograph depicts the histologic find-
ings of necrotizing fasciitis in the patient shown in Figure 9-1.
Note the inflammatory infiltrate on both sides of the fascia. The
fascial cultures grew Escherichia coli.

Sepsis

Sepsis, by contemporary definition, distinguishes the
systemic derangements that are caused by the infec-
tious organisms and their byproducts from those
that are caused by the host-systemic inflammatory
response. In 1992, the Society of Critical Care Medi-
cine published the results of a consensus conference
to define accurately the terms regarding sepsis and
the inflammatory response to injury and infection.8¢
These definitions were updated in the 2001 Consen-
sus Conference.8” Although there has been a signifi-
cant decrease in the mortality rate among children
with sepsis, severe sepsis remains one of the leading
causes of death in the pediatric population. In 2002, a
group of experts gathered to focus specifically on pedi-
atric sepsis.8® Systemic inflammatory response syn-
drome (SIRS) has previously been defined in adults
as the nonspecific inflammatory process after a vari-
ety of insults with sepsis specifically occurring from
infection.®® The main pediatric modifications for the
definitions of SIRS and sepsis include the inclusion of
temperature or leukocyte abnormalities in addition
to tachycardia and tachypnea because these last two
indices are common in many pediatric disease pro-
cesses. Another difference was that hypotension is not
necessary for the diagnosis of septic shock but rather
cardiovascular dysfunction must be present. SIRS may
progress to multiorgan dysfunction and death. Gram-
negative organisms possess a lipopolysaccharide moi-
ety on the cell wall that has been shown to incite most,
if not all, of the toxic effects of end-organ failure.
Neonatal sepsis is defined as a generalized bacte-
rial infection accompanied by a positive blood culture
within the first month of life.”° Neonatal sepsis occur-
ring during the first week of life is caused primarily
by maternal organisms transferred during delivery.
Maternal contamination of the neonate can be trans-
mitted through the placenta, via the birth canal, or by
direct contamination of the amniotic fluid. The mor-
tality of this early-onset variety approaches 50%. Late-
onset neonatal sepsis is primarily nosocomial and is

most often secondary to indwelling catheters or bacte-
rial translocation from the gut. In the surgical neonate,
three factors promote bacterial translocation and sepsis:
(1) intestinal bacterial colonization and overgrowth,
(2) compromised host defenses, and (3) disruption of
the mucosal epithelial barrier.’! The mortality of late-
onset sepsis approaches 20%. The clinician must be
alert for the subtle signs and symptoms of neonatal
sepsis, which include lethargy, irritability, tempera-
ture instability, and a change in respiratory or feeding
pattern. Neonates may not demonstrate leukocytosis.
Empirical triple-antibiotic coverage may be started,
pending the results of blood and other cultures.

Peritonitis

Peritonitis is defined as inflammation of the perito-
neum.®? It is divided into primary, secondary, and ter-
tiary, depending on the cause. Spontaneous primary
peritonitis is a bacterial infection without enteric perfo-
ration. Primary peritonitis is usually caused by a single
organism. An infant with primary peritonitis usually
does not exhibit signs of peritonitis but may have poor
feeding, lethargy, distention, vomiting, and mild to
severe abdominal tenderness. Definitive treatment
may require only a course of broad-spectrum antibiot-
ics. Secondary peritonitis is associated with gastroin-
testinal tract disruption. This can be caused directly by
intestinal perforation, bowel-wall necrosis, or trauma
or postoperatively as a result of iatrogenic injury or
an anastomotic leak. In addition, secondary peritoni-
tis also may result from an indwelling dialysis cath-
eter or ventriculoperitoneal shunt.?> These infections
are generally polymicrobial. Treatment of secondary
peritonitis is a combination of surgical intervention,
removal of any prosthetic device, and antibiotics.
Tertiary peritonitis, also called recurrent peritonitis,
is characterized by organ dysfunction and systemic
inflammation in association with recurrent infection.
The mortality rate is very high, and treatment is very
difficult.?* Treatment consists of broad-spectrum anti-
biotics because the infection often includes nosocomial
organisms and multidrug-resistant bacteria.

CONCLUSION

Infectious diseases can lead to significant morbidity
and mortality for the pediatric surgical patient. Surgical
infectious diseases may be encountered both as a com-
plication of surgery post-operatively or as the primary
reason for surgical intervention. The immune system
has developed as a complex defense mechanism against
infections. However, patients are particularly vulnerable
to developing certain infections when their immune
system is compromised by various immunodeficiencies.
Given the substantial morbidity from infectious compli-
cations, pediatric surgeons have devoted much atten-
tion to the prevention of surgical infectious diseases by
implementing measures such as antibiotic prophylaxis
before skin incision, scrubbing, and sterile barriers.
Early diagnoses and execution of effective treatment for
surgical infectious diseases can decrease the morbidity
and mortality in the pediatric population.
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N ew advances in imaging modalities have allowed
clinicians to make early and accurate diagnoses
of fetal anomalies. Most of these anomalies are best
treated expectantly, with definitive therapy performed
after birth. A subset of conditions can be treated by
early delivery if the abnormality poses a threat to the
fetus and if the fetus has reached a viable gestational
age. An even smaller group of patients may have
progression of their condition that can be corrected
with in-utero treatment. Certain anomalies have been
studied for the past 25 years and their natural history
has been delineated. This time frame has allowed the
development of potential strategies for ameliorating
the derangement in pathophysiology associated with
the condition. While advances in radiology have led to
an earlier diagnosis of these abnormalities, techniques
have also been developed to allow fetal intervention.
These techniques, including maternal hysterotomy,
minimal access fetoscopy, and percutaneous fetal
access, were initially tested and validated in animal
models. Further validation in humans was stringent
because the mother’s safety is of utmost importance
in fetal surgery. In this chapter, we present an over-
view of the current state of fetal surgery, review spe-
cific fetal problems, and outline current management
strategies.

GENERAL PRINCIPLES

Fetal intervention is complicated by both the risk to
the unborn patient and to the mother. The mother
has nothing to gain in terms of health benefits from
any fetal intervention, yet she is at a significant risk
for morbidity and even potential mortality with fetal
surgery. To date, there have been no reported mater-
nal deaths from fetal surgery, although significant
short-term maternal morbidity is known. Complica-
tions can arise from endotracheal intubation, blood
transfusion, premature rupture of membranes, cho-
rioamniotic separation, chorioamnionitis, and pla-
cental abruption. Therefore, fetal surgery should be
considered only if there is a severe, life-threatening or

debilitating anomaly in the fetus that has been thor-
oughly investigated in animal models and has been
shown to be improved by in-utero intervention.

Initial fetal surgical experiments were carried out
in a variety of animal models (e.g., rat, rabbit, sheep,
and nonhuman primates). These studies showed it
was that in utero surgery could be performed safely
and it was subsequently attempted in humans. The
first open fetal surgical procedure was performed at
the University of California, San Francisco (UCSF),
and was reported in 1982.! Since that report, more
than 380 fetal interventions have been performed at
UCSF over the past 27 years with no maternal mor-
tality. The primary morbidity after fetal surgery has
been, and remains, preterm labor, resulting in prema-
ture delivery at 25 to 35 gestational weeks. Notably,
in reviewing our experience, subsequent fertility after
fetal intervention has been good.?

A crucial component contributing to the success
of a fetal treatment program is a multidisciplinary
approach, utilizing the skills of various specialists
working in concert. At UCSE all fetal referrals are
presented at an open weekly meeting involving a
multidisciplinary group consisting of perinatologists,
anesthesiologists, neonatologists, cardiologists, radiol-
ogists, geneticists, and pediatric surgeons. In addition,
specific subspecialists are involved for certain cases,
such as pediatric neurosurgeons for fetal myelome-
ningocele (MMC) repair. The weekly discussion not
only covers the medical and surgical aspects of the
patient’s care, but also includes the ethical and social
concerns with each case. Finally, a special institutional
fetal treatment oversight committee reviews all fetal
interventions on a monthly basis. This group serves
as a quality control mechanism as well as an ethical
review board.

FETAL ACCESS

There are three general methods for accessing the
fetus: (1) percutaneously, with ultrasound guid-
ance; (2) minimally invasive fetoscopy; and (3) open
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hysterotomy. In all of these approaches, preoperative
and intraoperative ultrasonography is crucial for defin-
ing the anomaly or anomalies, delineating the placen-
tal anatomy, determining the position of the fetus,
detecting the location of the maternal blood vessels,
and monitoring the fetal heart rate during the proce-
dure. With percutaneous and fetoscopic procedures,
ultrasonography is particularly important owing to the
lack of direct exposure to the fetus and uterus during
the procedure.

The mother is usually positioned supine with her
left side down to minimize compression of her vena
cava by the gravid uterus. Maternal anesthesia can be
either spinal or general, depending on the nature and
duration of the intervention. In addition, fetal anesthe-
sia is needed when operating on the fetus. An intra-
muscular injection of an opiate and a nondepolarizing
neuromuscular blocking agent are usually utilized.

Ultrasound-guided percutaneous procedures are
performed through small skin incisions in the moth-
er’s skin. During these procedures, real-time ultra-
sonography is needed because the only visualization
of the fetal and maternal anatomy is through these
images.?> Through ultrasound visualization, catheters
and shunts can be inserted into the fetus for draining
cystic masses, ascites, or pleural fluid into the amni-
otic space. In addition, radiofrequency ablation (RFA)
probes can be deployed into the amniotic space to treat
various twin gestational anomalies. The needles used
to place these catheters, as well as the RFA device, are
1.5 to 2 mm in diameter, resulting in minimal morbid-
ity to the mother.4>

Fetoscopic procedures are generally performed
using a 3-mm fetoscope and instruments or, some-
times, standard 5-mm laparoscopic telescopes and
instruments. For many fetoscopic procedures, the
3-mm fetoscope with its 1-mm working channel is
sufficient. It is important to identify a “window” in
the uterus that is devoid of the placenta to reduce
the risk of maternal bleeding, placental abruption,
and fetal morbidity. When multiple ports and stan-
dard laparoscopic instruments are needed, we pre-
fer a maternal laparotomy and direct uterine closure
of the port sites. Occasionally, the amniotic fluid is
not clear enough for adequate visualization. In such
cases, we perform amnionic fluid exchange, using
warmed crystalloid solutions to provide a clear opera-
tive view.

Open fetal procedures require general anesthesia and
a combination of preoperative indomethacin and inha-
lational agents with a high mean alveolar concentration
to maintain uterine relaxation.®-8 The maternal incision
is low and transverse with a vertical or transverse fascial
incision, depending on the exposure needed. Preopera-
tive and intraoperative ultrasonography is again crucial
to avoid injury to the placenta. Uterine staplers with
absorbable staples have been developed specifically for
fetal surgery and allow a hemostatic hysterotomy with
minimal blood loss. The fetus is monitored using ultra-
sonography and continuous pulse oximetry. The uterus
is stabilized within the maternal abdomen. It is impor-
tant to prevent herniation of the uterus, which would

increase the tension on the uterine blood vessels. Also,
fetal exposure is limited to the specific body part in
question. Most of the fetus is left inside the uterus, and
great care is taken not to handle or stretch the umbilical
cord because this can cause fetal ischemia from injury
or vasospasm. After the fetal procedure is completed,
the fetus is returned to the uterus, the amniotic fluid
is replaced, and the uterus is closed in multiple layers
using absorbable sutures. Postoperatively, the mother
and fetus are monitored continuously for uterine con-
tractions and heart rate, respectively. Often, the uterus
is irritable and contractions require control with toco-
lytic regimens. Also, open fetal surgery requires lifelong
cesarean section for future pregnancies owing to the
potential for uterine rupture with subsequent births.

Complications can occur after all types of fetal inter-
vention. Bleeding can originate from the fetus, the
placenta, the uterine wall, or the maternal abdominal
wall. The uterine vessels are identified with ultraso-
nography and specifically avoided to prevent injury
and minimize bleeding. Premature rupture of mem-
branes and preterm labor remain problems after fetal
surgery and are often the result of inadequate mem-
brane closure, chorioamnionitis, chorioamniotic sepa-
ration, and uterine contractions.

ANOMALIES AMENABLE TO FETAL
SURGERY

Congenital Diaphragmatic Hernia

Despite significant advances in neonatal respiratory
support, survival for children born with congenital dia-
phragmatic hernia (CDH) remains only 60% to 70%
throughout the United States. Additionally, survival for
all fetuses diagnosed with CDH may be as low as 20%
to 27% owing to in-utero demise or death of infants
with unrecognized CDH.”-!! We have studied fetal lung
development extensively and theorized that in-utero
intervention may allow increased antenatal lung growth,
pulmonary function, and survival postnatally.!>13 In a
fetal lamb model, compression of the lungs during the
last trimester, either with an intrathoracic balloon or by
creation of a diaphragmatic hernia, results in fatal pul-
monary hypoplasia. In addition, removal of the com-
pressing lesion allows the lung to grow and develop
sufficiently to permit survival at birth.!4

Initial attempts at fetal surgery for CDH involved
in utero diaphragmatic hernia repair. Analysis of this
initial group of patients revealed that open fetal sur-
gery for CDH was feasible but did not show a survival
advantage.!® Fetuses with severe lung hypoplasia con-
tinue to have a poor prognosis and are identifiable pre-
natally by ultrasonography and magnetic resonance
imaging. The factors associated with a poor outcome
that can be assessed prenatally by ultrasonography are
the presence of liver herniation into the chest and a
low lung-to-head ratio (LHR). In our experience, sur-
vival has been 100% in fetuses with CDH without liver
herniation on prenatal ultrasonography and 56% in
fetuses with CDH and liver herniation into the chest.



The LHR is calculated as the area of the contralateral
lung at the level of the cardiac atria divided by the
head circumference. This value has been shown to
correlate with survival: 100% survival with an LHR
greater than 1.35, 61% survival with an LHR between
0.6 and 1.35, and 0% survival with an LHR less than
0.6.1¢ Ultrasonography is critical in identifying other
anomalies associated with CDH, particularly cardiac
anomalies, because those portend an extremely poor
prognosis. Magnetic resonance volumetric imaging of
the lung for CDH is a promising modality for prognos-
tic purposes.!?

Over the past 20 years, we have been able to strat-
ify the risk for fetuses with CDH. Over this same time
period, extensive animal studies and observation
in human fetuses born with congenital high airway
obstruction have shown that lung growth may be
driven by tracheal obstruction or occlusion, leading
to pressurized fluid accumulating in the airway.!8-20
These reports led to the hypothesis that lung growth,
resulting from the tracheal occlusion, may reduce
the postnatal sequelae of CDH. Thus, our group has
focused on in-utero tracheal occlusion as a method
of augmenting lung growth in fetuses with CDH. Our
preliminary efforts looked at the effect of in-utero
extrinsic tracheal occlusion by placing an obstructing
clip across the trachea using both an open and feto-
scopic approach.?! In a small number of patients, we
found that survival was increased in the fetoscopic,
but not the open, group, as compared with the con-
trol group, which consisted of patients undergoing
standard postnatal care. This led to a National Insti-
tutes of Health (NIH)-funded trial comparing in-utero
fetoscopic tracheal occlusion with standard postnatal
care for fetuses diagnosed with severe left-sided CDH
and no other detectable anomalies. Results of the trial
showed a 75% overall survival with no difference
between the tracheal occlusion group and the stan-
dard postnatal care group.?? Interestingly and unex-
pectedly, the survival in the postnatal care group was
considerably greater when compared with historical
controls. Although this study did not demonstrate a
difference in survival between the prenatal interven-
tion group and the postnatal group, the results of
this trial demonstrate the tremendous importance of
proper randomized controlled trials for novel fetal sur-
gical procedures.

Tracheal occlusion techniques have progressed
from tracheal clipping to percutaneous, fetoscopic
placement of a detachable, intratracheal balloon (Fig.
10-1). Animal studies have demonstrated complete
tracheal occlusion with this approach, and it has now
become the current method of choice for fetal tracheal
occlusion in human fetuses.?*> Further data regard-
ing tracheal occlusion have suggested that temporary,
short-term reversible tracheal occlusion may be prefer-
able to a longer duration of occlusion. Animal models
of tracheal occlusion have demonstrated that long-
term tracheal occlusion can be deleterious to type I
pneumocytes (the cells that secret surfactant) and that
this effect is not seen with a shorter duration of tracheal
occlusion.?* Other studies have also demonstrated the
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Figure 10-1. This schematic diagram shows the method of
fetoscopic tracheal occlusion. A fetoscope is placed into the
fetal mouth, the airway is identified, and a balloon is inserted
into the trachea by using both fetoscopic and ultrasonographic
visualization.

efficacy of short-term, reversible tracheal occlusion
on lung growth in animals. A recent report demon-
strated improved lung volumes after temporary bal-
loon tracheal occlusion in human fetuses.?®> In 36 of
40 patients, the tracheal balloon was removed prena-
tally, limiting the duration of occlusion. In this group
of patients, improved lung growth was associated with
improved postnatal survival. Although reversal of the
tracheal occlusion requires a second maternal and fetal
intervention for the removal of the fetal intratracheal
balloon, it obviates the need for an ex-utero intrapar-
tum treatment (EXIT) approach at birth.2¢27 The EXIT
procedure was initially developed to reverse the tra-
cheal occlusion in this cohort of patients (Fig. 10-2).
Therefore, with in-utero removal of the tracheal bal-
loon, the EXIT procedure is no longer needed.

Based on these data, as part of a U.S. Food and Drug
Administration (FDA)-sponsored trial, our group is
currently offering reversible, fetal tracheal occlusion
for fetuses with liver herniation in the chest and an
LHR of less than 1.0, because these infants, as a group,
continue to have greater than a 60% mortality.?8
In this study, we occlude the trachea at between 24
and 26 weeks’ gestation and remove the balloon at
between 32 and 34 weeks’ gestation.

Tumors

Fortunately, fetal tumors are rare. When they do
occur, most are benign. However, when they become
large enough to impede the venous return to the heart
or create high-output heart failure via arteriovenous
shunts, they can cause nonimmune hydrops in the
fetus. Hydropic changes include polyhydramnios, plac-
entomegaly, fetal skin and scalp edema, and pleural,
pericardial, and peritoneal fluid accumulation. If left
untreated, fetal hydrops is nearly always fatal.?*:3° The
two most common prenatally diagnosed tumors that
cause nonimmune hydrops are congenital pulmonary
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Figure 10-2. The EXIT procedure was initially developed as a
means to reverse the in-utero tracheal occlusion in infants with a
significant congenital diaphragmatic hernia. In the photograph,
this infant is undergoing bronchoscopy as an EXIT procedure to
remove the intratracheal balloon.

airway malformations (CPAMs) and sacrococcygeal
teratoma (SCT).

Congenital Pulmonary Airway
Malformations

CPAMs are pulmonary lesions with a broad range
of clinical presentations. This new terminology
includes congenital cystic adenomatoid malformations
(CCAMs) and pulmonary sequestrations. CCAMs are
much more likely than sequestrations to cause non-
immune hydrops in the fetus. CCAMs are character-
ized by an overgrowth of respiratory bronchioles with
the formation of cysts of various sizes. Classification
of CCAMs has historically been based on the size of
the cysts.?1-34 Most fetuses diagnosed with a CCAM
in utero develop normally and can be monitored with
serial ultrasound studies. These asymptomatic patients
can then undergo standard, postnatal resection. A
small percentage of patients with the prenatal diag-
nosis of CCAM will develop nonimmune hydrops.33-34
Various measurements have been developed to pre-
dict which fetuses are at risk for developing hydrops.
The most accepted measurement is the CCAM volume
ratio (CVR), defined as the product of the three lon-
gest cyst measurements on ultrasonography, multi-
plied by the constant 0.52, and then divided by the
head circumference. In a recent paper, Crombleholme
and colleagues identified a CVR of 1.6 as a cutoff for an
increased likelihood of developing hydrops.>?®
Interestinglyy, CCAMs that are predominantly
microcystic have a more predictable course than
those that are macrocystic. Microcystic CCAMs
undergo steady growth and tend to plateau at 26 to
28 weeks’ gestation. In contrast, macrocystic CCAMs
can have abrupt enlargements in size owing to rapid
fluid accumulation in a large cyst. For these reasons,
patients with microcystic CCAMs can be followed
closely up to 26 to 28 weeks’ gestation. At that point,

the interval between ultrasound examinations can be
lengthened. On the other hand, macrocystic CCAMs
require close follow-up throughout the duration of
the pregnancy.??36

Once the fetus with hydrops reaches a viable ges-
tational age, early delivery should be considered. In
fetuses who are not yet viable outside the uterus and
have one dominant macrocystic lesion, a thoracoam-
niotic shunt may reverse the hydrops fetalis.?” Nee-
dle drainage has not proved to be an effective option
because rapid reaccumulation of fluid occurs. Fetal
thoracotomy with CCAM resection is an option in the
pre-viable fetus with a microcystic CCAM or one with-
out the presence of a dominant cyst. The fetal tho-
racic space is exposed through a fifth intercostal space
thoracotomy after maternal hysterotomy (Fig. 10-3).
The lobe containing the CCAM is identified and exte-
riorized through the incision. The pulmonary hilar
structures are then mass ligated using an endoloop
or endoscopic stapler. The thoracotomy is closed in
layers.38:39

The experience with CCAM at UCSF and the Chil-
dren’s Hospital of Philadelphia has been published.4?
One hundred and thirty-four women pregnant with
fetuses with CCAM were evaluated. Of this group,
120 elected to continue their pregnancies. Seventy-
nine fetuses had no evidence of hydrops. Of these, 76
were followed and all survived. Three fetuses with-
out evidence of hydrops and with large dominant
cysts underwent thoracoamniotic shunt placement.
All three fetuses survived. Twenty-five hydropic
fetuses were followed with no intervention. All
mothers delivered prematurely, and all fetuses died
perinatally. Sixteen fetuses with hydrops underwent
intervention: 13 underwent open fetal surgery while
3 underwent thoracoamniotic shunt placement. Two
of the 3 survived in the group that underwent shunt
placement, and 8 of 13 survived in the open fetal
surgery group.

Recently, it has been shown that fetuses with large
CCAMs and hydrops can be treated with maternal corti-
costeroids. This finding was discovered serendipitously
at UCSF during the preparation of several hydropic
fetuses for fetal surgery.#! In these cases, maternal cor-
ticosteroids were administered to enhance fetal lung
maturity. Subsequent ultrasound surveys showed
resolution of the hydrops. These findings were later
identified in similar patients at Children’s Hospital of
Philadelphia.*? A multicenter, prospective trial is now
underway to investigate the role of corticosteroids in
the treatment and management of hydrops in fetuses
with a large fetal CCAM.

Sacrococcygeal Teratoma

Sacrococcygeal teratoma is a rare tumor that is being
diagnosed with increasing frequency in utero, allow-
ing for observation of the prenatal natural history of
the disease and appropriate perinatal management.
As with CCAM, fetuses with SCT are susceptible to in-
utero demise. SCTs can grow to a tremendous size in
relation to the fetus and can cause high-output cardiac
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Figure 10-3. These photographs depict an infant with a large left upper lobe CCAM undergoing in-utero left lobectomy. A, The
infant’s left arm is visualized. Note the maternal hysterotomy and the left fetal thoracotomy (with retractors inserted) through the fifth
intercostal space. B, The left upper lobe containing the CCAM has been identified and exteriorized through the thoracotomy incision.
The pulmonary hilar structures were mass ligated using an endoloop. C, The fetal thoracotomy incision (arrow) has been closed. D, The

left upper lobe specimen containing the CCAM is seen.

failure and nonimmune hydrops through vascular
shunting. Rarely, tumors can hemorrhage internally
or externally, resulting in fetal anemia and hypovo-
lemia. Other potential problems with a fetus with a
large SCT are dystocia and preterm labor. Delivery
can be particularly difficult when the diagnosis has
not been made prenatally. A traumatic delivery may
result in hemorrhage or tumor rupture. Most clini-
cians favor cesarean delivery for fetuses with large
SCTs. Thus, prenatal diagnosis and careful obstetric
planning are critical in the appropriate management
of such fetuses.

We have reported our initial experience with 17
fetuses and mothers with a prenatally diagnosed SCT.43
Of the 17 fetuses, 12 developed hydrops. All 5 of the
nonhydropic fetuses were delivered near term and sur-
vived. Of the 12 hydropic fetuses, 7 underwent fetal
intervention with 3 survivors. Five hydropic fetuses
were followed without fetal intervention, and none in
this group survived. Other groups have also found an
exceedingly high rate of fetal demise in fetuses with an
SCT and hydrops. The group at Children’s Hospital of
Philadelphia recently published their experience with
30 fetuses with SCT.#* There were 14 survivors, and
four pregnancies were terminated. Fifteen fetuses had

solid tumors. Of those, 4 developed signs of hydrops
and underwent fetal debulking operations. Three of
the 4 survived.

The most common approach for fetal intervention
for an SCT is a maternal hysterotomy with resection or
debulking of the tumor (Fig. 10-4). A predominantly
cystic lesion may be amenable to percutaneous drain-
age or placement of a shunt. Also, tumor debulking
using percutaneous coagulation techniques, such as
with RFA or laser coagulation to decrease the vascu-
lar shunt, are minimally invasive alternatives to open
resection that warrant further investigation.304>

Abnormalities of Twin Gestations
Twin-Twin Transfusion Syndrome

Twin-twin transfusion syndrome (TTTS) is the most
common complication (10%) of monochorionic twin
pregnancies.#® In monochorionic twin pregnancies,
the two fetuses share one placenta and there are nor-
mal vascular connections between the fetuses. TTTS
occurs when there is net flow from one twin to the
other. As a result of the transfusion of blood from
the donor twin to the recipient twin, hemodynamic
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Figure 10-4. The sacrococcygeal teratoma (asterisk) was ex-
posed after maternal laparotomy and excised in standard fashion.

compromise can occur in either, or both, twins. The
donor twin suffers from a low flow state with result-
ing ischemia to the brain and kidneys. Conversely, the
recipient twin has fluid overload and may develop
congestive heart failure and hydrops. The hallmark of
TTTS is oligohydramnios in the donor twin and poly-
hydramnios in the recipient. In addition, often there is
a size discordance between the twins, with the donor
being smaller than the recipient. Advanced disease
is evidenced by progressive discordance in fluid vol-
umes, with the donor becoming “stuck” in the amni-
otic sac owing to a lack of amniotic fluid. Moreover,
worsening cardiac changes in the recipient twin por-
tend a grave prognosis. If left untreated, TTTS carries
an 80% to 90% mortality for both twins. In addition,
in monochorionic twins, if one twin dies, the other is
at risk for neurologic injury owing to a sump phenom-
enon in the placenta and demised fetus, and also for
embolism.47-49

Clinicians have attempted a variety of treatments
aimed at achieving improved outcome in one or both
twins. The most commonly used approach is high-
volume amnioreduction of the fluid in the polydram-
niotic sac. Because polyhydramnios may incite labor,
the initial aim of amnioreduction is to reduce uterine
volume to decrease the risk of preterm labor. In the
International Amnioreduction Registry, high-volume

amnioreduction has resulted in a survival rate of
almost 60%.°°

Several groups have used fetoscopic guidance to
laser ablate the intertwin vascular connections. This
can be done either nonselectively by ablating all
intertwin connections or selectively by ablating only
arteriovenous connections with flow in the causative
direction. Fetoscopic laser ablation can be performed
either percutaneously (using 1- or 2-mm endoscopes)
or by maternal laparotomy (with 3- or 5-mm endo-
scopes). If the larger scopes are used, a maternal lapa-
rotomy is favored to close the uterine defect created
by insertion of these larger ports. The telescopes are
introduced through cannulas that have side channels
for irrigation and for insertion of a laser. Recently,
two large prospective trials have been published com-
paring amnioreduction to laser ablation of intertwin
vessels.’>2 The Buropean trial enrolled 70 women
in the amnioreduction arm and 72 women in the
laser ablation arm. The trial was stopped early after
interim analysis showed a clear survival advantage
to laser therapy: 76% vs. 51% single survivor and
36% vs. 26% for dual survivors.’! The North Ameri-
can trial also was stopped early after randomizing 42
mothers: 20 in the amnioreduction arm and 22 in the
laser ablation one.>? There was no survival benefit
to either intervention, but the study was underpow-
ered due to the early termination of the trial. This trial
was complicated by the reluctance of referring physi-
cians to send their patients to the various centers for
randomization.

Twin Reversed Arterial Perfusion

Twin reversed arterial perfusion sequence (TRAP)
is a rare disease of monochorionic twins that occurs
when one normal twin acts as a “pump” for an acar-
diac, acephalic twin. The normal twin is put at risk
for high-output heart failure and hydrops because of
the need to maintain blood flow throughout the entire
placenta as well as to the acardiac twin. The vascular
flow in the acardiac twin is characteristically reversed.
Thus, the acronym TRAP was coined to describe this
anomaly. The natural history of TRAP is greater than a
50% mortality in the pump twin due to hydrops.>3°4
The risk of hydrops increases as the mass of the acar-
diac twin increases relative to the normal twin. Gener-
ally, intervention is needed when there is evidence of
hydrops in the pump twin or when the estimated fetal
weight of the acardiac twin is 50% or more relative to
the twin functioning as the pump.

Multiple techniques have been used to separate
the vascular connections in TRAP pregnancies. These
include open hysterotomy and delivery, fetoscopic liga-
tion, bipolar cautery, harmonic scalpel division, ther-
mal coagulation, and laser coagulation. At UCSE RFA
is used to coagulate the umbilical cord insertion site on
the acardiac twin’s abdomen.>3->7 RFA was originally
designed for ablation of solid tumors, but its small size
and effective coagulation has been ideal for this appli-
cation.’® We have published our results with RFA for
TRAP in 29 patients who underwent RFA between



18 and 24 weeks’ gestation.> Survival was 86% per-
cent overall, with 92% survival in monochorionic,
diamniotic pregnancies.

Myelomeningocele

Myelomeningocele, or spina bifida, is characterized
by an open neural tube and exposed spinal canal ele-
ments. MMC can occur anywhere along the spine,
but most commonly occurs in the lumbar or cervical
vertebral levels. Complications include neurologic
deficits with motor and somatosensory abnormali-
ties that correspond to the level of the spinal defect.
In addition, autonomic function is also commonly
deranged with an inability to control bladder or
bowel function. Also, nearly all patients with MMC
develop the Arnold-Chiari type II malformation of
the hindbrain, and most will require ventriculoperi-
toneal shunting for hydrocephalus. Unlike patients
who have been considered for fetal intervention,
fetuses with MMC are generally born alive and
healthy. However, the attendant morbidity from the
neurologic abnormalities is severe, as up to 30%
of patients die before reaching adulthood owing to
respiratory, urinary, or central nervous system com-
plications. Standard current therapy for MMC is
postnatal repair of the spinal defect and extensive
rehabilitation.>®

The rationale for fetal intervention in MMUC is
the “two-hit” hypothesis, in which the first hit is
the original neural tube defect that results in an
open spinal canal. The second hit is postulated to
be due to direct trauma to the exposed neural ele-
ments while the fetus is in utero.®%°! It is this sec-
ond hit that could potentially be ameliorated by
fetal intervention.®? Various animal models for fetal
MMC have been created in rats, lambs, rabbits, and
nonhuman primates to test this hypothesis. The
data from these animal studies showed improved
distal neurologic function, as well as correction of
the Arnold-Chiari type II malformation, after in
utero repair.6!.63

Based on these animal data, two pilot studies in
human fetuses have utilized MMC repair via an open
hysterotomy (Fig. 10-5) and fetoscopy, with primary
repair or skin allografts.®4-¢7 Preliminary results did
not show improvement in lower extremity neurologic
function, but did show improvement in the Arnold-
Chiari type II malformation with reduced hindbrain
herniation.®8-7% In addition, a possible decrease in the
need for ventriculoperitoneal shunting was found
when compared with historical controls.

MMC is unique in that it is the first nonlethal
anomaly for which fetal surgery has been undertaken.
However, it is associated with significant morbidity.
Refinement in operative technique has minimized as
much as possible the risk to the mother during these
open fetal operations. Based on these data, the NIH
has sponsored a prospective, multicenter, random-
ized controlled trial to investigate the efficacy of fetal
surgery for MMC.”! The results from this trial should
be known in the near future.
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Figure 10-5. The myelomeningocele is exposed after maternal
hysterectomy. The defect is closed by pediatric neurosurgeons
using an operating microscope.

STEM CELLS AND GENE THERAPY

Gene therapy for prenatally identifiable diseases is
being actively pursued for specific disorders. However,
it is currently experimental. The rationale behind in-
utero therapy with stem cells and/or virally directed
genes includes avoiding the progression of disease in
the fetus during gestation, as well as taking advantage
of the developing immune system of the fetus, thus
potentially negating postnatal problems of tolerance,
rejection, and graft-versus-host disease.”?

Specific issues for in-utero treatment of genetic
diseases include the timing of diagnosis and therapy,
how to deliver the stem cells or genes, the sources
of the stem cells, and the longevity of treatment.
With the advent of chorionic villus sampling, genetic
diseases can now be identified in the first trimes-
ter. Timing of potential treatments is crucial to take
advantage of the possible “pre-immune” status of the
fetus, making fetuses potentially more receptive to
exogenous genes or cells. Several investigators have
utilized hematopoietic stem cells as a vector in an
attempt to induce chimerism to treat the diseases.”"7>
Others have investigated the use of retroviral vec-
tors to insert genetic material into the fetus.”®77 This
approach reduces the problem of obtaining the large
numbers of stem cells needed to create even a mod-
est amount of chimerism. Other approaches include
using maternal stem cells or genetic material because
studies have demonstrated early cross-trafficking of
maternal cells in the fetus. Diseases that are a can-
didate for this approach include hematologic, immu-
nologic, metabolic, and neurologic abnormalities
(Table 10-1). To date, there have been over 30 reports
of in-utero therapy with hematopoietic stem cells.
However, the only durable treatment has been in
patients with preexisting immunologic defects.”87°
Currently, in-utero gene therapy and stem cell ther-
apy are in their infancy but remain an active topic of
research and investigation.
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Diseases for Which In Utero Stem

Cell or Gene Therapy May Be
Applicable

Hematologic

a-Thalassemia

Fanconi’s anemia

Chronic granulomatous disease
Hemophilia A

Immunologic

Severe combined immunodeficiency (SCID) syndrome
Wiskott-Aldrich syndrome

Metabolic

Wolman's disease

Type Il Gaucher’s disease
Pompe’s disease
Osteogenesis imperfecta
Cystic fibrosis

Neurologic

Lesch-Nyhan syndrome
Tay-Sachs disease
Sandhoff’s disease
Niemann-Pick disease
Leukodystrophies
Generalized gangliosidosis
Leigh disease

SUMMARY

Fetal surgery has progressed from an investigational
therapy to an accepted mode of therapy for selected
fetal diseases. Multidisciplinary teams are critical for
the success of any fetal treatment program. Regular,
weekly meetings are necessary to keep all members of
the team abreast of developments and new patients.
Some diseases that historically have had a high
perinatal mortality rate have shown improved survival
with fetal surgery. NIH-funded, prospective trials have
been performed for CDH and TTTS. Current clinical
trials include evaluations for the efficacy of fetal inter-
vention for MMC, hydrops, and CCAM, and revers-
ible tracheal occlusion for CDH. In order to maximize
the benefit to the fetus while minimizing the risk to
the mother, fetal interventions were initially reserved
for fetuses with lethal anomalies. MMC represents the
first nonlethal anomaly that has been evaluated.

As minimal access techniques improve, and the
maternal risks are further reduced, indications for fetal
intervention may continue to broaden. New areas of
investigation include tissue engineering, and stem
cell and gene therapy. Maternal safety must remain
paramount, and the risk to the mother should be
minimized at all times. The study of these emerging
techniques should occur initially with animal models
and then in humans under the rubric of prospective,
clinical trials.



FOREIGN BODIES

Joseph L. Lelli Jr.,, MD

I nfants and young children are naturally curi-
ous about their environment. It is this childhood
inclination for exploration that results in the serious
problems of aspiration, insertion, and ingestion of for-
eign bodies (FBs). The complications of FBs in the up-
per and lower airway, the gastrointestinal tract, and
the ears carry a signification morbidity and mortality.

FB aspiration has been the cause of 160 annual
deaths in children younger than the age of 14 years
in the United States.! In 2007, the Annual Report of
the American Association of Poison Control Centers
noted 127,777 cases of ingestion of an FB by a minor.
More than 70% of these cases (95,754) involved a
child younger than age 6 years.? The Centers for Dis-
ease Control and Prevention (CDC) reported an esti-
mated 15,653 children, 14 years of age or younger,
who were treated in emergency departments in 2007
for choking-related episodes.> Although many of these
events are benign, significant complications arise from
FB entrapment, including but not limited to infec-
tion, obstruction, corrosion, fistula formation, hemor-
rhage, and nerve injury. FBs may be a secondary sign
of underlying disorders such as pica, otalgia, rhinitis,
neurologic dysfunction, and even child abuse. Despite
significant advances in prevention, first aid, and inter-
vention, FBs in the pediatric patient will remain a
problem as long as children remain naturally curious.

Other factors contribute to ingestion and aspira-
tion of FBs besides age. Contributing factors include
the male gender, immature coordination of swal-
lowing, lack of molars before age 4 years, neurologic
impairment, seizure disorders, anatomic or functional
esophageal disorders, immature laryngeal sphincter
control, and an unsafe environment.#> Children who
are neglected or abused have been found to have an
increased risk for FB indigestion or aspiration. The sus-
picion of child abuse should be raised if a very young
child has a history of multiple previous episodes or is
found to have multiple FBs on evaluation.®”

Prior to 1930, the mortality rate associated with FBs
was 24%. Owing in large part to the work of Cheva-
lier Jackson,® the mortality rate was reduced to 2%.
Jackson has been credited with the development of
appropriate preparation of the patient and optimal

positioning, as well as the equipment that made endo-
scopic removal of the FBs safe and successful.® In
1968, Harold Hopkins made the next significant evo-
lution in endoscopy.'®!! The Hopkins rod-lens tele-
scope was added to the endoscope, bringing vastly
improved illumination and visualization. As extrac-
tion devices evolved, the visualization during removal
improved. Also, the incidence of complications began
to decrease.!?

Food items compose 50% to 80% of FBs removed by
endoscopy from children’s aerodigestive tracts.!3-1¢ In
the 2007 CDC annual report, 60% of choking episodes
treated in emergency departments were due to food
substances, with 30% due to a nonfood substance.?
Sixty-five percent of food-based choking episodes
were due to candy or gum. The list of foods causing
choking injury was similar in many published reports:
hot dogs, nuts, seeds, and vegetable or fruit pieces.!417
Coins account for a significant portion of nonfood
substances causing choking events in children.!-16.18.19
Sixty-eight percent of the deaths in children younger
than age 14 years reported to the Consumer Prod-
uct and Safety Commission (CPSC) between 1972
and 1992 were due to nonfood items.!® The cause of
fatal choking was often balloons, balls, and other toys
intended for children’s use. The remaining 32% of
causes of fatal choking episodes were household items.
Two deaths in the CPSC database were due to choking
on latex examination gloves given to children in clini-
cians’ offices. The majority of choking deaths occurred
in children 3 years of age and older with balloons and
other conforming objects.!¢

The diagnosis of an FB in the aerodigestive tract may
be challenging because of the difficulty in obtaining
a reliable history from the child. The timely recogni-
tion of aspiration or ingestion relies heavily on clinical
suspicion. Symptoms are mild or even absent in 40%
to 60% of patients. Eighty percent of the asymptom-
atic patients have normal findings on physical exami-
nation. Twenty to 25 percent of FB events are not
witnessed.!®20-21 In one report, 15% of children eval-
uated by an emergency medicine physician for chok-
ing were not recognized as FB victims.?! FBs persisted
undetected in these children for 7 or more days, not
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suspected by caretakers, parents, or the physician. The
clinician has a limited amount of data available when
evaluating these patients. Therefore, a high index of
suspicion for FB ingestion and aspiration must always
be maintained.

AIRWAY FOREIGN BODIES

Approximately 75% of FB aspiration events in the
pediatric age group occur in children younger than age
3 years. Boys are affected twice as frequently as girls.
There are a number of factors that make young chil-
dren more susceptible to aspiration. Children younger
than age 3 years often cry, shout, and run with objects
in their mouths and have immature coordination of
swallowing and airway protection. They are also at an
oral exploration stage of development when every-
thing they hold tends to go into their mouths. These
factors combine to make the child younger than age
3 years susceptible to FB aspiration (Table 11-1).
Most FBs are small enough to pass through the lar-
ynx and enter the trachea. The narrowest point in the
child’s airway is the cricoid ring. The 1% to 7% of air-
way FBs that become lodged in the laryngeal inlet are
mostly seen in infants younger than 1 year of age (Fig.
11-1). Because the trachea is relatively large compared
with the cricoid, FBs that lodge within it account for
only an additional 3% to 12% of cases. These usually
occur in cases of tracheomalacia, in the patient who
has poor respiratory effort, or when previous postop-
erative stricture has occurred. In the majority of cases,
the FB will pass easily through the trachea and lodge
in the primary or secondary bronchi. A predominance
of right bronchial involvement is somewhat depen-
dent on age (Fig. 11-2). The prevalence for right-sided
FBs is due to the greater diameter of the right bron-
chus, a smaller angle of divergence from the tracheal
axis, greater air flow to the right lung, and the position
of the carina to the left of the midline. In one anatomic
study, the position of the carina was believed to be the
only determining factor in the distribution of the FB.22
The angle of the left bronchus and, therefore, the posi-
tion of the carina is determined by the development of
the aortic knob. The aortic knob reaches adult size by
the age of 15 years, at which time it displaces the left
main-stem bronchus downward. This creates a more
obtuse angle at the carina, changing the more sym-
metric bronchial angles in young children. This may
explain the increased propensity for right bronchus

Factors that Make Young Children
Susceptible to Aspiration

Age younger than 3 years

Male gender

Often cry, shout, run, and play with objects in their mouths
Do not have molars to chew certain foods adequately
Immature coordination of swallowing and airway protection
Oral exploration of their environment

Immature laryngeal sphincter control

FBs in young children compared with those in older
children and adults.

The type of airway FB varies from generation to
generation and country to country. For instance, in the
United States, as diapers became disposable, the inci-
dence of aspirated safety pins declined dramatically. Fifty
years ago, a safety pin, usually opened, was an extremely
common FB, but now it accounts for less than 5% in
most reports. Small plastic products are now significant
items in childhood FB aspiration. The CPSC mandates
federal choking prevention standards. The standards
use a small parts cylinder to determine if the small part
on a toy is a choking hazard. When reviewing airway
injuries and fatalities from FBs, 23% of fatalities were
from toys with small parts that met the CPSC guidelines
for size and 90% of all FBs found in the airway met the
standard for being considered “safe.” Nevertheless, food
matter is still the most commonly aspirated FB for all
generations and nations (Table 11-2).

The most important factor in evaluating a child
who possibly aspirated an FB is an accurate history.
The common signs and symptoms will be present
in 50% to 90% of children who aspirate an FB. In
a series of 100 FB aspiration cases, a choking crisis
occurred in 95% and was the most sensitive clinical
parameter.?® FBs that lodge in the larynx and trachea
can be completely obstructive, causing sudden death.
Partial obstruction by an FB can lead to a sufficient
inflammatory reaction in the surrounding tissue to
produce total, or near total, obstruction. A history of
choking without initial physical findings of reduced
air exchange requires a high degree of suspicion if
a timely diagnosis is to be made.?* The larynx, tra-
chea, and bronchi can initially accommodate FBs with
minimal physical findings. This may account for the
fact that 20% to 50% of FBs are detected more than
1 week after aspiration.?®

The complications that develop as a result of aspira-
tion are obstruction due to granulation tissue formation

Anterior

Right Left

Posterior

Figure 11-1. In this young infant, a coin became lodged anteri-
orly between the tongue and epiglottis in the vallecula.
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Figure 11-2. This 6-year-hold had a rock in his mouth, tripped, and aspirated the rock. A, On the chest radiograph, it is lodged in the
right main-stem bronchus (arrow). B, The rock is seen at bronchoscopy. It was difficult to remove this rock because it was quite large, but
it was able to be wedged between a Fogarty catheter and the bronchoscope and retrieved in this manner.

Commonly Aspirated Foreign

Bodies
Food Products Nonfood Products
Candy/gum Coins
Peanuts and other nuts Toy parts
Seeds Crayons
Popcorn Pen tops
Hot dogs Tacks, nails, needles, pins
Vegetable matter Beads
Meat matter Screws
Fish bones

or strictures, atelectasis, bronchiectasis, pneumonia,
empyema, lung abscess, perforation with pneumotho-
rax, and systemic sepsis. Clinical findings that develop
in a previously asymptomatic patient include croup,
persistent cough, hemoptysis, fever, malaise, and respi-
ratory compromise.?!2>2¢ Because an unwitnessed
choking event may not produce initial symptoms or
physical findings, radiographic evaluation is essential
for timely diagnosis and treatment.

Radiographic examination consists of anteroposte-
rior and lateral views of the extended neck and chest.
Chest radiographs in inspiration and expiration are
beneficial in demonstrating unilateral air trapping that
is present in up to 62% of patients when the bron-
chial FB acts as a one-way valve.2” Air moves past the
FB as the bronchus expands during inhalation, but
the air is trapped, producing obstructive emphysema.
Hyperinflation of the obstructed lobe or lung produces
mediastinal shift to the contralateral or unobstructed
side. For evaluation in the young patient who cannot
cooperate with inspiration and expiration radiograms,
left and right lateral decubitus radiographs may be
helpful because the obstructed lung will not deflate
while in the dependent position (Fig. 11-3). Although
56% of patients will have a normal chest radiograph
within 24 hours of aspiration, others will demonstrate

mediastinal shift (55%), consolidation (47%), pneu-
monia (26%), atelectasis (18%), or a radiopaque
object (3%).28 FBs that are present for a long time will
develop complete obstruction and atelectasis second-
ary to a local inflammatory reaction.

A radiolucent FB is often evident only because of
the ball-valve effect. The benefit of the radiographic
assessment is dependent on the location of the FB.
Laryngotracheal FBs can be evaluated radiographically
with about a 90% vyield. In cases of bronchial FBs,
chest radiography is less diagnostic, with a sensitiv-
ity and specificity of 65% to 75%.1426-29 Radiographic
evaluation is helpful in evaluating the patient with a
choking history, but the definitive diagnostic assess-
ment remains bronchoscopy.

General anesthesia provides a controlled envi-
ronment for removal of most airway FBs. Only in
the small group of patients with laryngeal FBs can
removal be accomplished at times without anesthesia.
Spontaneous ventilation, with the patients generat-
ing their own negative intrathoracic pressure, is the
preferred technique. Positive-pressure ventilation is
avoided because it can force the FB farther into the
airway or may produce complete occlusion. However,
assisted ventilation may be necessary for either oxygen
desaturation or inadequate depth of anesthesia for the
procedure. As in any standard operation, induction is
performed with precautions taken to minimize secre-
tions, laryngospasm, and hypoxia. After induction, the
patient’s head is extended and placed in the “sniffing”
position. A laryngoscope is used to expose the larynx
for insertion of the bronchoscope and to ensure that
the FB is not within easy grasp of a McGill forceps.
When the laryngeal inlet is deemed clear, the endos-
copy is performed.

Endoscopic extraction of FBs from children requires
a gentle, experienced hand. Great care is taken to
protect the eyes, lips, teeth, tongue, and other laryn-
geal structures with insertion of the bronchoscope.
The tongue is always swept to the left side with the
laryngoscope to expose the glottis. The bronchoscope
is inserted into the upper trachea and ventilation is
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Figure 11-3. Radiographic evaluation in the young patient with a suspected foreign body aspiration can be difficult because inspi-
ratory/expiratory chest radiographs may not be possible. Therefore, left and right lateral, decubitus films may be helpful because the
obstructed lung will not deflate while in the dependent position. A, Radiograph with the child in a left lateral decubitus position. Note
that the dependent left lung deflates appropriately. B, In the right lateral decubitus position, the right lung does not deflate, indicating
a possible foreign body in the right main-stem bronchus. This was confirmed at bronchoscopy.

performed through the side arm. The tracheobron-
chial tree is then completely inspected, and the FB is
removed.

The rigid bronchoscope is the primary instrument
for evaluating the tracheobronchial tree for an FB.
The instruments most commonly used are the Doesel-
Huzly bronchoscope with Hopkins rod-lens telescope
(Karl Storz Endoscopy, Tuttlingen, Germany) and the
Holinger ventilating fiber-illuminated bronchoscope
(Pilling Weck, Inc.,, Markham, ON). Both have the
benefit of good exposure and the ability to shield FBs
within the tube during extraction. The rigid instruments
also allow the use of a diverse number of forceps. The
length and diameter of the endoscope is dictated by
the patient’s age and size. In general, one should use
the largest scope possible that will not cause trauma.
The forceps used in most pediatric surgery practices
are the positive-action, “center-action,” or the passive-
action forceps. The combination optical/illumination
system with the forceps allows the greatest visibility.

Standard flexible bronchoscopy is being performed
with increasing frequency in children older than age
12 years utilizing conscious sedation.?? Older children
can tolerate a larger and more versatile bronchoscope
owing to their larger trachea. Additionally, the utiliza-
tion of laryngeal mask anesthesia with a flexible bron-
choscope passed through a side port in the mask has
been used in younger as well as older children.

The primary causes of unsuccessful FB removal are
inexperience, an impacted FB obscured by granulation
tissue, and inadequate equipment. Many endoscopists
describe the use of a Fogarty catheter for extraction
of FBs inaccessible to grasping instruments. Removal
may be limited by poor visualization associated with
bleeding, granulation tissue, and edema. In cases with

significant granulation tissue and bleeding or mul-
tiple FB fragments that migrate distally and become
impacted, a second endoscopy may be required. Post-
instrumentation laryngeal edema may require respira-
tory therapy intervention before the second procedure.
The post-instrumentation edema responds well to
inhaled epinephrine and intravenous corticosteroid
treatment.3!32 The second procedure may include
repeated endoscopy or thoracotomy with bronchot-
omy, segmentectomy, or lobectomy as required.

In an attempt to minimize the complications associ-
ated with a delay in diagnosis of FB aspiration in young
children, bronchoscopy based on a history of chok-
ing alone has been advocated.!21417.21.25 A negative
bronchoscopy rate of 10% to 15% has been deemed
acceptable to prevent the morbidity associated with
delayed diagnosis.?* Individual patient circumstances,
including access to expert care, will enter into deci-
sions for this more aggressive approach.

ESOPHAGEAL FOREIGN BODIES

The esophagus is a muscular tube that has two shal-
low curves as it descends through the diaphragm to
its termination at the gastric cardia. It is the narrow-
est portion of the alimentary tract and is protected at
its upper end by the cricopharyngeus muscle where
many ingested FBs lodge. The esophagus is narrowed
somewhat at the aortic arch, left main-stem bronchus,
and the diaphragm, areas where FBs will be trapped
(Table 11-3).

Once they pass the cricopharyngeus, most swal-
lowed objects will pass into the stomach. Congenital
and acquired esophageal anomalies may contribute



Level of Retention of Aspirated
Esophageal Foreign Bodies
63%-84%
10%-17%
5%-20%

Cricopharyngeus muscle
Aortic crossover mid-esophagus
Lower esophagus sphincter

From Stack LB, Munter DW. Foreign bodies in the gastrointestinal
tract. Emerg Med Clin North Am 14:493, 1996.

to FB obstruction of the esophagus. The middle and
lower esophageal motility is abnormal in patients born
with esophageal atresia. Also, it is relatively common
for young children to swallow soft, rubbery foods and
have them lodge firmly near the area of the esoph-
ageal anastomosis. FB obstruction may be seen in
patients with an unsuspected vascular ring, ectopic
salivary glands, cartilaginous rests, middle mediastinal
mass, an esophageal stricture, achalasia, or duplication
cyst. Twenty-two percent of patients older than age
5 years with esophageal FBs were noted to have ana-
tomic abnormalities.>*3> In a series of patients with
an impacted esophageal food bolus, up to 70% had
esophageal abnormalities.>® In most cases in which the
level is reported, ingested FBs lodge at the normal ana-
tomic narrowing of the cricopharyngeus muscle or the
level of the aortic arch (see Table 11-3).

Coins and smooth blunt objects are the most
commonly ingested items in large pediatric series.
The patients are most commonly between 18 and
48 months of age.?” In one review of almost 200
patients, 89% of FBs were coins.?® There is a well-
documented cultural and geographic difference in
the types of FBs ingested. In a review of 343 Chinese
children, 42% had ingested fish bones and only 39%
had ingested coins.?> In a report from Belgium, only
89 (27%) of 325 patients were found to have ingested
coins, but 16% had ingested sharp objects, a signifi-
cantly higher percentage when compared with other
nations. In older children, food boluses and school
supplies—parts of pencils and pens—are most common.

The ingestion of an FB is often unrecognized and
asymptomatic, as the FB passes uneventfully through
the gut. Although swallowed FBs are not considered
as dangerous as aspirated FBs, up to 1500 deaths per
year have been documented from esophageal FB
ingestion.?® Clinical symptoms of a patient with an FB
that obstructs the esophagus include the sudden onset
of acute and severe coughing, pain in the pharyngeal
or retrosternal region, gagging, poor feeding, and
drooling, among others. Periesophageal inflammation
from an unsuspected esophageal FB can cause airway
symptoms such as wheezing, stridor, and coughing.
Significant respiratory symptoms can be seen with an
esophageal FB as the esophageal dilation can result in
airway impingement.

The ingestion of small batteries creates a different set
of serious problems. Batteries have been found in less
than 2% of esophageal FBs historically but are being
increasingly seen with the rise of small batteries in
children’s toys.4? A 7-year review reported 2320 cases
of battery ingestion, but only 9.9% of these patients
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Figure 11-4. This infant accidentally swallowed a lithium
battery. The battery was removed within a few hours of its in-
gestion. However, 1 week later, the patient developed respira-
tory distress and bronchoscopy revealed this tracheoesophageal
fistula (arrow).

were symptomatic.! Batteries can cause unique inju-
ries not seen with other FBs. These include direct
caustic injury, pressure necrosis, tissue necrosis from
electrical discharge, and toxin release (mercury poi-
soning). The main chemical ingredients of disc batter-
ies include alkaline corrosive agents or heavy metals.
Battery size and type may affect management and out-
come. Disc batteries can cause corrosive injury to the
esophagus within 4 hours.#? Lithium batteries cause
more adverse effects due to their greater size and volt-
age. A review of reported cases showed that batteries
less than 15 mm almost never become lodged in the
esophagus, whereas those that are larger than 20 mm
account for most of the reported esophageal injuries.*3
A 3-volt lithium battery is enough to cause cellular
electrolyte flux, releasing intracellular potassium, and
can result in cell death and tissue necrosis. Complica-
tions caused by esophageal impaction of button bat-
teries include tracheoesophageal fistula (Fig. 11-4),
esophageal burn with and without perforation, aor-
toesophageal fistula, esophageal stricture, and death.
Emergency endoscopy must be performed for batteries
retained in the esophagus because of the high propen-
sity of early mucosal injury.4

Radiologic evaluation for possible FB ingestion
must include a lateral view and an anteroposterior
view of both the neck and chest (Fig. 11-5). The radio-
logic evaluation of a child with a history of possibly
swallowing a coin or a radiopaque object is highly sen-
sitive and specific. In areview of the preoperative radio-
graphs of 182 children with a history of FB ingestion
(primarily coins), 96.7% had a positive radiographic
finding confirmed by endoscopy.?” Objects that are
only faintly radiopaque such as bones or small items
of aluminum are often seen on lateral views because
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Figure 11-5. This infant was seen in the emergency department for swallowing difficulty and drooling. A, Anteroposterior radiograph
shows a coin in the upper esophagus. B, However, on the lateral view, there are actually four coins superimposed on one another. The
lateral view is very helpful for the purpose of determining whether more than one coin has been ingested.

the “end-on” view increases their radiodensity. Totally
radiolucent FBs such as plastic beads or toys present a
much more difficult radiographic challenge. In these
cases, suspicion must be high enough to use contrast
studies for the diagnosis. An esophagogram may dem-
onstrate a radiolucent FB as a filling defect and may
also reveal anomalies as compression by a vascular
ring or an intrinsic stricture. Even though preoperative
radiographic evaluation is accurate in demonstrating
an FB in a child, the clinical situation should dictate
the decision to perform esophagoscopy. Small coins,
for example, lodged at the gastroesophageal junction,
are likely to pass if given a chance. In an attempt to
minimize the complications associated with the delay
in diagnosis, endoscopy for suspicious cases with or
without radiologic confirmation has been advocated.
A negative esophagoscopy rate of 6.2% has been
quoted as acceptable to prevent the morbidity associ-
ated with the missed diagnosis of an esophageal FB.3”
Rapid diagnosis and treatment of FBs in the esoph-
agus will decrease morbidity. Studies have been per-
formed, however, to evaluate “watchful waiting” of
asymptomatic esophageal coins. In a prospective ran-
domized study, up to 30% of coins passed spontane-
ously within 8 to 16 hours of observation. Spontaneous
passage appears to be associated with increasing age
of the patient.#>4¢ Watchful waiting, however, failed
70% of the time and was associated with an increased
length of hospitalization.4® Attempts at using glucagon
to stimulate passage have proven to be ineffective.4”
Three common techniques for FB removal from
the esophagus are Foley catheter extraction, bougie-
nage to push the FB into the stomach, and endoscopic
retrieval. Foley catheter retrieval is generally easy and
successful for removing smooth objects in the upper
two thirds of the esophagus. The procedure is cost effi-
cient and can be performed without anesthesia and
usually under fluoroscopic guidance (Fig. 11-6). The
risks of the procedure are potential airway compromise,
esophageal injury, inability to visualize the esophageal
reaction to the FB, and the discomfort of the awake

Figure 11-6. This radiograph shows the Foley catheter tech-
nique for removing a coin lodged in the upper esophagus. Under
fluoroscopy, the Foley catheter is advanced past the coin and the
balloon is filled with barium (asterisk). Under fluoroscopy, the
catheter is then removed, bringing the coin with it. Care must be
taken to ensure the patient does not aspirate the coin during its
removal. This is a very cost-efficient way to remove coins in the
upper esophagus in young children.

child. The success rate of 84% to 96 % with Foley cath-
eter extraction is less than with endoscopy.3->! Objects
that have been retained in the esophagus for longer
than 24 hours may have produced significant tissue
reaction that significantly increases the risk of catheter
extraction as well as the risk of failure for retrieving
the FB. On occasion, the Foley catheter insertion itself
has resulted in pushing FBs into the stomach.
Bougienage has been shown to be successful in
selected cases. The patient has usually ingested a single
coin within 24 hours of presentation, is stable, and has
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Figure 11-7. This coin was lodged in the esophagus of a 2-year-old child. It was unclear how long the coin had been in the esophagus.
Therefore, rigid esophagoscopy was performed. A, The coin is seen through the esophagoscope. B, The optical graspers are being used
to grasp the coin and remove it. The safety and success rate for rigid esophagoscopy and coin removal approaches 100% with minimal
complications. This is usually a safe and successful way to remove a coin in the esophagus of children in whom the Foley catheter tech-

nique is not appropriate.

no history of esophageal abnormalities or FB aspira-
tion. Blunt-tipped, weighted esophageal bougies are
introduced to advance the coin or other smooth object
into the stomach with the expectation the object will
be passed per rectum. Roughly 90% to 95% of these
objects will be evacuated spontaneously.’? The con-
cern with bougienage is that the nonevacuated FBs
can lead to obstruction or perforation of the small
intestine, requiring more difficult endoscopic retrieval
or surgical exploration.

Rigid endoscopy is the most reliable and successful
method used in retrieval of esophageal FBs (Fig. 11-7).
The safety and success rate with rigid endoscopy has
approached 100% with minimal complications. The
procedure is performed in a controlled environment
with the same precautions that apply to the use of the
rigid bronchoscope. The patient is placed in the supine
position with the head in the neutral sniffing position.
The cervical spine is straight, allowing for passage of
the endoscope over the cervical kyphosis. Esophago-
scopes differ from the bronchoscopes in that they have
a smooth, flared leading edge. This difference allows
the endoscopist to lift the larynx with minimal trauma
to expose and open the cricopharyngeus “sphincter.”
The appropriate size is the largest that can be accom-
modated without forcing the esophagoscope.

GASTROINTESTINAL FOREIGN BODIES

The vast majority of FBs that are ingested by children
are not retained in the esophagus. In one study, 60%
of patients who were evaluated for FB ingestion were
found to have the FB in their stomach at the time of
evaluation.’® With the exception of sharp objects and
batteries, most gastric FBs do not have to be removed
because they are eliminated spontaneously.#45455
In a study of 1481 children, 97% of ingested FBs
that passed through the esophagus on radiographic
study were spontaneously evacuated. The incidence
of operative retrieval of ingested FBs found ini-
tially to be in the stomach is 1%, whereas the rate

for ingested sharp objects is 15% to 30%. Some sur-
geons recommend early endoscopic retrieval of sharp
FBs.’® Commonly ingested sharp FBs include bones,
nails, safety pins, needles, sharp toys, and toothpicks.
Toothpick and bones are the most commonly ingested
objects that require retrieval. If either of these objects
becomes impacted in the intestinal mucosa, erosion
may develop, which then can lead to perforation and
peritonitis. Objects larger than 2 ¢m or longer than
3 cm that are swallowed by infants have been shown
to have difficulty traversing the pyloric channel. In
older children and adults, objects thicker than 2 cm
and longer than 5 cm tend to have difficulty passing
through the duodenal loop, causing functional gastric
outlet obstruction. These objects also warrant endo-
scopic retrieval. Rarely, FBs become lodged distal to
the ligament of Treitz. Although the ileocecal valve
is the only natural narrowing in the lower intestinal
tract, it is rarely the site for FB retention. Disc battery
ingestion requires removal if lodged in the esophagus.
Once the battery is in the stomach, it can be managed
conservatively with spontaneous passage expected
without complications.>?

Ingestion of multiple magnets usually causes mini-
mal initial physical findings. Late complications, how-
ever, include bowel perforation, volvulus, ischemia,
and enteroenteral fistulas. Removal of magnets is rec-
ommended when there are more than one and while
they are still in the stomach. Once they are distal to
the stomach, observation is necessary to ensure that
they all pass per the rectum.>8

Bezoars are FBs that have accumulated over time
in the alimentary tract. These can cause obstructive
symptoms, bleeding, failure to thrive, weight loss due
to early satiety, abdominal pain, anorexia, halitosis,
and nausea. Common concentrations include plant and
vegetable matter (phytobezoar), hair (trichobezoar),
persimmons (disopyrobezoar), and neonatal casein
curd (proteinacous) aggregations.

Trichobezoars can extend a long tail from the stom-
ach down through the entire intestinal tract to or even
beyond the ileocecal valve where they then cause an
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Figure 11-8. A 10-year-old girl was admitted to the hospital with decreasing oral intake, vomiting, and weight loss. A, An abdominal
CT scan was performed that showed a large gastric bezoar (asterisk) in the stomach. Laparoscopic extraction of the trichobezoar was per-
formed. B, The stomach was opened and the bezoar was visualized. The trichobezoar was extracted and placed in a bag which was then
exteriorized through the umbilical incision. C, After extraction of the bezoar, the gastrotomy was closed with the endoscopic stapler. D,
The incisions used for laparoscopic removal of the trichobezoar are seen in the postoperative photograph.

obstruction. Children with extensive trichobezoars
causing this type of obstruction are referred to as hav-
ing the Rapunzel syndrome.>® Trichotillomania is a
psychosomatic entity in which there is a desire to pull
out one’s hair and ingest it. Patients suffering from
this disorder feel instant release of tension, a sense of
relief, and security. This process can lead to the forma-
tion of trichobezoars.®® Most cases of trichotillomania
in children are considered “habit disorders” that are
amenable to psychotherapy. Bezoars may be retrieved
endoscopically or eliminated by enzymatic fragmen-
tation. Laparotomy or laparoscopy may be warranted
with large obstructing bezoars such as in the Rapunzel
syndrome (Fig. 11-8).

EAR AND NOSE FOREIGN BODIES

FBs may be the cause of mouth breathing and rhinor-
rhea in children. Identification and removal require
appropriate suspicion and adequate instrumenta-
tion. Although most FBs recently inserted are easily
removed from the nose, those of long standing may
not be as simple to remove. Nasal mucosal reaction
with edema and granulation tissue develops rather
quickly. The mucosal lining of the nose is a dynamic

surface that requires uninterrupted mucociliary flow
to remain free of crusting and inflammation. Interrup-
tion of the flow patterns by an FB readily produces
inflammation and infection. FBs placed in the anterior
nares can be inert or reactive. Common objects placed
in the nares are dried beans, plastic objects, buttons,
metals, food, erasers, nuts, seeds, and button batteries.
Presenting signs and symptoms with nasal FBs include
rhinorrhea, crusting, air flow obstruction, rhinitis,
sinusitis, lymphadenopathy, epistaxis, otitis media,
and adenoiditis.

Otitis media is a potential sequela of a posterior nasal
reaction from an FB, causing eustachian tube obstruc-
tion. Plastic and other inert materials may be tolerated
for long intervals, but granulation tissue develops to
produce an obstruction. Button batteries may lead to
septal perforation and destruction of cartilage, leading
to a saddle-nose deformity. The site of maximal dam-
age from button batteries has been shown to corre-
spond to the negative pole of the battery.

Successful removal of a nasal FB in a child requires
visualization and appropriate instrumentation. Usu-
ally this is a simple bedside procedure. The primary
or emergency physician using tweezers, cerumen
curet, or a cotton-tipped applicator can remove most
FBs. Long-standing objects may be more complicated,



requiring assistance from a surgical specialist. Tools
that can be helpful in visualizing the object are the
Frazier tip suction, the optic headlight, and the nasal
speculum. The Hartmann forceps, wire loop, flexible
cerumen curet, alligator forceps, and a right-angled
hook are tools that increase the likelihood of recov-
ering the FB. It is beneficial to place the instrument
alongside or behind the object for successful removal.
Great care must be taken not to impact the FB or to
push it through the nose and risk aspiration.

The external ear canal is another orifice of interest
to the curious child. The child can place a multitude of
FBs in the ear canal. Symptoms may vary depending
on the nature of the FB, the size of the FB, and the
duration that the FB has been present. Local trauma
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can occur with bleeding and difficulty with hearing.
The child may describe a fullness sensation. Compli-
cations can arise with inflammatory changes. Sec-
ondary infection may cause canal wall skin to bleed
and slough, producing otorrhea and severe granula-
tion tissue formation. The presence of a secondarily
infected ear canal from an FB may mimic a chronic
mastoid infection that will not respond to antibiotics.
Disc batteries, as in the nose and gastrointestinal tract,
are extremely caustic and can cause extensive damage
to the external auditory canal, tympanic membrane,
and middle ear. The removal of an FB requires that the
patient be extremely cooperative. Therefore, the use
of general anesthesia may be necessary to minimize
iatrogenic injury.
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A wide variety of bites are seen in children. It is
estimated that more than 1 million children are
treated annually for bites (Table 12-1).! In this chapter
we concentrate on bites of interest to the surgeon. The
reader is referred elsewhere for discussions of manage-
ment of venomous stings and injuries from marine life
and general details of wound management.

TETANUS

The gram-positive anaerobic organism Clostridium tetani
is the causative agent for tetanus, a severe and often
fatal disease. According to the 2006 report of the
Department of Health and Human Services Centers
for Disease Control and Prevention (CDC), there were
a total of 41 cases (27 females) reported in the United
States.? Only two cases were reported in the age
group younger than 15 years old, with six cases in
the 15- to 24-year age group. No neonatal cases were
described.

There has been a low incidence of tetanus since a
peak of 102 cases in 1975. Mortality from tetanus is
associated with co-morbid conditions such as diabetes
and intravenous drug usage and occurs in the elderly,

especially when vaccination status is unknown. Infec-
tion can occur weeks after a break in the skin, even
after a wound has seemed to heal. The ideal anaerobic
surroundings allow spores to germinate into mature
organisms producing two neurotoxins: tetanolysin
and tetanospasmin.? The latter is able to enter periph-
eral nerves and travel to the brain, causing the clini-
cal manifestations of uncontrolled muscle spasms and
autonomic instability. The incubation period varies
from as short as 2 days to as long as months, with most
cases occurring within 14 days.# In general, the shorter
the incubation period, the more severe the disease and
the higher the fatality risk.

Initially, the diagnosis must be made clinically
because wound cultures are often negative and serum
antitoxin antibodies have a long turn-around time.
So-called “dirty” wounds—lacerations treated after
24 hours, abscesses, ulcers, gangrene, and wounds
with nonviable tissue—are the most common injuries
that become infected. However, a history of acute
trauma is not necessary.

All wounds should be cleaned and debrided. Symp-
tomatic and supportive care includes medications,
such as benzodiazepines, to control tetanic spasms
and antimicrobials for infections. Metronidazole (oral

"Bites and Envenomations” to Humans—Calls to Poison Centers in 2006

Animal Total Calls Age <6 yr

Bat 647 84 135
Cat 797 97 136
Dog 1,718 330 577
Fox 20 0 2
Human 47 11 9
Other 959 118 262
Raccoon 118 10 17
Rodent/lagomorph 1,728 385 489
Skunks 251 43 51
Snakes 3,229 146 600
Spiders 14,613 1,469 2,284

Age 6-19 yr

All Ages Treated at Facility Severe Outcome/Death

392 0/0
452 0/0
1,217 6/0
18 0/0
15 0/0
463 1/0
71 0/0
462 0/0
10 0/0
2,841 185/4
3,509 511

n = 2,403,539 total human poisoning calls; n = 82,133 in the category of bites and envenomations.
Data from Bronstein AC, Spyker DA, Cantilena LR, et al (eds): 2006 Annual Report of the American Association of Poison Control Centers’ National

Poison Data System (NPDS). Clin Toxicol 45:815-917, 2007.
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Wound Tetanus Prophylaxis
Guideline

Clean/Minor
Wounds

Vaccination

History (Td) All Other Wounds

? or < 3 doses
> 3 doses

Td or Tdap—No TIG

Td or Tdap—No TIG ~ Td or Tdap—No TIG
if = 10 yr since last if = 5 yr since last
dose dose

Td or Tdap—TIG

Td, adult type diphtheria and tetanus toxoids vaccine; TIG, tetanus
immune globulin (human); Tdap, booster tetanus toxoid, reduced
diphtheria toxoid, and cellular pertussis.

From American Academy of Pediatrics: Tetanus (lockjaw), bite
wounds. In Pickering LK, Baker CJ, Long SS, McMillan JA (eds):
Redbook: 2006 Report of the Committee on Infectious Diseases,
27th ed. Elk Grove Village, IL, American Academy of Pediatrics,
2006, pp 191-195, 648-653.

or intravenous, 30 mg/kg/day, divided into four daily
doses, maximum 4 g/day) is the antibiotic of choice
because it decreases the number of vegetative forms
of C. tetani> An alternate choice is parenteral treat-
ment with penicillin G (100,000 U/kg/day every
4 to 6 hours, not to exceed 12 million units/day) for
10 to 14 days. Human tetanus immune globulin (TIG)
is administered to adults and adolescents as a one-
time dose of 3000 to 6000 units intramuscularly. Some
experts recommend that children receive 250 to 500
units to decrease discomfort from injection.” Infiltrat-
ing part of the dose locally is controversial.

Prevention in a potentially exposed patient depends
on the nature of the wound and history of immuniza-
tion with tetanus toxoid as recommended by the CDC.
One should consult an infectious disease expert for the
most updated therapy or the CDC’s website: www.cdc.
gov/vaccines/(Table 12-2).°

CAT, DOG, HUMAN, AND OTHER
MAMMALIAN BITES

Children are frequent victims of mammalian bites. The
most common complication from bites is infection:
cats, 16% to 50%; dogs, 1% to 30%, and humans, 9%
to 18%.° When the bite is from a cat, dog, or other
mammal, the most common infectious organisms to
consider include (but are not limited to) Streptococcus,
Staphylococcus, Actinomycetes, Pasteurella species, Capno-
cytophaga species, Moraxella species, Corynebacterium
species, Neisseria species, Eikenella corrodens, Haemophi-
lus species, anaerobes, Fusobacterium nucleatum, and
Prevotella melaninogenica.>”-3 Human bites are a poten-
tial source not only for bacterial contamination but
also for hepatitis B and, possibly, human immunodefi-
ciency virus (HIV) infection.®

Recommendations for bite wound management
are presented in Table 12-3. Evidence-based medicine
studies concerning the closure of bite wounds are not
conclusive. Distal extremity wounds, especially hand/
fist to teeth, are at higher risk for infection. Whether
minimalrisk woundsrequire prophylacticantimicrobial
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therapy is controversial. Antibiotics started within
8 to 12 hours of the bite and continued for 2 to 3 days
may decrease infection rate.®> The oral drug of choice is
amoxicillin clavulanate. For penicillin-allergic patients,
an extended-spectrum cephalosporin (5%-15% of
penicillin-allergic people are also hypersensitive to
cephalosporins) or trimethoprim-sulfamethoxazole
plus clindamycin should be given.’

RABIES AND POSTEXPOSURE
PROPHYLAXIS

Rabies is a viral disease usually transmitted through
the saliva of a sick mammal (i.e., dogs, cats, ferrets,
raccoons, skunks, foxes, bats, and most other carni-
vores). Most reported cases in the United States are
caused by raccoons, skunks, foxes, mongooses, and
bats.? Small rodents such as rats, mice, squirrels, chip-
munks, hamsters, guinea pigs, and gerbils (also lago-
morphs such as rabbits and hares) are almost never
infected with rabies. Over the past decade, cats have
been the most common domestic animal with rabies.
In 2006, there were three cases of human rabies iden-
tified in the United States and all were fatal. This was
a decline from a peak of seven cases in 2004 (with
records dating back to 1975).2 The rabies virus enters
the central nervous system and causes an acute, pro-
gressive encephalomyelitis from which survival is
extremely unlikely. The human host has a wide range
for the incubation period from days to years (most
commonly weeks to months).

Prophylactic treatment for humans potentially
exposed to rabies includes immediate and thor-
ough wound cleansing followed by passive vaccina-
tion with human rabies immune globulin (HRIG)
and cell culture rabies vaccines, either human dip-
loid (HDCV) or purified chick embryo (PCECV).10-12
(Consult www.cdc.gov/vaccines/ for the most up-to-
date information.)

Components of Bite Wound
Management

¢ Obtain detailed history of injury.
¢ Evaluate injury and re-examine in 24-48 hours.

e Check for foreign bodies and possible deep structure
injury in small children.

e Evaluate for risk of tetanus, rabies, hepatitis B, human
immunodeficiency virus.

e Perform meticulous cleansing and irrigation.
e Irrigation of puncture wounds is controversial.
e Obtain wound culture as indicated.

e Culture is recommended if wound appears infected or is
of late presentation.

e Debride necrotic tissue or contaminants not removed by
irrigation.
¢ Perform exploratory surgery as indicated.

e Primary closure is sometimes performed for dog bites but
not recommended for human or cat bites.

e Consider antimicrobial therapy.


http://www.cdc.gov/vaccines/
http://www.cdc.gov/vaccines/
http://www.cdc.gov/vaccines/
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Many factors help determine the risk assessment
in deciding which patient benefits from postexposure
prophylaxis and which regimen should be given. The
risk of infection depends on the type of exposure, sur-
veillance, epidemiology of animal rabies in the region
of contact, species of animal, animal behavior causing
it to bite, and availability of the animal for observation
or laboratory testing for rabies virus. The final decision
for treatment with vaccines is complex. Therefore local,
state, or CDC experts are available for assistance.

SPIDER BITES

There are about 40,000 species of spiders that have
been named and placed in about 3000 genera and 105
families.!> Families with over 100 genera are Saltici-
dae (jumping spiders), Linyphiidae (dwarf or money
spiders, sheet web weavers), Araneidae (common
orb spiders), Theridiidae (cobweb weavers), Lycosi-
dae (wolf spiders), Gnaphosidae (ground spiders), and
Thomisidae (crab spiders). New species are constantly
being discovered while others are becoming extinct. In
regard to medically relevant spiders, few are known to
cause significant clinical effects. In 2006, over 14,000
calls were made to U.S. Poison Control Centers (PCC)
regarding spider bites.! Although PCC data are biased
with over 85% of calls originating from the general
public (see Table 12-1), one third of these cases were
evaluated in a health care facility with 51 cases hav-
ing a severe outcome with one death. Although it
is unknown if surgical intervention was required in
these cases, it is rare that a spider bite requires surgical
care. Few spiders have been shown to have the ability
to bite humans because their fangs cannot pierce our
skin. The two most medically important spiders in the
United States are Sicariidae (brown spiders) and Latro-
dectus (widow spiders).

Figure 12-1. Loxosceles reclusa
(brown  recluse, “fiddleback")
spider showing the classic violin-
shaped marking on the back (dor-
sal side) of the cephalothorax. Note
the long slender legs and oval body
segment with short hairs. The arrow
is pointing toward the classic violin
marking. (From Ford M, Delaney K,
Ling L, Erickson T: Clinical Toxicology.
Philadelphia, Elsevier, 2001.)

Brown Spiders

Loxoscelism is a form of cutaneous-visceral (necrotic-
systemic) arachnidism found throughout the world
with predilection for North and South America.'4
There are four species of brown spiders within the
United States that are known to cause necrotic skin
lesions (Loxosceles deserta, L. arizonica, L. rufescens, and
L. reclusa). L. deserta and L. arizonica can be found in
the southwestern United States. L. rufescens is found
sporadically all over the United States in very circum-
scribed infestations (typically one building). L. reclusa
can usually be found in the South central United
States, especially Missouri, Kansas, Oklahoma, Arkan-
sas, Tennessee, and Kentucky.!® Spiders can be trans-
ported out of their natural habitat but very rarely cause
arachnidism in nonendemic areas. L. reclusa is tan to
brown with a characteristic dark, violin-shaped mark-
ing on its dorsal cephalothorax, giving it the nickname
“fiddleback spider.” The spider can measure up to
1 cm in total body length with a 3 cm or longer leg
span (Fig. 12-1) and only three pairs of eyes.

The incidence of L. reclusabites predominantly occurs
from April through October in the United States. The
venom of the brown recluse spider contains at least
11 protein components. Most are enzymes with cyto-
toxic activity.'® Sphingomyelinase D is believed to be
the enzyme responsible for dermonecrosis and activ-
ity on red blood cell membranes.!”-1° In addition to
the local effects, the venom has activity against neu-
trophils and the complement pathway that induces
an immunologic response.!-2! The resulting effect is
a necrotic dermal lesion with the possibility of a sys-
temic response that can be life threatening.

The prevalence of brown recluse spider envenom-
ations is unknown. The victim may not feel the bite or
may only feel a mild pinprick sensation. Many victims
are bitten while they sleep and may be unaware of the
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Figure 12-2. A, A 3-year-old girl hospitalized on the third day after a brown recluse spider bite for severe hemolytic anemia, hemoglo-
binuria, and ecchymosis (note the vast expansion of the ecchymosis secondary to hyaluronidase “spreading factor” in the venom). There
is no necrosis or ischemia, but a small bleb/blister is present over the right clavicle that, although not pathognomonic, is often present
early in lesion progression. Also note that the cutaneous lesion is mild in comparison with this patient’s systemic presentation. B, On the
15th day after envenomation, the lesion measures 5 x 2 cm. Multiple small areas of necrosis have become apparent in the past week. The
largest area indicates the original bite size. The lesion’s edges have begun to involute with healing, and the ischemia is fading. C, Nine
months after the bite, the necrotic wound has healed with no significant scarring.

envenomation until a wound develops. The majority
of victims do not see the spider at the time of the bite.22
Typically, the bite progressively begins to itch, tingle,
and become ecchymotic, indurated, and edematous
within several hours.?> Often within hours, a charac-
teristic bleb or bullae will form. The tissue under a blis-
ter is more likely to become necrotic, but the extent of
necrosis is not predictable. As the wound ischemia and
inflammation progresses, it becomes painful and may
blanch or become erythematous, forming a “target”
or “halo” design. Inflammation, ischemia, and pain
increase over the first few days of the bite as enzymes
spread. Over hours to weeks, an eschar forms at the
site of the bite. Eventually, this eschar sloughs, reveal-
ing an underlying ulcer that may require months to
heal, usually by secondary intention (Fig. 12-2). On
very rare occasions, the ulcer does not heal and may
require surgical intervention.

The need for hospitalization occurs if the patient
develops systemic symptoms. Two studies documented
that 14% to more than 50% of patients developed sys-
temic symptoms, with fever being the most common
symptom.!® Other common symptoms include a macu-
lopapular rash, nausea and vomiting, headache, malaise,

Differential Diagnosis of Brown
Recluse Spider Envenomations

Acquired hemolytic anemias

Bites from other creatures (e.g., snakes, spiders, insects) that
can result in cutaneous lesions

Dermatologic conditions (e.g., pyoderma gangrenosum)
Hereditary hemolytic anemias

Infectious causes (e.g., Lyme disease, infection with
Streptococcus, Staphylococcus, or Clostridium species)

Medical conditions causing necrotic lesions:
Emboli
Frostbite or thermal injuries
Ischemic injuries
Neoplastic wounds (e.g., ecthyma gangrenosum)
Trauma

muscle/joint pain, hepatitis, pancreatitis, and other
organ toxicity. Life-threatening systemic effects include
hemolysis (intravascular and/or extravascular), coagu-
lopathy, and multiple organ system failure. Secondary
effects include sepsis, necrotizing fasciitis, and shock.24-26
Hemolysis usually manifests within the first 96 hours.
However, late presentations can occur. When hemolysis
does develop, it can take 4 to 7 days (or longer) to resolve.
Complications such as cardiac dysrhythmias, coma, respi-
ratory compromise, pulmonary edema, congestive heart
failure, renal failure, and seizures can occur.

The diagnosis of a brown recluse spider envenom-
ation is largely one of exclusion as it is rare to see or
identify the spider. While the wound can look classic for
an envenomation, other etiologies must be considered
(Table 12-4). Certain laboratory findings can be consis-
tent with a brown recluse spider envenomation but are
not specific in making the diagnosis (Table 12-5).

Controversy surrounds the treatment of dermal and
systemic symptoms of loxoscelism. Medications such
as dapsone, nitroglycerin, and tetracycline have been
used. Also, hyperbaric oxygen (HBO) therapy has
been advocated as has surgical excision of the necrotic
wound. However, none of these has shown consis-
tently to be effective in treating or preventing the ulcer
development. In South America, an antivenom has
been developed and used in the treatment of Loxosceles
envenomations. Unfortunately, the usual long delay
in seeking medical care often leads to ineffective use of
antivenom.?’” An antivenom is not available in North
America.

Use of dapsone, a leukocyte inhibitor, has been
advocated in case reports and animal studies.?8-3° How-
ever, other animal studies have shown no benefit from
this treatment. In an animal study,?! piglets received
venom and were randomized to receive one of four
treatments: no treatment, HBO, dapsone, or dapsone
with HBO. Neither dapsone, HBO, nor the combination
treatment reduced necrosis compared with controls.
A second study compared the use of HBO, dapsone,
or cyproheptadine against no treatment in decreasing
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Laboratory Findings Consistent
with Systemic Effects of Loxosceles
Envenomations

Hemoglobinemia

Hemoglobinuria or hematuria

Elevated plasma free hemoglobin or decreased free
haptoglobin

Leukocytosis

Anemia

Thrombocytopenia

Coagulopathy (elevated prothrombin time, decreased
fibrinogen, elevated p-dimer, decreased antithrombin 111)

Inflammatory markers (elevated C-reactive protein, elevated
erythrocyte sedimentation rate, elevated liver and/or
pancreatic enzymes)

Immunology (positive antiglobulin tests: direct or indirect
Coombs; decreased total serum complement or components;
interference with blood screening or crossmatching)

the necrotic wound after envenomation with L. deserta
venom. No statistical difference was seen with respect
to lesion size, ulcer size, or histopathologic ranking.32
In addition, the use of dapsone is not without risk,
especially hypersensitivity reactions.>> Therapeutic
doses of dapsone are associated with hemolytic anemia,
methemoglobinemia, and other hematologic effects
in patients with and without glucose-6-phosphate
dehydrogenase deficiency and may complicate the
clinical picture in treating these patients.

Topically applied nitroglycerin as a vasodilator
had been advocated but is not effective in prevent-
ing necrosis. A randomized, blinded, controlled study
was performed on rabbits envenomated with Loxosceles
venom and showed that skin necrosis developed in
all animals.?* In addition, there was no difference in
regard to the area of necrosis, amount of edema, and
increase in creatinine phosphokinase (CPK) concen-
tration. Alternatively, rabbits were inoculated with
Loxosceles venom and randomized to receive topical
doxycycline, topical tetracycline, or placebo.?> Those
who received topical tetracycline had reduced pro-
gression of the dermal lesion. However, treatment was
started early at 6 hours after envenomation, which
may not be realistic after a human bite. In addition,
the agents used for this research study are not com-
mercially available in the United States. Further stud-
ies need to be performed before topical tetracycline
can be recommended.

As previously mentioned, HBO has been advocated
for wound treatment to prevent progression of the
necrotic wound. The initial use of HBO was based on
the belief that tissue hypoxia was partially responsible
for the subsequent necrosis seen after a bite. As men-
tioned previously, no statistical differences were noted
in animal studies that compared dapsone and HBO.31-32
Similar results have been seen in animal studies
assessing the effect of HBO alone.?¢37 However, a ran-
domized, controlled trial of HBO in a rabbit model in
which standard HBO was used showed a significantly
reduced wound diameter at 10 days.>® No significant
change in blood flow at the wound center or 1 to 2 cm

from the wound center was seen. HBO is expensive
and not without complications. At the present time,
much of the literature contradicts the benefit of HBO
for brown recluse spider envenomations. As such, it is
not currently recommended as a first-line therapy for
these bites but may be helpful in patients with under-
lying/preexisting vascular compromise such as sickle
cell anemia or diabetes.

Early surgical intervention is not helpful because
the venom diffuses rapidly throughout the soft tissues
surrounding a bite.3° In addition, patients may be more
at risk for delayed wound healing and objectional scar-
ring if surgery occurs within the first 72 hours of the
bite.#%4! Debridement of enlarging blebs is proposed
with the theory that toxins exist within the blister
fluid. However, necrosis almost always occurs beneath
the blisters.#? The question is whether surgical inter-
vention should be advocated late after envenomation.
The wound from the brown recluse spider may take
2 to 3 months to heal. Thus, skin grafting of a nonheal-
ing necrotic area should be delayed up to 12 weeks to
allow for neovascularization of the demarcated area.*?
Imaging studies of soft tissue areas are incorrectly
interpreted as being “cellulitis” because of the nonin-
fected inflammatory reaction within the tissue layers.
This is especially noted in the head and neck regions
as well as extremities.

Treatment of systemic signs and symptoms are largely
symptomatic and involve supportive care. Patients
should be monitored closely for hemolysis (and chil-
dren hospitalized) if systemic symptoms such as fever
and rash develop. Systemic corticosteroids seem to sup-
press hemolysis and may be needed for 5 to 10 days
with a subsequent tapering dose.** Methylprednisolone
can be administered as a 1.0- to 2.0-mg/kg intrave-
nous loading dose (no maximum) followed by a 0.5 to
1.0 mg/kg maintenance dose every 6 hours. Hydration,
to maintain good urine output, is required to prevent
acute renal tubular necrosis if hemolysis or hematuria
occurs. Antibiotics are not generally required early in
the care of these patients because the spider does not
inoculate humans with bacteria. However, secondary
infections can occur and lead to sepsis, toxic shock syn-
drome, and necrotizing fasciitis. These complications
require close observation and antibiotic therapy to cover
anaerobic, staphylococcal, and streptococcal infections.

Black Widow Spider

The black widow spider (Latrodectus mactans) is found
throughout North America except for areas of extreme
cold.** They can usually be found outdoors in warm,
dark places or in a garage or basement. They are web-
making spiders and usually strike when their web is
disturbed. The female spider is readily recognized as
she is a black spider with a red marking on her abdo-
men in the shape of an hourglass. Widow spiders have
a neurotoxic venom that is responsible for clinical
effects. The venom, a-latrotoxin, acts on the neuro-
muscular junction to cause depletion of acetylcholine
at motor endings and catecholamines at the postgan-
glionic sympathetic synaptic sites followed by complete



blockade of the neuromediator release.*> Because the
venom does not have cytotoxic properties, dermal
effects including significant local pain are not seen.

In the majority of cases, a pinprick sensation may be
felt at the time of a bite. A “halo” lesion may be present,
but this tends to disappear within 12 hours of enven-
omation. Significant symptoms may present within
1 to 12 hours after the bite. Within several hours, ten-
derness may be felt in the regional lymph nodes and
the affected extremity or surrounding tissues. Depend-
ing on where the bite occurs, pain migrates to large
muscle groups in the thigh, buttock, and abdomen or
to the chest. The most common presenting complaint
to emergency departments is intractable abdominal,
chest, back, or leg pain, depending on the site of the
bite.4¢ Board-like rigidity of the abdomen, shoulders,
and back may develop that may lead to misdiagnosis
of surgical abdomen or other etiology. The pain gener-
ally peaks at 2 to 3 hours but can last up to 72 hours.

Because the venom affects the autonomic nervous
system, patients may present with symptoms of dys-
autonomia that include hypertension (sometimes
severe), tachycardia, weakness, ptosis, eyelid edema,
pruritus, nausea and vomiting, diaphoresis, hyperre-
flexia, difficulty breathing, and excessive salivation.
Fatalities are rare but have been reported. Children
are more at risk to develop systemic symptoms.

Treatment is largely symptomatic and supportive.
For the most part, treatment is focused on analgesia.
For those with mild pain, oral medications are
appropriate. Patients may present with severe pain
requiring opioids and benzodiazepines as adjunctive
therapy. Calcium gluconate has been advocated in the
past. However, it is not recommended because of lack
of consistent effects in alleviating the symptoms. Anti-
venom is available and generally reserved for patients
who have life-threatening symptoms or pain that is
not relieved by opioids and benzodiazepines. Because
it is an equine product, it has increased risk for ana-
phylaxis and serum sickness and it is not readily avail-
able in most hospital settings.

CROTALID SNAKE ENVENOMATIONS

In the United States, there are two major classes of
poisonous snakes: crotalids and elapids. Crotalids, oth-
erwise known as pit vipers, are indigenous to almost
every state and account for the vast majority of poi-
sonous snakebites in the United States annually. Most
snakebites occur during the warm summer months
when both snakes and humans are more active and
thus more likely to come into contact with each other.
It is generally thought up to 20% of snakebites are
“dry bites” and do not result in envenomation.*”
Crotalids can be classified into three major groups:
rattlesnakes, cottonmouths (water moccasins), and
copperheads. Copperheads are responsible for the
majority of crotalid envenomations. In general, these
bites are less severe and rarely result in systemic
toxicity.#4° Rattlesnake envenomations more com-
monly produce coagulopathy and systemic toxicity.
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Figure 12-3. Identifying characteristics of pit vipers and non-
poisonous snakes. The presence or absence of a single row of
subcaudal plates may be the only identifying feature in a de-
capitated snake. (From Ford M, Delaney K, Ling L, Erickson T: Clinical
Toxicology. Philadelphia, Elsevier, 2001.)

Crotalids have several physical features that can
help distinguish them from nonpoisonous snakes (Fig.
12-3). Crotalids have triangular heads and elliptical
pupils. Nonpoisonous snakes have round heads and
pupils. Crotalids have a single row of subcaudal plates/
scales distal to the anal plate, whereas nonpoisonous
snakes have a double row of subcaudal plates. Most
importantly, crotalids have two retractable fangs and
the characteristic heat-seeking pit located between the
nostril and the eye. Nonpoisonous snakes have short,
pointy teeth but no fangs.

Crotalid Venom Pharmacology/
Pathophysiology

Crotalid venom is a complex mixture of proteins,
including metalloproteinases, collagenase, hyaluroni-
dase, and phospholipase.’® These enzymes act to
destroy tissue at the site of envenomation. Damage to
the vascular endothelium and basement membranes
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leads to edema, ecchymosis, and bullae formation.
Concurrently with local tissue destruction, venom
is absorbed systemically and can result in shock and
coagulopathy. The potency of venom varies with the
species of the snake, age, diet, and time of year.#” Even
within the same snake the composition and potency of
venom can vary substantially based on these factors.

Clinical Effects

In questioning the patient, one should ascertain the
circumstance and timing of the bite as well as any first
aid methods that were used. Knowing what prehos-
pital measures were instituted can be extremely help-
ful. Certain therapies such as incision, excision, and
suction may result in significant local trauma and act
to confound the assessment of local injury. The clini-
cian should determine if the patient has previously
received antivenom because sensitization can occur,
thereby placing the patient at higher risk for an aller-
gic reaction. Health care providers should be cautious
regarding the reliability of victim identification of the
offending snake. It is often assumed that rattlesnakes
will rattle their tails before biting. However, this is not
always the case. Also, rattles may be absent from rat-
tlesnakes due to shedding or trauma. Victims occasion-
ally trap or kill the snake and bring it to the emergency
department. Vigilance is necessary when examining
these snakes because they are capable of biting again.
Even dead snakes have been known to bite reflexively
for up to an hour after they are killed.4”

Envenomations can result in significant local pain
and swelling. The patient typically has two fang
marks at the location of the bite. Often, there is mild
bleeding or oozing from the wound. Swelling typi-
cally develops within 1 to 2 hours, and ecchymosis
or bullae (some hemorrhagic) formation may appear.
Several different models have been developed to
grade the severity of snakebites.#”5! The minimal,
moderate, severe model is a simple tool that can help
assess severity and determine the need for antivenom
(Table 12-6).

Serial measurements of the extremity are required
to detect any progression of swelling. Local effects
have traditionally been documented by drawing a
line demarcating the progression of the swelling. This

Grading of Snake Envenomations

Minimal Mild local swelling without progression; no
systemic or hematologic toxicity

Moderate Local swelling with proximal progression and/or
mildly abnormal laboratory parameters (e.g.,
decreased platelets, prolonged coagulation
studies)

Severe Marked swelling with progression and/

or significant systemic toxicity (shock,
compartment syndrome) or laboratory
abnormalities (severe thrombocytopenia/
coagulopathy)

Adapted from Gold BS, Dart RC, Barish RA: Bite of Venomous Snakes.
N Engl J Med 347:347-356, 2002.

Figure 12-4. A 15-year-old boy was bitten on his right hand
by a timber rattlesnake. Note the significant swelling of the
arm. Serial limb circumference measurements documented
progression of the swelling. The patient did well after treatment
with Fab antivenom.

technique requires subjective interpretation. Measure-
ment of the limb circumference is more objective and
can be easily repeated to determine any progression
(Fig. 12-4). These measurements should be recorded
every 15 minutes for the first 2 hours and then less
frequently (every 30-60 minutes). In addition to mea-
suring the limb circumference, serial neurovascular
examinations can identify any ischemia or evidence of
compartment syndrome.

Compartment syndrome is rare (<1%-2%) after
snake envenomation because it is unusual for a
snake’s fangs to penetrate the muscle fascia. The true
incidence is difficult to ascertain from the literature
because many of the older case series report the use
of prophylactic fasciotomies without measuring the
compartment pressure.’?>3> Although swelling may
be severe, it is almost always localized to the subcu-
taneous tissue. If there is concern for compartment
syndrome in the setting of severe pain and swelling,
measurement of compartment pressures is necessary.
Even if elevated compartment pressures are found,
treatment with antivenom is usually sufficient to alle-
viate the elevated pressures and reverse the compart-
ment syndrome.’?->> Given the efficacy and safety
of the newer crotalid antivenom routine, prophylac-
tic fasciotomies are not indicated in the setting of an
envenomation.>® Recent evidence has shown that pro-
phylactic fasciotomies worsen local effects and do not
improve clinical outcomes.>”>% If compartment pres-
sures are elevated, they should be re-measured after
antivenom administration and repeat antivenom can
be given, if required. If the pressures remain elevated
for more than 4 hours despite antivenom, then fasci-
otomy is indicated (Fig. 12-5). Measurement of finger
compartment pressures is not possible. If significant
concern exists about the viability of the finger, a digit
dermotomy is indicated.>8

Systemic manifestations present in a variable fash-
ion after envenomation. Nonspecific symptoms and



Figure 12-5. The need for fasciotomy for compartment syn-
drome may be suggested by excessive swelling in the soft tis-
sue, but compartment pressures are rarely elevated significantly.
Prophylactic fasciotomy is based on the belief that it protects
against compartment syndrome. Such practices are unnecessary
and can be catastrophic in venom-defibrinated patients. (From
Brent J, Wallace K, Burkhart K, et al: Critical Care Toxicology: Diagno-
sis and Management of the Critically Poisoned Patient. Philadelphia,
Elsevier, 2005.)

signs include nausea, vomiting, diaphoresis, and
metallic taste. Hypotension and shock can occur in
severe cases. Severe rattlesnake envenomations often
develop coagulopathy with a disseminated intravascu-
lar coagulation-like syndrome. Thrombocytopenia has
been noted to be severe and prolonged after timber
rattlesnake envenomations.’® Canebrake rattlesnake
envenomations have been associated with significant
rhabdomyolysis.®® It should be noted that although
crotalid envenomations have characteristic findings,
there is one exception. The Mojave rattlesnake, native
to California and Arizona, is able to produce neurologic
symptoms, including weakness and respiratory failure.
Its venom has evolved and contains a neurotoxin that
inhibits the release of acetylcholine from the presyn-
aptic neuron in the neuromuscular junction.

Management

After a crotalid bite, the victim should avoid exertion
and have the involved extremity immobilized. These
actions may act to decrease venom absorption into
the systemic circulation. Rings, jewelry, and other
constrictive clothing should be removed. Most impor-
tantly, the victim should be rapidly transported to the
nearest emergency department.

Historically, different procedures and therapies have
been advocated in the prehospital and in-hospital man-
agement of snakebites. Treatments such as cryotherapy
and electric shock are associated with significant com-
plications and are not recommended.®! It is commonly
thought that tourniquets should be applied to the affected
extremity. However, their use has not been found to
improve outcomes and evidence suggests they may
worsen local toxicity.®2-¢* Therefore, their use should
be discouraged. Given the short transport times of most
patients, the morbidity associated with tourniquet appli-
cation (limb ischemia) outweighs any potential benefit.
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In those situations in which the victim is in a remote
location that is hours away from an emergency depart-
ment, the use of a constriction band can be considered.
There are limited data to suggest that constriction bands
decrease the rate of systemic venom absorption.®> Con-
striction bands differ from venous tourniquets in that
they serve to impede lymphatic return rather than
blood flow. When placed correctly, two fingers should
easily slip under a constriction band.

Pressure immobilization is another modality com-
monly recommended for snakebites worldwide. It
involves wrapping the entire limb in an elastic com-
pression bandage and then immobilizing the limb in
extension with a splint. Although likely effective in
cases of elapid envenomations,®® their use in cases
of crotalid envenomation should be discouraged. An
animal model of crotalid envenomation demonstrated
pressure immobilization slightly prolonged the time to
death but was associated with a significant increase in
extremity compartment pressures.®

Suction therapy with an extractor device has been
previously suggested. A commercially available device
is widely obtainable from sporting goods retailers. The
general assertion is that when applied shortly after a
bite occurs, the suction generated by the device would
pull the venom out of the wound. However, it has
been demonstrated that these devices are not effica-
cious and remove less than 1% of injected venom.¢?
These devices may actually increase the amount of
local tissue destruction.®® Therefore, use of extractor
devices in the prehospital or hospital setting is not
recommended.

Incision therapy, often combined with suction,
gained favor in the early 20th century. This procedure
entailed making several parallel incisions longitudi-
nally along the affected extremity. While early animal
models demonstrated some survival improvement,
subsequent human studies have failed to show any
change in clinical outcomes.®® Incising the wound also
risks injury to underlying tendons, nerves, and blood
vessels and increases infection rates.®”-71

In-hospital management should initially focus on
assessing and supporting the airway, breathing, and
circulation. Anaphylactic reactions have been reported
after envenomation.”? The initial evaluation should
assess the patient for evidence of shock and hypoper-
fusion. Hypotension mandates aggressive resuscita-
tion with crystalloid fluid, antivenom (see later), and
vasopressors, if required. If the patient arrives in the
emergency department with a tourniquet in place, it
should be slowly loosened and removed over 20 to 30
minutes. Rapid removal of a tourniquet could result
in delivery of a venom bolus to the central circulation,
resulting in decompensation of the patient.®? Intra-
venous access should be obtained in the noninjured
extremity, with placement of a second access line in
those with significant envenomation. Opioids are often
required for management of pain. The patient’s teta-
nus should be updated, if needed. Prophylactic anti-
biotics are not warranted because the risk of infection
resulting from snakebites is less than 5%.7> Although
snakes do carry pathogenic bacteria in their mouths,
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a majority of infections are secondary to the victim'’s
normal skin flora.

The antivenom supplies of the hospital should be
assessed in all cases of snakebites, even those cases in
which antivenom administration does not appear to be
indicated. This is prudent because the patient’s clinical
condition can change rapidly in the first several hours
after envenomation. It is important for the clinician
to arrange for procurement of antivenom or hospital
transfer while the patient is stable and not in immedi-
ate need of antivenom. A complete blood cell count,
chemistries, coagulation studies, fibrinogen, and cre-
atine kinase are indicated in all cases of snakebites
to assess systemic toxicity. Medical toxicologists and
regional poison centers (1-800-222-1222) can serve
as valuable resources to clinicians who are unfamiliar
with the management of snake envenomations.

Antivenom is indicated for envenomations display-
ing more than minimal local effects (Table 12-7). The
older Wyeth (Collegeville, PA) polyvalent antivenom
that was introduced in the United States in 1954 is no
longer manufactured. This product was a crudely puri-
fied, equine-derived IgG antibody directed against the
venom of several crotalids. Because it contained for-
eign proteins and the highly immunogenic Fc portion
of the antibody, the incidence of immediate hyper-
sensitivity reactions was high. Approximately 50% of
recipients developed urticaria or signs of anaphylactic
shock.”* This mandated that patients be observed in
a critical care setting and have an epinephrine infu-
sion at the bedside. Serum sickness, a delayed immu-
nologic reaction to the foreign proteins, is another
adverse effect associated with antivenom. This reac-
tion typically occurs 1 to 3 weeks after antivenom
administration and manifests clinically as a fever, rash,
arthralgias, myalgias, and occasionally glomerulone-
phritis and pericarditis. It is generally self-limited and
can be treated with corticosteroids and antihistamines.
Serum sickness was common after polyvalent antive-
nom use, with an incidence of more than 50% if more
than 5 vials were administered.”*

Fortunately, a new polyvalent immune Fab antive-
nom (CroFab, Protherics, Inc., Brentwood, TN) is avail-
able that is much safer and associated with significantly
fewer adverse reactions. It is a highly purified prod-
uct that contains the Fab fragments of IgG antibodies.
The product is sheep derived and is effective against
all North American crotalid species. The incidence of
immediate hypersensitivity reactions is less than 5%
to 10%.7°"7° Many of the hypersensitivity reactions
are mild (urticaria) and do not prevent further anti-
venom administration. Anaphylaxis is uncommon.
Likewise, the incidence of serum sickness is also less

Indications for Crotalid Antivenom

Shock

Coagulopathy and/or thrombocytopenia
Compartment syndrome

Significant swelling/progression of local effects
Neurotoxicity (Mojave rattlesnake)

Patient with indication for
antivenom administration

Y

Establish initial control
of envenomation by
administering 4-6 vials of
Crotalid Fab Antivenom Fab

Y

Initial control
achieved?

YES

Administer additional

4-6 vials of Fab |<€—

Antivenom

Control
achieved?
|
\4
Infuse additional 2 v Y

vials at 6, 12, and 18 YES M—

hours after initial control

Figure 12-6. This schematic depicts management of the pa-
tient who needs crotalid polyvalent immune Fab antivenom.

than 5%.787° The dosing of polyvalent immune Fab
is based on the clinical severity and response of the
patient to the antivenom (Fig. 12-6). The dosing is not
weight based. Therefore, the dosing in children is the
same as in adults. Skin testing is not required. Clinical
trials have demonstrated improved outcomes when
regular follow-up doses of antivenom were given for
recurrence (see later) of local and systemic toxicity in
those who received a single dose of antivenom. This
resulted in the development of the currently recom-
mended dosing schedule. Multiple studies have dem-
onstrated that the polyvalent immune Fab antivenom
is efficacious in ameliorating the local and systemic
venom toxicity. Recent analysis of pediatric data also
demonstrates excellent efficacy and safety in treating
children as young as 18 months of age. There were no
cases of anaphylaxis in pediatric patients (>100 cases)
reported in five case series.89-84 Liberal use should be
considered for bites involving the hands or feet because
these envenomations are associated with significant
morbidity and prolonged recovery.®

Recurrence is defined as worsening of local and/or
systemic toxicity after a period of improvement with
antivenom therapy. This results from the pharmacoki-
netic differences between the antivenom and venom.8¢
The Fab components have a low molecular weight and
are small enough to be freely filtered by the kidney. This
results in an elimination half-life of Fab antivenom of
about 15 to 20 hours versus venom that has a half-life



of approximately 40 hours.8¢87 Multiple reports have
documented progression of swelling or worsening
hematologic toxicity after antivenom therapy.”> 7888
Those patients who develop hematologic toxicity dur-
ing initial treatment are at highest risk for recurrence.
Administration of antivenom is usually effective in
treating further local progression. Although hemato-
logic toxicity does not typically result in clinically sig-
nificant bleeding, further antivenom administration is
not effective in completely normalizing hematologic
abnormalities.”®8° Close monitoring is indicated, and
treatment can be resumed in those with bleeding or
markedly abnormal laboratory parameters.8> A new
Fab, immune antivenom (Anavip, Pharmasil, Inc.,
Columbia, MD) is currently in premarketing trials
in the United States with the hope that it will have
improved pharmacokinetics, thus potentially decreas-
ing the incidence and severity of recurrence.

The disposition of patients who are bitten is depen-
dent on the severity of the envenomation. Discharge
after a 6- to 8-hour observation can be considered in
those circumstances in which it is thought that no
significant envenomation occurred (dry bite). There
should be no appreciable local swelling, and results of
initial laboratory studies and repeat laboratory studies
before discharge should be normal. All patients with
significant local swelling or evidence of systemic toxic-
ity should be admitted for further evaluation and man-
agement. Rattlesnake bite victims from those areas in
which the Mojave rattlesnake is endemic should be
monitored for neurotoxicity.

CORAL SNAKE ENVENOMATION

The coral snake is the only poisonous elapid snake
native to the United States. While there are several
species of coral snakes in the United States, the species
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of greatest concern is found only in Florida and south-
ern Georgia. These snakes are brightly colored and
have bands in a distinctive pattern (black, yellow,
red). This order gives rise to the common phrases, “red
on yellow, kill a fellow” and “red on black, venom
lack,” that can help to differentiate a coral snake from
the nonpoisonous king snake. Unlike crotalids, coral
snakes have round heads and pupils. Instead of fangs
they have short teeth. It has been described that these
snakes have to be removed from the victim similar to
removing Velcro. Up to 25% of bites do not result in
significant envenomation.”?

Unlike crotalids that produce local tissue destruc-
tion and coagulopathy, venom from elapids is asso-
ciated with neurotoxicity. The resulting toxicity is
likely related to an acetylcholinesterase present in the
venom. After a bite, local effects tend to be mild. Of
greater concern is the risk of progressive weakness and
resulting respiratory failure. Neurologic symptoms
(cranial nerve palsies, weakness) typically develop
within 2 hours but may be delayed up to 13 hours.?®
Given the lack of significant local effects, surgical man-
agement is not indicated.

All patients with suspected coral snake bites should
be admitted for observation. Treatment is supportive
with close monitoring for respiratory compromise and
antivenom administration. Coral snake antivenom is
an equine-derived IgG. It should be administered in all
cases of suspected coral snake bites, even if the victim
is asymptomatic. This is recommended because antive-
nom only prevents progression of symptoms and does
not reverse any neurologic signs that have occurred.
The recommended dose is 3 to 5 vials in asymptom-
atic patients, followed by another 5 vials in those who
develop symptoms. In the largest series of U.S. coral
snake envenomations, immediate hypersensitivity
reactions occurred in 15% of patients, whereas serum
sickness was reported in 10%.°°



BURNS

Dai H. Chung, MD e David N. Herndon, MD

F or the past several decades, there have been
major advances in the care of burns, resulting in
significant improvement in the survival for patients
with extensive burn injury. The development of the
Lund and Browder burn diagram in 1944! allowed for
assessment of the percent of the total body surface area
(TBSA) burned. Other advances such as the determi-
nation of appropriate fluid resuscitation to treat burn
shock and the introduction of topical antimicrobials
(silver nitrate, mafenide acetate, silver sulfadiazine)
have made significant impact as well. More recently, a
better understanding of and further refinements in the
areas of fluid resuscitation, infection control, support
of the hypermetabolic response, treatment of inhala-
tion injury, and early surgical excision and grafting
of deep burn injuries have all contributed to a 50%
decline in burn-related deaths and hospital admissions
in the United States.??

Nearly 2 million burn injuries occur each year in the
United States, with about half of these injuries occur-
ring in children. Although a significant percentage of
burn injuries are minor, approximately 50,000 patients
suffer moderate to severe burns requiring hospitaliza-
tion for treatment. Of these cases, approximately half
are in children younger than 15 years of age. Chil-
dren younger than the age of 5 account for 12% of
burn-related hospital admissions. Moreover, nearly
40% of hospital admissions involve burns that affect
more than 10% TBSA. The current mortality rate for
burn patients is 5.6%, with burn injuries responsible
for nearly 2500 deaths in children each year.*

Scald burns remain the most common cause of
burn injury in children younger than 5 years of age.
The majority of scald burns in infants and toddlers are
from hot foods and liquids. Hot grease spills are notori-
ous for causing deep burns to the involved areas. Hot
tap water burns, which can easily be prevented by
installing special faucet valves so that water does not
leave the tap at a temperature above 120°F, frequently
result in burns of larger areas to children. Children
also frequently suffer product-related contact burns to
their hands and faces from curling irons, ovens, steam
irons, and fireworks. Contact with electrical outlets
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and electric cords also causes a significant percentage
of electrical injuries.

Child abuse also represents a significant cause of
burns in children. Burns with a bilaterally symmet-
ric distribution, a stocking-glove distribution, burns
to the dorsum of hands, and delay in seeking medi-
cal attention should all raise the suspicion for possible
child abuse. In the adolescent age group, flame burns
are more common, frequently occurring as a result of
experimenting with fire and volatile agents.

PATHOPHYSIOLOGY

As the largest organ of the body, the skin guards
against harmful environmental insults, prevents entry
of microorganisms, and maintains fluid and electrolyte
homeostasis. Skin is also important for thermoregula-
tion, metabolism of vitamin D, and processing neuro-
sensory inputs. The surface area of skin ranges from
0.2 to 0.3 m? in an average newborn to 1.5 to 2.0 m?
in an adult. The epidermis is composed primarily of
epithelial cells, specifically keratinocytes. The cells
from the basal layer of keratinocytes (the stratum ger-
minativum) divide and migrate outward to the strata
spinosum, granulosum, lucidum, and eventually the
stratum corneum. These cells then eventually des-
quamate. This entire process of epidermal maturation
from the basal layer to desquamation generally takes
2 to 4 weeks. The basement membrane at the dermo-
epidermal junction is composed of mucopolysaccha-
rides rich in fibronectin and functions as a barrier to
the passage of macromolecules. The dermis is made
up of fibroblasts producing collagen and elastin and
is subdivided into a superficial papillary dermis and
a deep reticular dermis. The papillary and reticular
dermis are separated by a plexus of nerves and blood
vessels. The reticular dermis and fatty layer contain
skin appendages such as hair follicles, sweat glands,
and sebaceous glands.

Thermal injury produces coagulation necrosis of the
epidermis and a varying depth of injury to the under-
lying tissue. The extent of burn injury depends on the



temperature, duration of exposure, skin thickness,
tissue conductance, and specific heat of the causative
agent. For example, the specific heat of lipid is higher
than that of water. Therefore, grease burns often result
in much deeper burns than a scald burn from water
with the same temperature and duration of exposure.
Thermal energy is easily transferred from high-energy
molecules to those of lower energy during contact
through the process of heat conduction. The skin gen-
erally provides a barrier to the transfer of energy to the
deeper tissues. Therefore, much of the burn injury is
confined to this layer. However, local tissue response
to the zone of initial burn injury can lead to progres-
sion of the burn injury to surrounding tissue.

The area of cutaneous burn injury is divided into
three zones: coagulation, stasis, and hyperemia
(Fig. 13-1). The zone of coagulation comprises the initial
burn eschar where cells become irreversibly damaged
at the time of injury. The area immediately surround-
ing the necrotic area is called the zone of stasis. In this
zone, most cells are initially viable but tissue perfusion
becomes progressively impaired from the local release
of inflammatory mediators, such as thromboxane A,,
arachidonic acid, oxidants, and cytokines.> Their influ-
ence on the microcirculation results in the formation of
platelet thrombus, neutrophil adherence, fibrin depo-
sition, and vasoconstriction, all of which lead to cell
necrosis. Thromboxane A, inhibitors can significantly
improve the dermal blood flow to decrease the zone
of stasis.® Antioxidants as well as bradykinin antago-
nists also improve local blood flow.”8 Inhibition of
neutrophil adherence to endothelium with anti-CD18
or anti-intercellular monoclonal antibodies improves
tissue perfusion in animal models.® 10 The zone of hyper-
emia is characterized by vasodilation with increased
blood flow as part of the inflammatory response. This
zone lies peripheral to the zone of stasis.

The burn-induced inflammatory response is not
limited to the local burn wound. A massive systemic
release of thromboxane A, along with other inflam-
matory mediators (bradykinin, leukotrienes, -cat-
echolamines, activated complements, and vasoactive
amines) induces a significant physiologic burden on
the cardiopulmonary, renal, and gastrointestinal organ
systems.!! Decreased plasma volume due to increased
capillary permeability and subsequent plasma leak
into the interstitial space can lead to depressed cardiac
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function. As a result of low cardiac output, renal blood
flow can decrease, leading to a diminished glomerular
filtration rate. Activation of other stress-induced hor-
mones and mediators, such as angiotensin, aldosterone,
and vasopressin, can further compromise renal blood
flow, resulting in oliguria.!? If not promptly recognized
and treated, this condition can progress to acute tubu-
lar necrosis and subsequent renal failure, which con-
tribute to poor outcome for burn patients.!3

Burn injury can also affect remote organ systems
such as the gastrointestinal tract. A rapid onset of atro-
phy of the small bowel mucosa occurs as a result of
increased epithelial apoptosis and decreased epithelial
proliferation.'41¢ Intestinal permeability to macro-
molecules, which are normally repelled by an intact
mucosal barrier, increases after burns.!” Transient mes-
enteric ischemia is thought to be an important contrib-
uting factor to an increase in intestinal permeability.
This results in bacterial translocation and subsequent
endotoxemia. Burn injury also causes a global depres-
sion of immune function. Macrophage production is
decreased. Neutrophils are impaired in terms of dia-
pedesis, chemotaxis, and phagocytosis; and cytotoxic
T lymphocyte activity is decreased. These impaired
functions of neutrophils, macrophages, and T lym-
phocytes contribute to an increased risk for infectious
complications after burns.18:1°

INITIAL MANAGEMENT

The burned patient must be immediately removed
from the thermal source of injury, obviously includ-
ing burning clothes and metal jewelry. Immediate
cooling, such as pouring cold water on the wound,
can minimize the depth of burn injury, but it must
be used with extreme caution only in a small BSA
because it can result in systemic hypothermia. In
case of chemical burns, victims should be quickly
removed from the continued exposure to the caus-
ative chemical agent(s) and the wounds irrigated
with copious amounts of water, taking care not to
spread the responsible chemical agent(s) to adja-
cent uninvolved skin areas. Attempts to neutralize
causative chemicals are contraindicated because this
process may produce additional heat and further
add insult to the initial burn injury.

DEEP 2° BURN
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Figure 13-1. Three zones of
burn injury: coagulation, stasis,
and hyperemia.
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As with any trauma patient, burn patients are
quickly assessed through primary and secondary sur-
veys. Airway, breathing, and circulation status are
assessed, and any potential life-threatening conditions
should be promptly identified and intervention initi-
ated. Respiratory symptoms such as wheezing, tachy-
pnea, and hoarseness should alert impending major
airway problems. Therefore, the airway should be rap-
idly secured with 100% oxygen support. Oxygen satu-
ration is monitored using pulse oximetry, and chest
expansion is observed to ensure adequate and equal
air entry. Circumferential full-thickness burns to the
chest can significantly impair respiratory functions by
constricting the chest wall and preventing adequate
chest expansion. If necessary, escharotomy should be
performed to allow better chest expansion and sub-
sequent ventilation. Blood pressure may be difficult
to obtain in burned patients with charred extremities.
A change in the pulse rate is a sensitive indicator for
intravascular volume status. The presence of tachycar-
dia should prompt aggressive fluid resuscitation.

The burn depth is categorized according to the depth
of the injury: epidermis, papillary dermis, reticular
dermis, subcutaneous fat, and underlying structures.
First-degree burns are confined to the epidermis. The
epidermis appears intact and erythematous and is pain-
ful to touch. Therapy is targeted toward symptomatic
relief. This typically involves application of a topical
ointment containing aloe vera along with a nonsteroi-
dal anti-inflammatory agent. First-degree burns (e.g.,
sunburn) heal spontaneously without scarring in 7 to
10 days. Second-degree burns are divided into superficial
and deep, based on the depth of dermal involvement.
Superficial second-degree burns are defined as burn
injury limited to the papillary dermis and are typi-
cally erythematous and painful with blister formation.
Superficial second-degree burns also heal spontane-
ously with the re-epithelialization process taking place
in 10 to 14 days. Slight skin pigment discoloration
is usually the only significant sequela. Deep second-
degree burns extend into the reticular layer of the der-
mis. The deep epidermal appendages allow some of
these wounds to slowly heal over several weeks, usu-
ally with significant scarring. However, in general, deep
second-degree burn injury requires surgical debride-
ment and skin grafting for more rapid recovery and
shorter hospitalization. Third-degree burns involve full-
thickness injury and result in complete destruction of
the epidermis, dermis, and dermal appendages. These
burns are characterized by a dry, leathery eschar that
is insensate to any stimuli. Without any residual epi-
dermal or dermal appendages, burn wounds can heal
by re-epithelialization from the burn wound edges.
However, this process is slow, requiring prolonged
hospitalization with the risk for burn wound infection.
Fourth-degree burns involve organs beneath the layers
of the skin, such as muscle and bone.

Accurate and rapid determination of burn depth is
vital to the proper management of the injury. In par-
ticular, the distinction between superficial and deep
dermal burns is critical because this dictates whether
the burns can be managed with or without excision

and grafting. Evaluation by an experienced burn sur-
geon as to whether an apparent deep dermal burn
will heal in 3 weeks is only about 50% accurate. Early
excision and grafting provides better results than non-
operative therapy for such “indeterminate” burns.
More precise objective methods to determine the burn
depth include techniques such as using a multisensor
heatable laser Doppler flowmeter and fluorescein to
determine blood flow, ultrasonography to detect dena-
tured collagen, and light reflectance of the wound.2%21
Ultimately, burn wound biopsy seems to be the most
precise diagnostic tool.22 However, it is not clinically
practical because it is invasive and provides only a
static evaluation of the burn wound. It also requires
an experienced pathologist to interpret the histologic
findings. Although clinical examination by an experi-
enced burn surgeon remains the most reliable method
of determining the burn depth, other diagnostic tools
such as laser Doppler imaging and videomicroscopy
(visualizing intact dermal capillaries) are gaining pop-
ularity for routine clinical use.?3

Full-thickness circumferential burns to the extremi-
ties produce constricting eschar, which can result in
vascular compromise to the distal tissues. Accumu-
lation of tissue edema beneath the nonelastic eschar
impedes venous outflow first and eventually affects
arterial flow. When distal pulses are absent by palpa-
tion or on Doppler imaging, escharotomies should be
performed to avoid vascular compromise of the limb
tissues. With the use of either the scalpel or electro-
cautery unit, escharotomies can be performed at the
bedside along the lateral and medial aspects of the
involved extremities (Fig. 13-2). When the hands are
involved, incisions are carried down onto the thenar
and hypothenar eminences and along the dorsolat-
eral aspects of the digits. Because of the full-thickness
burn depth, minimal bleeding is encountered. With

Figure 13-2. Escharotomies. The incisions are made on the
medial and lateral aspects of the extremity. Hand escharotomies
are performed on the medial and lateral digits and on the
dorsum of the hand. (From Eichelberger MR [ed]: Pediatric Trauma:
Prevention, Acute Care, Rehabilitation. St. Louis, Mosby, 1993.)



prolonged tissue vascular compromise, reperfusion
after an escharotomy may cause reactive hyperemia
and further edema formation in the muscle compart-
ments. Ischemia-reperfusion injury also releases free
oxygen radicals, resulting in transient hypotension.
If increased compartment pressures are noted, fasci-
otomy should be performed immediately to avoid per-
manent ischemic injuries to the nerves, muscles, and
other soft tissues.

Intravenous access should be established immedi-
ately to deliver lactated Ringer’s solution according to
the resuscitation guidelines. Peripheral intravenous
access is preferred, but femoral venous access is an
ideal alternative in patients with massive burns, par-
ticularly involving extremities. When achieving vas-
cular access is problematic in small children (<6 years
of age) with burned extremities, intraosseous access is
an alternative route of fluid and medication adminis-
tration. However, proper technique must be used to
avoid potential injury to bone growth plate. A naso-
gastric tube is introduced in all patients with major
burns in anticipation of a gastric ileus and potential
vomiting. In addition, almost immediate implementa-
tion of enteral nutrition via a transpyloric feeding tube
can effectively eliminate burn-induced small bowel
ileus. A urinary catheter should be inserted to accu-
rately monitor urine output as a measure of end-organ
perfusion. Admission laboratory tests should include
complete blood cell count, type and crossmatch, chem-
istry profile, urinalysis, coagulation profile, and chest
radiograph. Whenever inhalation injury is suspected,
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arterial blood gas analysis with carboxyhemoglobin
level should also be obtained.

The size of the burn is generally assessed by the
“rule of nines” in adolescents and adults. Each upper
extremity and head represent 9% of the TBSA and the
lower extremities and the anterior and posterior trunks
are 18% each. The perineum, genitalia, and neck each
measures 1% of the TBSA. A quick rough estimate of
the burn size can also be assessed by the use of the
patient’s palm, which represents 1% TBSA. However,
the general use of this rule can be misleading in chil-
dren because of different body proportions. Children
have a relatively larger portion of their BSA in the
head and neck and a smaller surface area in the lower
extremities. For example, an infant’s head constitutes
19% of TBSA compared with 9% in an adult. Thus,
the modified “rule of nines” based on the anthropo-
morphic difference of infancy and childhood is gener-
ally used to assess pediatric burn size (Fig. 13-3).

Fluid Resuscitation

Appropriate fluid resuscitation should begin imme-
diately after securing intravenous access. Peripheral
intravenous access is sufficient in the majority of small
to moderate size burns. Saphenous vein cutdowns are
useful in cases of difficult intravenous access in larger
patients. In children, percutaneous femoral central
venous access may be easier and more reliable when
dealing with a difficult peripheral intravenous access
situation. Many guidelines exist as fluid resuscitation

10
13
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18 18
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(Rule of nines)

Figure 13-3. Modified “rule of nines” for pediatric burn patients. (Adapted from Lee J, Herndon DN: The pediatric burned patient. In
Herndon DN [ed]: Total Burn Care, 3rd ed. Philadelphia, WB Saunders, 2007, p 487.)
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Formulas for Body Surface
Area (BSA)

BSA (m?2) = height (cm)%725 x weight
(kg)®425 x 0.007184

BSA (m?) = [height (cm) + weight (kg) —
60]/100

Dubois Formula

Jacobson
Formula

formulas, delivering various concentrations of colloid
and crystalloid solutions. The Parkland formula (4
mL of lactated Ringer’s per kilogram of body weight
per percentage of TBSA burned) is most widely used,
but the child’s fluid resuscitation formula should be
based on his or her BSA because of the disparity of
BSA to weight. Children have greater BSA relative to
their body weight. As a result, weight-based formulas
can under-resuscitate children with minor burns and
may grossly over-resuscitate children with extensive
burns.?* TBSA can also be assessed from height and
weight using standard nomograms or calculated using
formulas (Table 13-1). The Shriners-Galveston for-
mula utilizes 5000 mL/m? BSA burn plus 2000 mL/m?
BSA of lactated Ringer’s solution given over the first 24
hours after burn injury. Half of this volume is admin-
istered during the first 8 hours and the remaining half
over the following 16 hours (Table 13-2).

The primary goal of fluid resuscitation is to achieve
adequate organ and tissue perfusion regardless of
which guidelines are wused. Fluid administration
should be titrated to maintain a urine output of 1
mL/kg/hr. Approximately 50% of administered fluid
is sequestered in nonburned tissues in 50% TBSA
burn patients due to increased capillary permeability
that occurs particularly in the first 6 to 8 hours after
injury.?’> During this period, large molecules leak into
the interstitial space to increase the extravascular col-
loid osmotic pressure. Therefore, to maintain adequate
intravascular osmotic pressure, albumin is added
12 hours after the injury. After the first 24 hours,
3750 mL/m? BSA burn is given to replace evapora-
tive fluid loss plus 1500 mL/m? BSA per 24 hours for
maintenance. Dextrose-containing solutions, such as
5% dextrose with 0.25 to 0.5 normal saline, are used
as the primary solution. Children younger than 2 years
of age are susceptible to hypoglycemia due to limited
glycogen stores. Therefore, lactated Ringer’s solution
with 5% dextrose is given during the first 24 hours in
these patients.

Burn Resuscitation Formulas

Formula First 24 Hours Fluid Solution
Parkland 4 ml/kg per Lactated Ringer’s (LR)
%TBSA burn
Brooke 1.5 mU/kg per LR + colloid 0.5 mL/kg
%TBSA burn per %TBSA burn
Shriners- 5000 mL/m? LR + 12.5 g albumin
Galveston burned + 2000
mL/m? total

TBSA, total body surface area.

Children often do not exhibit clinical signs of hypo-
volemia until more than 25% of their circulating vol-
ume is depleted and complete cardiovascular collapse
is imminent. Tachycardia reflects a compensatory
response to hypovolemia, but caution should be used
not to overinterpret this finding, because a reflex tachy-
cardia owing to postinjury catecholamine response is
also common. A lethargic child with decreased capil-
lary refill and cool, clammy extremities needs prompt
attention. Measurement of the arterial pH and base
deficit can help interpret the adequacy of fluid resus-
citation. Hyponatremia is also a frequent complication
in pediatric burn patients after aggressive fluid resusci-
tation. Frequent monitoring of serum chemistry with
appropriate correction is required to avoid severe elec-
trolyte imbalance. A serious complication such as cen-
tral pontine myelinolysis can occur as a result of rapid
correction of hypernatremia.2®

Hypertonic saline resuscitation can be beneficial in
treating burn-induced shock.?” This hypertonic fluid
maintains intravascular volume more effectively by
removing fluid from the interstitial space by osmosis,
resulting in a decrease in generalized tissue edema.
However, it is not widely used because of its potential
risks for hypernatremia, hyperosmolarity, renal fail-
ure, and alkalosis.!! Some favor the use of a modified
hypertonic solution by adding one ampule of sodium
bicarbonate to each liter of lactated Ringer’s solution
during the first 24 hours of resuscitation.?® Burn units
with experienced multidisciplinary team members are
best prepared to handle major burns. Patients who
sustain a major burn injury (Table 13-3) should be
transferred promptly to a nearby burn center for their
care.

The ideal target for fluid resuscitation should be
to maintain adequate visceral organ perfusion while
minimizing soft tissue edema as a result of the dif-
fuse capillary leak. Over-resuscitation during the first
24 hours post burn has been shown to be associ-
ated with an increased incidence of pneumonia,
bloodstream infection, acute respiratory distress syn-
drome, multiple-organ failure, and death.?® “Permis-
sive hypovolemia” during burn fluid resuscitation has
been shown to improve multiple-organ dysfunction
scores,30 further suggesting that this is a safe and ben-
eficial approach during acute burn resuscitation.

Major Burn Injury Criteria
(American Burn Association)

Second-degree burns > 10% TBSA in patients younger
than 10 yr

Third-degree burns > 5% TBSA

Burns involving the face, hands, feet, genitalia, perineum,
and major joints

Chemical burns

Electrical burns including lightning injury

Inhalation injury

Burns with significant concomitant trauma

Burns with significant preexisting medical disorders

TBSA, total body surface area.



INHALATION INJURY

Inhalation injury remains the major contributor to
mortality in burn patients. The mortality rate of chil-
dren with isolated cutaneous burns is 1% to 2%, but
this significantly increases to approximately 40% in
the presence of inhalation injury.?! Inhalation injury
is caused primarily by inhaled toxins such as fumes,
gases, and mists. Although the supraglottic region can
be injured by both thermal and chemical insults, tra-
cheobronchial and lung parenchymal injuries rarely
occur as a result of direct thermal damage because
the heat disperses so rapidly in the larynx. Hypoxia,
increased airway resistance, decreased pulmonary
compliance, increased alveolar epithelial permeabil-
ity, and increased pulmonary vascular resistance can
be triggered by the release of vasoactive substances
(thromboxanes A,, C;, and Cs,) from the damaged
epithelium.32 Neutrophil activation plays a critical role
in this process. Pulmonary function has been shown to
improve with the use of a ligand binding to E-selectins
(inhibitingneutrophil adhesion) and anti-interleukin-8
(inhibiting neutrophil chemotaxis). Another signifi-
cant respiratory tract pathology is sloughing of ciliated
epithelial cells from the basement membrane, result-
ing in exudate formation. These exudates, consisting
of lymph proteins, coalesce to form fibrin casts. These
fibrin casts are frequently resistant to routine pulmo-
nary toilet and can create a “ball-valve” effect in local-
ized areas of lung. This eventually causes barotrauma.
The diagnosis is usually made on clinical history
and physical findings at the initial evaluation. Vic-
tims trapped in a house fire with excessive smoke and
fumes are likely to have sustained severe inhalation
injury. Facial burns with singed hair and carbonaceous
sputum suggest inhalation injury. Hoarseness and stri-
dor should alert significant airway obstruction and the
airway should immediately be secured with endotra-
cheal intubation. Patients who present with disorien-
tation and obtundation are likely to have an elevated
carbon monoxide level (carboxyhemoglobin > 10%).
Fiberoptic bronchoscopy remains the gold standard
for diagnosing the presence of inhalation injury. It can
demonstrate inflammatory changes in the tracheal
mucosa such as edema, hyperemia, mucosal ulcer-
ation, and sloughing. A ventilation scan with xenon-
133 can also identify regions of inhalation injury by
assessing respiratory exchange and excretion of xenon
by the lungs.>*> The use of these complementary diag-
nostic tools, bronchoscopy and xenon-133 scanning, is
over 90% accurate in the diagnosis of inhalation injury.
However, bronchoscopic examination of the airway at
the bedside, without having to transport critically ill
burn patients to nuclear medicine, is frequently suf-
ficient to confirm the diagnosis of inhalation injury.
The treatment of inhalation injury begins at the
scene of the burn accident. The administration of 100%
oxygen rapidly decreases the half-life of carbon mon-
oxide. The airway must be secured with intubation in
patients with signs and symptoms of imminent respira-
tory failure. In the intensive care unit, inhalation treat-
ment protocols have been effective in improving the
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Inhalation Injury Treatment Protocol

Treatment Interval/Dosage

Suction and lavage

Bronchodilators
(Albuterol)

Nebulized heparin

Every 2 hours
Every 2 hours

5000-10,000 units with 3 mL NS
every 4 hours

20%, 3 mL g4h
Induces effective coughing
Reduces mucosal edema

Nebulized acetylcysteine
Hypertonic saline
Racemic epinephrine

NS, normal saline.

clearance of tracheobronchial secretions and decreas-
ing bronchospasm (Table 13-4). Aggressive pulmonary
toilet with physiotherapy and frequent suctioning is
important to prevent serious respiratory complica-
tions. The patient is frequently turned side to side
along with chest physiotherapy every 2 hours. When
physiologically stable, the patient is positioned out of
bed in a chair as well as assisted to ambulate. Humidi-
fied air is delivered at high flow, and bronchodilators
and racemic epinephrine are used to treat broncho-
spasm. Intravenous heparin has been shown to reduce
tracheobronchial cast formation, minute ventilation,
and peak inspiratory pressures after smoke inhalation.
Inhalation treatments such as 20% acetylcysteine neb-
ulized solution along with nebulized heparin is effec-
tive in improving the clearance of tracheobronchial
secretions and minimizing bronchospasm and signifi-
cantly improving reintubation rates and mortality.?*

The presence of inhalation injury generally
requires an increased amount of fluid resuscitation,
up to 2 mL/kg/% TBSA burn more than would be
required for an equal size burn without an inhala-
tion injury. In fact, pulmonary edema that is associ-
ated with inhalation injury is not prevented by fluid
restriction. Rather, inadequate resuscitation may
increase the severity of pulmonary injury by seques-
tering neutrophils.?®> Corticosteroids have not been
shown to be beneficial in inhalation injury. Prophy-
lactic intravenous antibiotics are not indicated but
are started with the clinical suspicion of pneumonia.
Early pneumonia is usually the result of gram-posi-
tive organisms such as methicillin-resistant Staphy-
lococcus aureus. Later infection is usually caused by
gram-negative organisms, such as Pseudomonas. Anti-
biotic therapy should be guided by serially monitored
sputum cultures and bronchial washings.

A recent report suggests that there is a distinct cyto-
kine profile in pediatric burn patients with inhala-
tion injury as an early predictor for high mortality.?®
Early alterations in serum levels of interleukin (IL)-6,
IL-7, and IL-10 were found to be useful markers of
high mortality in burned children with inhalation
injury. Increased IL-6 and IL-10 as well as decreased
IL-7 serum levels were associated with a greater risk
for mortality, thus suggesting a valuable role for these
diagnostic tools in the evaluation of severe pediatric
burn patients with concomitant inhalation injury.
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WOUND CARE

The appropriate wound care is generally determined
by an accurate assessment of the burn depth and size
(Table 13-5). First-degree burns require no particular
dressing, but the involved areas should be kept out of
exposure to direct sunlight. They are generally treated
with topical ointments for symptomatic pain relief.
Superficial second-degree burns are treated with daily
dressing changes with topical antimicrobial agents.
They can also be treated with simple application of
petroleum gauze or synthetic dressings to allow for
rapid spontaneous re-epithelialization. Deep second-
and third-degree burn wounds eventually require
excision of the eschar with skin grafting.

Antimicrobial Agents

Various topical antimicrobial agents have been used
for management of burn wounds. None of these
agents effectively prevent colonization of organisms
that commonly harbor in the eschar, but they serve a
purpose of maintaining bacterial quantity at less than
102 to 10° colonies/g of tissue. Routine punch quanti-
tative wound biopsies of burned areas can document
impending burn wound sepsis.

Silver sulfadiazine (Silvadene, Monarch Pharma-
ceuticals, Inc., Bristol, TN) is the most commonly used
topical antimicrobial agent for burn wound dressings.
Although it does not penetrate eschar, it has a broad
spectrum of efficacy and soothes the pain associated

Burn Wound Dressings

Dressings
Antimicrobial Salves

Silver sulfadiazine (Silvadene)

Mafenide acetate (Sulfamylon)

Bacitracin/Neomycin/Polymyxin B
Nystatin

Mupirocin (Bactroban)

Antimicrobial Soaks

0.5% Silver nitrate

Povidone-iodine (Betadine)
5% Mafenide acetate

0.025% Sodium hypochlorite
(Dakin’s solution)

0.25% Acetic acid
Silver-impregnated

Aquacel, Acticoat

Synthetic Dressings

Biobrane

OpSite, Tegaderm

Transcyte

Integra, Alloderm

Biologic Dressings

Allograft (cadaver skin), Xenograft
(pig skin)
Amniotic membrane

MRSA, methicillin-resistant S. aureus.

Advantages

Painless; broad-spectrum; rare sensitivity

Broad-spectrum; penetrates eschar; effective
against Pseudomonas

Ease of application, painless, useful on face

Effective in inhibiting fungal growth; use in
combination with Silvadene, Bacitracin

Effective against Staphylococcus, including
MRSA

Painless; broad-spectrum; rare sensitivity

Broad-spectrum antimicrobial
Broad-spectrum antimicrobial
Effective against most organisms
Effective against most organisms

Broad-spectrum antimicrobial; no dressing
changes

Provides wound barrier; minimizes pain;
useful for outpatient burns, hands (gloves)

Provides moisture barrier; minimizes pain;
useful for outpatient burns; inexpensive

Provides wound barrier; accelerates wound
healing

Complete wound closure, including dermal
substitute
Temporary biologic dressings

Minimizes dressing changes

Disadvantages

Leukopenia; some gram-negative
resistance; mild inhibition of
epithelialization

Painful; metabolic acidosis; mild
inhibition of epithelialization

Limited antimicrobial property

Cannot use in combination with
mafenide acetate

Cost; poor eschar penetration

No eschar penetration; discolors
contacted areas; electrolyte
imbalance; methemoglobinemia

Painful; potential systemic absorption;
hypersensitivity

Painful; no fungal coverage; metabolic
acidosis

Mildly inhibits epithelialization

Mildly inhibits epithelialization

Cost

Exudate accumulation risks invasive
wound infection; no antimicrobial
property

Exudate accumulation risks invasive
wound infection; no antimicrobial
property

Exudate accumulation risks invasive
wound infection; no antimicrobial
property

No antimicrobial property; expensive;
requires training, experience

Requires access to skin bank; cost

Not widely used



with second-degree burns. Silver sulfadiazine on fine
mesh gauze can be used separately or in combination
with other antimicrobial agents, such as nystatin (Teva
Pharmaceutical Industries, USA). The combination of
Silvadene with nystatin has significantly reduced the
incidence of Candida infection in burned patients.>” The
most common side effect is leukopenia. However, this
is generally caused by margination of white blood cells
and is usually transient.>® When the leukocyte count
falls below 3000 cells/mm?3, changing to another topical
antimicrobial agent typically resolves this side effect.

Mafenide acetate (Sulfamylon, UDC Laboratories,
Inc., Rockford, IL) is more effective in penetrating
eschar and is frequently used in third-degree burns.
Fine-mesh gauze impregnated with Sulfamylon (10%
water-soluble cream) can be applied directly onto the
burn wound. Sulfamylon has a much broader spec-
trum of efficacy, including Pseudomonas and Enterococ-
cus. Tt is also available in a 5% solution to soak burn
wounds, eliminating the need to perform frequent
dressing changes. Sulfamylon is a potent carbonic
anhydrase inhibitor and can therefore cause metabolic
acidosis. This side effect can usually be avoided by lim-
iting the use of Sulfamylon to only 20% TBSA at any
given time and rotating application sites every several
hours with another topical antimicrobial agent. In
addition, the application of Sulfamylon can be painful,
which limits its practical use in an outpatient setting,
especially in children.

In addition to 5% Sulfamylon solution, other agents
are available as a soak solution. These include 0.5 % sil-
ver nitrate and 0.025% sodium hypochlorite (Dakin’s
solution). These soak solutions are generally poured
onto the gauze dressings, avoiding frequent dressing
changes with potential loss of grafts or healing cells.
Silver nitrate is painless on application and has broad
coverage, but its side effects include electrolyte imbal-
ance (hyponatremia, hypochloremia) and dark gray
or black stains. A new commercially available dress-
ing containing biologically active silver ions (Aquacel,
ConvaTec Ltd., UK; Acticoat, Smith & Nephew, Lon-
don, UK) holds promise for retaining the effectiveness
of silver nitrate but without its side effects. Dakin’s
(0.025%) solution is effective against most microbes,
including Pseudomonas. However, it requires frequent
dosing because of the inactivation of hypochlorite on
contact with protein. Moreover, it can also retard heal-
ing.3? Petroleum-based antimicrobial ointments, such
as polymyxin B and bacitracin (Polysporin), are pain-
less and transparent, allowing easier monitoring of the
burn wounds. These agents are mostly effective against
gram-positive organisms. Their use is limited to facial
burns, small areas of partial-thickness burns, and heal-
ing donor sites. As with Silvadene, these petroleum-
based agents can also be used in combination with
nystatin to suppress skin Candida colonization.

The use of silver-impregnated antimicrobial dress-
ings (Aquacel, Acticoat) has gained popularity in recent
years. Aquacel Ag is a silver-impregnated hydrocolloid
dressing that becomes adherent to the wound within
24 hours after application and can be left on for up to
2 weeks without change. The antimicrobial activity is
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equivalent to other silver-containing compounds.*°
A recent report demonstrated a shorter length of
hospitalization as a result of reducing the complex-
ity and number of dressing changes in pediatric burn
patients when compared with treatment with silver
sulfadiazine.*!

The use of perioperative intravenous antibiotics
has significantly contributed to an overall improve-
ment in the survival of major burn patients during the
past 2 decades. Bacteria colonized in the burn eschar
can potentially shed systemically at the time of eschar
excision and contribute to sepsis. It is our general
practice to administer intravenous antibiotics against
Streptococcus, S. aureus, and Pseudomonas periopera-
tively until quantitative cultures of the excised eschar
are finalized. The antibiotic regimen should be guided
by culture results and used appropriately for indicated
clinical conditions.

Burn Wound Dressings

Superficial second-degree burns can be managed
using various methods. A topical antimicrobial dress-
ing using Silvadene is most commonly used, but syn-
thetic dressings, such as Biobrane (UDL Laboratories,
Rockford, IL) and OpSite (Smith & Nephew, London,
UK), offer unique advantages of eliminating frequent
painful dressing changes and potential tissue fluid loss.
The general principle behind these synthetic products
is to provide sterile coverage of superficial second-
degree burn wounds to allow rapid spontaneous re-
epithelialization of the involved areas.

Biobrane is a bilaminate thin membrane composed
of thin semipermeable silicone bonded to a layer of
nylon fabric mesh that is coated with a monomolecu-
lar layer of type I collagen of porcine origin. This dress-
ing provides a hydrophilic coating for fibrin ingrowth
that promotes wound adherence. It is supplied in
simple sheets or preshaped gloves for easy applica-
tion (Fig. 13-4).42 After being placed onto clean fresh
superficial second-degree burn wounds using Steri-
strips and bandages, the Biobrane dressing dries and
becomes well adherent to burn wounds within 24 to
48 hours. Once adherent, the covered areas are kept
open to air and examined closely for the first few days
to detect any signs or symptoms of infection. As the

Figure 13-4. This burned right forearm and hand have been
placed in a biobrane glove.
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epithelialization occurs beneath the Biobrane sheet,
it is easily peeled off the wound. Sterile aspiration of
serous fluid underneath the Biobrane can preserve its
use. However, if a foul-smelling exudate is detected, it
should be removed and a topical antimicrobial dressing
applied. The use of Biobrane has become widespread
in the management of superficial second-degree burns
because it has been shown to reduce pain and fluid
and electrolyte loss, thereby allowing for application
in an outpatient setting. Alternatively, OpSite or Tega-
derm (3M Pharmaceuticals, St. Paul, MN) can also be
used to cover superficial second-degree burn wounds.
Commonly used as a postoperative dressing, it is easy
to apply and provides an impervious barrier to the
environment. It is also relatively inexpensive, and
its transparent nature allows for easier monitoring of
second-degree burn wounds. Despite lacking any spe-
cial biologic factors (collagen and growth factors) to
enhance wound healing, it promotes spontaneous re-
epithelialization. Biobrane and OpSite are preferred
to topical antimicrobial dressings when dealing with
small superficial second-degree burn wounds, espe-
cially in the outpatient setting.

Synthetic and biologic dressings are also available
for coverage of full-thickness burn wounds. Integra
(Integra LifeSciences Corp., Plainsboro, NJ) consists of
an inner layer made of a porous matrix of bovine colla-
gen and the glycosaminoglycan chrondroitin-6-sulfate,
which facilitates fibrovascular ingrowth.4> The outer
layer is polysiloxane polymer with vapor transmission
characteristics similar to normal epithelium. Integra
serves as a matrix for the infiltration of fibroblasts, mac-
rophages, lymphocytes, and capillaries derived from the
wound bed and promotes the rapid neodermis forma-
tion for the treatment of full-thickness burn wounds
(Fig. 13-5). After the collagen matrix engrafts into the
wound in approximately 2 weeks, the outer silicone
layer is replaced with epidermal autografts. Epidermal
donor sites heal rapidly without significant morbidity.
Moreover, Integra-covered wounds have less scarring.
However, they are also susceptible to wound infection
and must be monitored carefully. The use of Integra
for children with large TBSA burns was recently evalu-
ated for short- and long-term follow-up.** Burned

children treated with Integra demonstrated signifi-
cantly decreased resting energy expenditure as well
as increased bone mineral content and density, along
with improved scarring at 24 months after burn injury,
thus validating the use of this dermal substitute in the
management of pediatric burned patients. Interest-
ingly, Integra has also been successfully used as a der-
mal matrix host for the dispersal of keratinocytes as a
novel skin-grafting technique.*’

Alloderm (LifeCell Corp., Branchburg, NJ) isanother
dermal substitute with decellularized preserved
cadaver dermis. This synthetic dermal substitute has a
tremendous potential for minimizing scar contractures
and improving the cosmetic and functional outcome.
Biological dressings, such as xenografts from swine
and allografts from cadaver donors, can also be used
to cover full-thickness burn wounds as a temporary
dressing. Particularly useful when dealing with large
TBSA burns, biological dressings can provide immu-
nologic and barrier functions of normal skin. The areas
of xenograft and allograft are eventually rejected by
the immune system and sloughed off, leaving healthy
recipient beds for subsequent autografts. Although
extremely rare, the transmission of viral diseases from
the allograft is a potential concern.

Human amniotic membranes can also be used as an
alternative burn wound dressing. Amnion has been
used in the past for the treatment of burns. A recent
prospective study compared the use of amnion as a
biological dressing for pediatric facial burn patients
to standard topical treatment.*® Although patients in
the amnion group had significantly fewer dressing
changes, the overall time to healing, length of stay, and
hypertrophic scarring were not different between the
two treatment groups. Importantly, the use of amnion
was not associated with an increased risk of infection,
thus indicating the safe use of amnion as an alterna-
tive dressing for superficial second-degree burns.

Excision and Grafting

Early excision with skin grafting has been shown to
decrease operative blood loss and length of hospital-
ization and ultimately to improve overall survival of

Figure 13-5. Synthetic and biological dressings are available for coverage of full-thickness burn wounds. When left on for 2 weeks,
Integra serves as a matrix for neovascularization in the treatment of full-thickness burns. It can be used on the face (A) or in other
locations (B). At 2 weeks, a nonmeshed epidermal split-thickness skin graft (.006 to .008 inch) can be applied with good cosmetic results.



Figure 13-6. Tangential excision of eschar. The excision of
eschar is performed to the depth of a viable, bleeding tissue
plane. (From Herndon DN [ed]: Total Burn Care, 2nd ed. Philadelphia,
WB Saunders, 2002, plate 2.)

burn patients.>47 Typically, tangential excision of the
full-thickness burn wound is performed 1 to 3 days
after burn injury when relative hemodynamic stabil-
ity has occurred. Eschar is sequentially shaved using a
powered dermatome and/or knife blades until a via-
ble tissue plane is achieved (Fig. 13-6). Early excision
of eschar (usually < 24 hours after burns) generally
decreases operative blood loss due to the vasoconstric-
tive substances, such as thromboxane and catechol-
amines, in the burn wounds. Once the burn wounds
become hyperemic 48 hours after burns, bleeding at
the time of excision of the eschar can be excessive.
Tourniquet and subcutaneous injections of epineph-
rine-containing solution can lessen the blood loss, but
these techniques can potentially hinder the surgeon’s
ability to differentiate viable from nonviable tissues.*8
Topical hemostatic agents such as thrombin can also
be used, but they are expensive and not very effective
in preventing excessive bleeding from open wounds.
In patients with deep full-thickness burns, electrocau-
tery is useful to rapidly excise eschar with minimal
blood loss. More importantly, the earlier the excision,
the less blood loss occurs in burns greater than 30%
TBSA.%° However, scald burns are more difficult to
assess the exact burn depth initially. Therefore, these
burns require a more conservative approach with
delayed excision. A recent innovative technique, Ver-
sajet hydrosurgery (Smith & Nephew, London, UK),
utilizes streaming of water for tissue excision. This
technique could eliminate significant bleeding associ-
ated with “traditional” tangential excision. In a pro-
spective randomized trial, the Versajet technique was
shown to produce a more precise and faster excision
of burn wounds.>°

Ideally, the excised burn wound is covered with
autograft. Burn wounds less than 20% to 30% TBSA
can be covered at one operation with split-thickness
autografts. Split-thickness autografts are harvested
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and the donor sites are dressed with petroleum-
based gauze, such as Xeroform (Kendall Healthcare,
Miami, FL) or Scarlet-red (Tyco Healthcare, Mans-
field, MA). OpSite can also be used to cover donor
sites. It is preferable to use sheet autografts for better
long-term aesthetic outcome, but narrowly meshed
autografts (1:1 or 2:1) have the advantages of limiting
the total surface area of donor harvest and allowing
better drainage of fluid at the grafted sites. With mas-
sive burns, the closure of burn wounds is achieved
by a combination of widely meshed autografts (4:1 to
6:1) with allograft (2:1) overlay (Fig. 13-7). Repeat
grafting is required for large burns with sequential
harvesting of split-thickness autograft from limited
donor sites until the entire burn wound is covered.
As the meshed autografts heal, the allografts slough.
However, the formation of significant scar remains
the major disadvantage of this technique. Therefore,
the use of widely meshed graft is avoided on the
face and functionally important areas. Full-thickness
grafts that include both dermal and epidermal com-
ponents provide the best outcome for wound cover-
age with diminished contracture and better pigment
match. However, its use is generally limited to small
areas owing to the lack of abundant full-thickness
donor skin.

The limitation of donor sites in patients with burns
over massive areas is partially addressed with the use
of systemic recombinant human growth hormone
(rHGH). Administration of rHGH has resulted in accel-
erated donor site healing, allowing more frequent
donor site harvest in a given period of time.>!>2 Use
of rHGH decreased donor site healing time by an aver-
age of 2 days, which ultimately improved the overall
length of hospitalization from 0.8 to 0.54 days per per-
centage of TBSA burned.’! These effects from rHGH
are thought to be due to stimulation of insulin-like
growth factor (IGF)-1 release and induction of IGF-1
receptors in the burn wound.’? Given alone, insulin
has been shown to decrease donor site healing time
from 6.5 to 4.7 days.>? The decrease in donor site heal-
ing by 1 day between each harvest can significantly
impact overall length of hospital stay in patients with
massive burns who require multiple grafting proce-
dures. The administration of rHGH in burned children
was associated with a 23% reduction in total cost of
hospital care for a typical 80% TBSA burn.>!

Allograft

Autograft

Excised
wound

Figure 13-7. Schematic diagram of wound covering with
4:1 meshed autograft with 2:1 meshed allograft overlay. (From
Eichelberg MR [ed]: Pediatric Trauma: Prevention, Acute Care,
Rehabilitation. St. Louis, Mosby, 1993, p 581.)
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The use of cultured keratinocytes from the patient’s
own skin has generated considerable interest as a
potential solution for massively burned patients with
limited donor sites.>#55 This concept of using cultured
skin to provide complete coverage is appealing, but
there are several problems to overcome. First, cultures
of keratinocytes grow slowly. Once grafted, they are
very susceptible to mechanical trauma, with successful
results in only 50% to 70%. Also, a significantly lon-
ger hospital stay has been reported with the use of cul-
tured epithelial grafts in patients with burns of more
than 80% TBSA.>° However, this technology may hold
promise in treating massive burns in the near future.
Recently, the ReCell technique,®” a new process of skin
grafting that separates keratinocytes from small split-
thickness skin grafts and disperses them for spray-
ing onto the excised wound, has gained considerable
interest. This technique results in the need for smaller
donor sites and is associated with less pain.

HYPERMETABOLIC RESPONSE

Burn injury produces a hypermetabolic response that
generally increases with increasing burn size and
reaches a plateau at a 40% TBSA burn.>8 This response
is characterized by increased energy expenditure, oxy-
gen consumption, proteolysis, lipolysis, and nitro-
gen losses. These physiologic changes are induced by
upregulation of catabolic agents such as cortisol, cat-
echolamines, and glucagon, which act synergistically
to increase the production of glucose, a principal fuel
during acute inflammation.>® Cortisol stimulates glu-
coneogenesis and proteolysis and sensitizes adipocytes
to lipolytic hormones. Catecholamines stimulate the
rate of glucose production through hepatic gluconeo-
genesis and glycogenolysis and also promotes lipolysis
and peripheral insulin resistance. Thus, serum insu-
lin levels are elevated but the cells are resistant.®® This
increase in glucagon, which is stimulated by catechol-
amines, further promotes gluconeogenesis.

A significant protein catabolism occurs in severe
burns. Cortisol is catabolic and is partially responsible
for the loss of tissue protein and a negative nitrogen
balance. In addition, burn injury is associated with
decreased levels of anabolic hormones such as growth
hormone and IGF-1, which contributes significantly
to net protein loss. The synthesis of protein, which
is essential for the production of collagen for wound
healing and antibodies and leukocytes for the immune
response, requires a net positive nitrogen balance.
Exogenous administration of rHGH, which increases
protein synthesis, has been shown to improve nitrogen
balance, preserve lean muscle mass, and increase the
rate of wound healing.’> However, the use of rHGH
is associated with hyperglycemia along with increased
free fatty acids and triglycerides, which limit its clinical
applicability.

Excessive catecholamines in post-burn patients also
contribute to persistent tachycardia and lipolysis. The
consequences of these physiologic changes are cardiac
failure and fatty infiltration of the liver. Propranolol

lowers resting heart rate and left ventricular work and
decreases peripheral lipolysis without adversely affect-
ing cardiac output or the ability to respond to cold
stress.®1-¢3 Therefore, a combination use of rHGH and
propranolol appears ideal. A recent prospective ran-
domized controlled trial showed efficacy in rHGH and
propranolol treatment in attenuating hypermetabo-
lism and inflammation in severely burned children.%*
In this study, patients receiving rHGH (0.2 mg/kg/
day) and propranolol (to decrease heart rate by 15%)
for more than 15 days demonstrated significantly
decreased percent predicted resting energy expendi-
ture, C-reactive protein, cortisone, aspartate amino-
transferase, alanine aminotransferase, free fatty acid,
IL-6, IL-8, and macrophage inflammatory protein-1f
when compared with controls. Other markers, such as
serum IGF-1, IGF-binding protein-3, growth hormone,
prealbumin, and IL-7 increased in rHGH/propranolol-
treated burned patients. These findings further vali-
date the beneficial role of combination treatment with
rHGH and a p blocker in pediatric burn patients.

Another anabolic agent of recent interest in the
management of severe burns has been oxandrolone.
Oxandrolone (Upsher-Smith Laboratories, Inc., Min-
neapolis, MN), an oral synthetic derivative of testoster-
one with a lower androgenic/anabolic ratio, has been
safely used to improve lean body mass and weight gain
in severely burned adults and children.®> A large pro-
spective double-blind randomized study involving 235
severely burned children (TBSA > 40%) showed that
oxandrolone treatment significantly increased lean
body mass along with serum total protein, prealbumin
levels, and mean muscle strength.¢¢ Interestingly, the
oxandrolone-treated group also had a shorter hospital
stay.

NUTRITION

The metabolic rate of patients with burns significantly
increases (1.5 x normal rate in a patient with 25%
TBSA burns to 2 x in 40% TBSA burns).®” Children
are particularly vulnerable for protein-calorie mal-
nutrition because of their proportionally less body fat
and smaller muscle mass in addition to increased met-
abolic demands. This malnutrition is associated with
dysfunction in various organ systems, including the
immune system, and delayed wound healing. Feeding
tubes are generally positioned in the duodenum under
fluoroscopy immediately after the initial burn evalua-
tion and enteral nutrition is started within hours after
the injury. Early enteral feedings have been shown
to decrease the level of catabolic hormones, improve
nitrogen balance, maintain gut mucosal integrity, and
decrease the incidence of sepsis and overall hospital-
ization.%%-70 Hyperalimentation in burn patients has
clearly been shown to be associated with deleterious
effects on the immune function, small bowel mucosal
atrophy with an increased incidence of bacterial trans-
location, and a decrease in survival.”!:72

Several formulas are used to calculate caloric
requirement in burn patients. Both the Curreri



Nutritional Requirements for
Burned Children (Shriners Burn
Hospital-Galveston)

Age Group Daily Caloric Requirements

Infant and 2100 kcal/m? total + 1000 kcal/m2 burn
toddler

Child 1800 kcal/m? total + 1300 kcal/m?2 burn

Adolescent 1500 kcal/m? total + 1500 kcal/m?2 burn

(25 kcal/kg plus 40 kcal/% TBSA burned) and modi-
fied Harris-Benedict (calculated or measured rest-
ing metabolic rate times injury factor) formulas use
the principle of providing maintenance caloric needs
plus the additional caloric needs related to the burn
size. Similar to fluid resuscitation formulas, a caloric
requirement formula based on total and burned
BSA is more appropriate for pediatric burn patients
(Table 13-6).7>"75 The exact nutrient requirements of
burn patients are not clear, but it is generally accepted
that maintenance of energy requirement and replace-
ment of protein losses are vital. The recommended
enteral tube feedings should have 20% to 40% of the
calories as protein, 10% to 20% as fat, and 40% to 70%
as carbohydrates. Milk is one of the least expensive and
best tolerated nutritional substances, but sodium sup-
plement may be needed when milk is used in a large
quantity to avoid dilutional hyponatremia. There are
also numerous commercially available enteral formu-
las, such as Vivonex (Nestle-Nutrition, Switzerland) or
PediaSure (Abbott Laboratories, Abbott Park, IL).

One recent report evaluated the efficacy of an
anti-inflammatory, pulmonary enteral formula in the
treatment of pediatric burn patients with respiratory
failure.”¢ Based on evidence that the inclusion of dietary
lipids (e.g., omega-3 fatty acid, eicosapentaenoic acid)
known to modulate the inflammatory response and
the addition of antioxidants may improve cardiopul-
monary function and respiratory gas exchange, this
study evaluated the role of a specialized pulmonary
enteral formula (SPEF) containing anti-inflamma-
tory and antioxidant-enhanced components in pedi-
atric burn patients. The use of SPEF was shown to be
safe in pediatric patients and resulted in an improve-
ment in oxygenation and pulmonary compliance in
burn patients with acute respiratory distress syndrome
(ARDS).

PAIN MANAGEMENT

Burn wound treatment and rehabilitation therapy
produce pain for patients of all age groups. Infants
and children do not express their pain in the same
way as adults and may display pain through behav-
iors of fear, anxiety, agitation, tantrums, depression,
and withdrawals. In older children, allowing the child
to participate in providing wound care can help the
child to have some control and alleviate fear and pain.
Various combinations of analgesics with antianxiety

chapter 13 BURNS 165

medications are used effectively during procedures
and wound dressing changes. Successful pain man-
agement of burned children requires understanding
by the entire burn team members of how the pain is
associated with burn depth and the phase of wound
healing. Pain management protocols should be tai-
lored to control background pain as well as specific
procedure-related painful stimuli such as dressing
changes, vascular access placement, and physical ther-
apy. Scheduled administration of acetaminophen can
often address background pain. Morphine sulfate or
fentanyl is frequently used to manage postoperative
pain. The intravenous use of ketamine (0.5-2.0 mg/kg) is
quite effective and ideal for short procedures, such as
dressing changes and vascular access placements. For
burned children requiring deeper sedation and analge-
sia, a combination strategy with propofol and ketamine
has also been shown to be effective.”” Advanced pain
management protocols can be administered safely by
those experienced with the use of conscious sedation.
Physical therapy, which is vital to optimize good func-
tional outcome, can more effectively be employed if
there is appropriate pain control. However, caution
must be exercised to prevent any potential injury due
to overmedication at the time of exercise therapy.
Burn injury is extremely traumatic for affected chil-
dren as well as their families.

NONTHERMAL INJURIES
Chemical Burns

Children accidentally come in contact with various
household cleaning products. Treatment of chemical
burns involves the immediate removal of the causative
agent and lavage with copious amounts of water with
caution for potential hypothermia. Fluid resuscitation
is started, and care should be taken to ensure that the
effluent does not contact uninjured areas. After com-
pletion of the lavage, the wounds should be covered
with a topical antimicrobial dressing and appropri-
ate surgical plans made. The rapid recognition of the
offending chemical agent is crucial for proper manage-
ment.”® When there is doubt, the local poison control
center should be contacted for identification of the
product’s chemical composition. The common offend-
ing chemical agents can be classified as alkali or acid.
Alkalis, such as lime, potassium hydroxide, sodium
hydroxide, and bleach, are among the most common
agents involved in chemical injury. Mechanisms of
alkali-induced burns are saponification of fat result-
ing in increased cell damage from heat, extraction of
intracellular water, and formation of alkaline protein-
ates with hydroxyl ions. These ions induce further
chemical reaction into the deeper tissues. Attempts
to neutralize alkali are not recommended because the
chemical reaction can generate more heat and add
to the injury. Acid burns are not as common. Acids
induce protein breakdown by hydrolysis and result
in eschar formation. Therefore, these burns do not
penetrate as deeply as the alkaline burns. Formic acid
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injuries are rare but can result in multiple systemic
organ failures such as metabolic acidosis, renal failure,
intravascular hemolysis, and ARDS. In general, hydro-
fluoric acid burns are managed differently from other
acid burns.”® After copious local irrigation with water,
fluoride ion must be neutralized with topical appli-
cation of 2.5% calcium gluconate gel. If not appro-
priately treated, free fluoride ion causes liquefaction
necrosis of the affected soft tissues, including bones.
Because of potential hypocalcemia, patients should be
closely monitored for prolonged QT intervals.

Electrical Burns

Three to 5 percent of all admitted burn patients are
injured from electrical contact. Fortunately, electrical
burns are rare in children. Electrical burns are catego-
rized into high- and low-voltage injuries. High-voltage
injuries are characterized by a varying degree of local
burns with destruction of deep tissues.8® The electrical
current enters part of the body and travels through tis-
sues with the lowest resistance (nerves, blood vessels,
and muscles). Heat generated by the transfer of the
current damages deep tissues. This damage may not
be easily visualized. Skin is mostly spared due to the
high resistance to electrical current. Primary and sec-
ondary surveys, including electrocardiography, should
be completed. If the initial electrocardiogram is nor-
mal, no further monitoring is necessary. However, any
abnormal findings require continued monitoring for
48 hours and appropriate treatment of dysrhyth-
mias when detected.®! The key to managing electrical
burns lies in the early detection and proper treatment of
injuries to deep organs and tissues. Edema formation and
subsequent vascular compromise is common to extremi-
ties. Fasciotomies are frequently necessary to avoid
potential limb loss. If myoglobinuria develops, vigor-
ous hydration with sodium bicarbonate and mannitol
is indicated. Low-voltage injury is similar to thermal
injury without transmission of the electrical current to
deep tissues and usually only requires local wound care.

OUTPATIENT BURN CARE

The majority of all pediatric burns are minor, often
resulting from scald accidents and affecting less than
10% TBSA, or from thermal injuries isolated to the
hands from touching hot curling irons. Such inju-
ries are usually limited to partial thickness of the skin
and can be treated as an outpatient. After an initial
assessment, the burn wound is gently washed with
water and a mild bland soap with appropriate mea-
sures taken for pain control. Blisters are left intact,
especially on the palms of the hand, because they can
provide a natural barrier against the environment
and help to avoid the need for daily dressing changes.
Spontaneous resorption of the fluid occurs in approxi-
mately 1 week with the re-epithelialization process.
Larger areas of blisters should be debrided and topi-
cal antimicrobial dressings applied. Silvadene is most
commonly used with the fewest side effects. However,

because silver sulfadiazine can impede epithelializa-
tion, its use should be discontinued when healing par-
tial-thickness wounds are devoid of necrotic tissue and
evidence of re-epithelialization is noted. Alternatively,
antimicrobial dressings with triple antibiotic ointment
(neomycin, bacitracin, and polymyxin B sulfate) and
Polysporin are commonly used. Neither has any nega-
tive effects on epithelialization. For small superficial
partial-thickness burns, nonmedical white petrolatum—
impregnated fine mesh or porous mesh gauze (Adap-
tic, Johnson & Johnson Gateway, LLC, Piscataway,
NJ) or fine mesh absorbent gauze impregnated with
3% bismuth tribromophenate in a nonmedicinal pet-
rolatum blend (Xeroform) is usually sufficient without
the need for topical antimicrobial agents.

Superficial burns to the face can be treated by
applying triple antibiotic ointment only without any
dressings. The frequency of dressing change varies
from twice daily to once a week, depending on the
size, depth of burns, and drainage. Those who advo-
cate twice-daily dressing changes base their care on
the use of topical antimicrobial agents whose half-life
is 8 to 12 hours. Others who use petrolatum-based or
bismuth-impregnated gauze recommend less frequent
dressing changes of once every 3 to 5 days. The use of
synthetic wound dressings (e.g., Biobrane) is also ideal
for the treatment of superficial partial-thickness burns
on an outpatient basis (see Fig. 13-4).82 Although
daily dressing changes are eliminated, Biobrane-cov-
ered wounds should still be monitored closely for signs
of infection.

REHABILITATION

Rehabilitation therapy is a vital part of burn care. Dur-
ing the acute phase of burn care, splints are used to
prevent joint deformities and contractures. By using
thermoplastic materials, which are amendable to heat
manipulation, splints can be fitted individually to each
patient. Application of splints at all times, except dur-
ing the exercise period, can potentially prevent severe
contractures that occur in large burns. Patients are
mobilized out of bed immediately after graft take, and
aggressive physical therapy is encouraged. After the
acute phase, hypertrophic scar formation is a major
concern. Burn depth, patient’s age, and genetic factors
all play an important role in hypertrophic scar forma-
tion. In general, deep second-degree burns, requiring 3
weeks or more to heal, will produce hypertrophic scar-
ring. Children are more prone to hypertrophic scar for-
mation than adults, probably because of the high rate of
cell mitosis associated with growth. Constant pressure,
24 hours per day, is the most effective way to decrease
the incidence of hypertrophic scar formation. Pressure
garments should be worn until scars mature. Scar mat-
uration usually occurs 6 to 18 months after injury. In
younger patients, scars mature at a much slower rate.
In addition to splints and pressure garments, exercise
therapy is a crucial component of rehabilitation therapy.
Families should be thoroughly instructed on a program
of range of motion exercises and muscle strengthening.



EARLY ASSESSMENT AND
MANAGEMENT OF TRAUMA

Arthur Cooper, MD, MS

T rauma is the leading cause of mortality and
morbidity in children from ages 1 to 14 years.
It results in more death and disability than all other
childhood diseases combined.! It is defined as force-
ful disruption of bodily homeostasis. Moreover, this
term encompasses those injuries whose severity poses
a demonstrable threat to life, which corresponds to an
Injury Severity Score (ISS) of 10 or higher in children
or a Pediatric Trauma Score (PTS) of 8 or lower.>
The term first trauma refers to the anatomic and physi-
ologic disruption that results from acute injury. The
term second trauma, defined and described by the Amer-
ican Trauma Society, refers to the social and familial
dislocation associated with first trauma, which is often
considerable in pediatric patients. Pediatric trauma
remains a major public health problem in the United
States, killing more than 10,000 pediatric patients
annually nationwide! and causing some 10% of all
pediatric hospitalizations,?> about 15% of all pediatric
intensive care unit admissions,* approximately 25%
of pediatric emergency department visits,”> and 50%
or more of all pediatric ambulance runs.® Moreover, it
also represents nearly 20% of all hospitalizations for
serious injury among all age groups.”

TRAUMA EPIDEMIOLOGY

The incidence of serious traumatic injury, with hospi-
talization as the indicator of injury severity, is approxi-
mately 420/100,000.8 Although the hospital-based
fatality rate is 2.4/100,000, the population-based
mortality rate is 11.8/100,000, indicating that 78% of
lethally injured children die before hospital admission
and demonstrating the need for effective injury preven-
tion and prehospital care. The population-based mortal-
ity rate for pediatric injuries serious enough to require
hospitalization is 3.2%.” Intracranial injuries are the
cause of most pediatric trauma deaths because of the
untoward effects of traumatic coma on airway patency,
breathing control, and cerebral perfusion. Conversely,

intrathoracic and intra-abdominal injuries are the cause
of few pediatric trauma deaths, because they are infre-
quently associated with hypotensive shock.’

Most blunt trauma in childhood is sustained unin-
tentionally (during the course of family, play, or sports
activities), but 7% of serious injuries are due to inten-
tional physical assault (of which nearly half, or 3%,
are due to physical abuse).!° Blunt injuries outnumber
penetrating injuries in children by a ratio of 12:1, a ratio
that has decreased significantly in recent years. While
blunt injuries are more common, penetrating injuries
are more lethal. Still, the leading killer of children is
the motor vehicle, responsible for approximately 75 %
of all childhood deaths, which are evenly split between
those resulting from pedestrian trauma and those
resulting from occupant injuries (Table 14-1).

INJURY RISKS

Lack of adequate or appropriate supervision of chil-
dren during play involving possible injury hazards is
recognized by all caretakers as a major risk factor for
unintentional injury in pediatric patients, but drug
and alcohol use, obesity, poverty, and race also influ-
ence injury rates. Toxicology screens are reportedly
positive in 10% to 40% of injured adolescents, while
obese children and adolescents, despite less severe
head injuries, appear to have more complications and
require longer stays in the intensive care unit.!!-14 For
reasons poorly understood, race and ethnicity may also
affect injury risk independent of socioeconomic status,
particularly among African-American children, whose
rate of death from preventable injuries, head injuries,
and child abuse is three to six times higher than that
of white children.!>-17 Improper use of motor vehicle
restraints may contribute to the increased fatality rates
of African-American children, who are only one half
as likely to be restrained as white children involved in
motor vehicle accidents and only one third as likely to
be placed in car seats during such events.!8
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Incidence and Mortality of
Pediatric Trauma

By Injury Mechanism Incidence (%) Mortality (%)

Blunt 92.0 3
Fall 27.2 0.4
Motor vehicle injury:  21.2 4.2
occupant
Motor vehicle injury: ~ 11.9 4.8
pedestrian
Bicycle 8.6 1.9
Sport 7.5 0.7
Struck 4.2 2.9
Beating 3.2 9.0
Animal bite 2.8 2.9"
All terrain/ 2.0 2.5t
recreational
vehicle
Motorcycle 1.2 2.5t
Machine 1.0 2.9
Caught 0.7 2.9"
Penetrating 7.7 5
Gunshot wound 23 10.2
Stabbing 2.8 2.9"
Crush 0.1 2.9
Other 3.2 2.9

By Body Region Incidence (%) Mortality (%)

Multiple 46.3 5
Extremities 21.9 0
Head and neck 14.5 5
External 10.2 0
Abdomen 3.6 1
Face 1.8 0
Thorax 0.7 3
By Anatomic
Diagnosis Incidence (%) Mortality (%)
Head injury 25.8 10
Fracture 25.9 4
Abrasion/contusion 19.6 3
Open wound 14.2 3
Thoracic/abdominal 9.1 14
injury
Spine injury 2.0 9
Other 3.6 9

*Collective mortality of these seven categories.

fCollective mortality of these two categories.

From Discala C: National Pediatric Trauma Registry Annual Report.
Boston, Tufts University Rehabilitation and Childhood Trauma
Research and Training Center, 2002, with permission.

Analysis of the Crash Injury Research Engineering
Network (CIREN) database has recently yielded valu-
able information about the pattern of childhood inju-
ries after motor vehicle accidents: (1) child victims
of frontal crashes were more likely to suffer severe
spine and musculoskeletal injuries; (2) those of lat-
eral crashes were more likely to suffer head and chest
injuries; (3) those in front seats sustained more injuries
to the chest, abdomen, pelvis, and axial skeleton than
those in the rear seats; (4) seat belts were especially

protective against pelvic and musculoskeletal injuries;
(5) children involved in high-severity, lateral-impact
crashes typically sustained injuries characterized by
higher Injury Severity Scores (ISSs) and lower Glasgow
Coma Scale (GCS) scores.!?20 Special attention has also
been directed toward appreciation of injuries suffered
by seat belt-restrained, rear-seat child passengers. A
“concussion cluster” is sustained by about 10%, an
“abdominal/spine cluster” by about 55%, and a “mix-
ture cluster” by the remainder.?! Restraint devices
have also been subjected to careful analysis in recent
years: (1) they do not appear to protect young victims
of motor vehicle accidents as well as older victims;
(2) car seats may not significantly affect injury outcome;
(3) improper application may predispose to abdominal
injuries, even in low-severity crashes; (4) the pres-
ence of abdominal wall bruising in restrained children,
although rare, is strongly indicative of intra-abdomi-
nal injury.?2-2> Direct impact from a bicycle handlebar
remains highly predictive of the need for operation.?®

INJURY OUTCOMES

In recent years, much effort has been devoted to out-
comes research in pediatric trauma with the hope that
benchmarking of treatment results may lead to better
care for injured children. Both historical studies and
contemporary investigations indicate that children sur-
vive more frequently and recover more fully in hospitals
that specialize in pediatric trauma than in other hospi-
tals. The availability of pediatric subspecialty and nurs-
ing support, as well as pediatric equipment, resources,
and facilities, appears to matter far more than whether
care is (1) provided in a children’s hospital or a general
hospital committed to treatment of injured children or
(2) directed by a pediatric surgeon or an adult surgeon
with a special interest in pediatric trauma care.?’-4* No
less important than survival outcome is functional out-
come, for which several studies now indicate improved
outcomes in hospitals that specialize in pediatric trauma
care. However, they also suggest that whereas children
may recover from injury more quickly than adults,
physical function may not fully normalize.?3-4> Even
so, self-perceived long-term quality of life among seri-
ously injured children may not be adversely affected,
justifying an aggressive approach to pediatric trauma
resuscitation.4¢

Perhaps the most important recent development
for outcomes research in pediatric trauma has been
the expansion of the National Trauma Data Bank™
(NTDB™) of the American College of Surgeons to fully
embrace children. The NTDB™ annual report is based
on the most recent 5 years of case records submitted to
the NTDB™, which approximates 250,000 total pediat-
ric reports (http://www.ntdb.org).4” Although currently
designed as a simple case repository, efforts are under-
way to develop a representative national sample from
the NTDB™ to provide population estimates of severe
pediatric injury, as well as benchmarks for quality of
pediatric trauma care. Preliminary data suggest that such
benchmarks perform as well as existing measures.*?
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INJURY PREVENTION

Injuries are not accidents but rather are predictable
events that respond to risk- and harm-reduction strat-
egies similar to those applied to other diseases. The
Haddon Factor Phase Matrix neatly depicts these in
graphic form (Fig. 14-1).%° It demonstrates how strate-
gies to lessen the burden of injury can be applied to the
host, agent, and environment before, during, and after
the traumatic event using enforcement, engineering,
education, and economics as techniques to minimize
the adverse impact of each factor.

Effective injury-prevention programs are commu-
nity based and require extensive collaboration with
civic leaders, governmental agencies, and neighbor-
hood coalitions. Programs such as the National Safe
Kids Campaign (http://www.safekids.org) and the
Injury Free Coalition for Kids (http://www.injuryfree.
org) have proven highly successful in reducing the
burden of childhood injury in many communities.>%>!
Such programs require ongoing collaboration between
trauma programs and local public health entities so
the incidence of injury can be tracked by locality and
specific plans made to target high-frequency risks,
which can be precisely quantified using tools such as
the Injury Prevention Priority Score (IPPS).>2:53

INJURY MECHANISMS

The effects of injury on the pediatric patient are related to
the laws of physics and biomechanics. The kinetic energy
transferred is equal to one half of the mass of the impact-
ing object times its velocity squared. However, because
the child’s body is smaller, it is compacted into a smaller
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Figure 14-1. The Haddon Factor Phase Matrix, as modified
and refined to include a third strategic dimension, integrates all
phases of injury control into a single system. (Adapted from Had-
don W: Advances in the epidemiology of injuries as a basis for public
policy. Public Health Rep 95:411-421, 1980; and Runyan CW: Using
the Haddon Matrix: Introducing the third dimension. Inj Prev 4:302-
307, 1998).
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space. In blunt trauma, the forces of impact are depen-
dent on factors such as the size and speed of the vehicle
or the vertical displacement after a fall. These impact
forces can be mitigated through use of design elements
such as roll bars and crumple zones in automobiles; active
and passive restraint devices such as lap belts, shoulder
harnesses, air bags, and age-specific and properly fitted
infant car seats or child booster seats for young passen-
gers; helmets for bicycle riders; safety surfaces beneath
playground equipment; and window guards in medium-
and high-rise buildings. In penetrating trauma, the forces
of violation are dependent on the weapon used (specifi-
cally, the size of the missile it discharges and the muzzle
velocity with which it is delivered).

Injury mechanism is the main predictor of injury
pattern. Motor vehicle pedestrain trauma results in
the Waddell triad of injuries to the head, torso, and
lower extremity: pelvis, femur, or tibia (Fig. 14-2).
Motor vechile occupant injuries may cause head, face,
and neck injuries in unrestrained passengers. Cervi-
cal spine injuries, bowel disruption or hematoma, and
Chance fractures occur in restrained passengers (Fig.
14-3). Bicycle trauma results in head injury in unhel-
meted riders as well as upper extremity and upper
abdominal injuries, the latter the result of contact with
the handlebar (Fig. 14-4). Low falls, the most common
cause of childhood injury, rarely produce significant
trauma, but high falls from the second story or higher
are associated with serious head injuries, with the
addition of fractures of long bones if falling from the
third story. Intrathoracic and intra-abdominal injuries
result from falls from the fifth story (the height from
which 50% of children can be expected to die after a
high fall) (Table 14-2).54

INJURY PATTERNS

The injured child is subject to different mechanisms
of injury than the adult. The body regions most fre-
quently injured in major childhood trauma are the
lower extremities, head and neck, and abdomen. In
minor childhood injury, soft tissue and upper extrem-
ity injuries predominate. Because most pediatric
trauma is blunt trauma involving the head, it is pri-
marily a disease of airway and breathing rather than
of circulation, bleeding, and shock. Even so, although
neuroventilatory derangements (abnormalities in GCS
score and respiratory rate) are five times more com-
mon than hemodynamic derangements, the latter are
twice as lethal as the former.®

Injuries to specific body regions give rise to specific
anatomic diagnoses (see Table 14-1). Because multi-
ple injuries usually involve the head and neck, brain
injury constitutes a major cause of injury mortality in
childhood. Precise estimates of injury mortality by ana-
tomic diagnosis cannot presently be calculated, owing
to lack of population-based databases and the inability
to determine with accuracy the relative contribution of
individual diagnoses to injury mortality in multisystem
trauma. Despite these constraints, brain injuries are
directly (primary tissue injury) or indirectly (secondary
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SUSAN GILBERT

Figure 14-2. The Waddell triad of injuries to head, torso, and lower extremity is depicted. (From Foltin G, Tunik M, Cooper A, et al [eds]: Teach-
ing Resource for Instructors of Prehospital Pediatrics. New York, Center for Pediatric Emergency Medicine, 1998. Accessed at http:/Avww.cpem.org.)

Vertebral

laceration

SUSAN GILBERT

Figure 14-3. The mechanism for the development of intestinal
and vertebral injuries from lap belts is shown. (From Foltin G, Tunik
M, Cooper A, et al [eds]: Teaching Resource for Instructors of Prehos-
pital Pediatrics. New York, Center for Pediatric Emergency Medicine,
1998. Accessed at http://www.cpem.org.)

hypoxic injury due to respiratory failure and shock)
responsible for 75% of childhood trauma deaths.>>-57

Head

Head injuries are potentially more dangerous in chil-
dren than in adults for several reasons. First, develop-
ing neural tissue is delicate. The softer bones of the

skull allow impacting forces to be transmitted directly
to the underlying brain, especially at points of bony
contact. Second, intracranial bleeding in infants in
whom the fontanelles and sutures remain open may,
on rare occasions, be severe enough to cause hypoten-
sive shock. Third, the proportionately larger size of the
head, when coupled with the injury mechanisms com-
monly observed in children, virtually guarantees that
most serious blunt trauma in childhood will involve
the brain and produce loss of consciousness. As a con-
sequence, the voluntary muscles of the neck lose their
tone, promoting development of soft tissue obstruction
in the upper airway (which leads to hypoxia). It follows
that diffuse brain injuries, particularly cerebral swell-
ing (which results chiefly from cerebral hypoxia, loss
of cerebral pressure autoregulation, and subsequent
cerebral hyperemia, instead of vasogenic edema), are
more common in childhood than in later years. Focal
areas of cerebral contusion or laceration may occur
adjacent to bony prominences in a coup-contrecoup
pattern (typically in the frontal and temporal lobes),
but major intracranial hemorrhage is uncommon and
usually does not warrant surgical evacuation. Bilat-
eral subdural hematomas in infants are indicative of
child abuse (particularly when associated with retinal
hemorrhages) and result from tearing of the bridging
meningeal veins associated with the whiplash shaken
impact syndrome.

Neck

Cervical spine injury is an uncommon event in pediat-
ric trauma, occurring at a rate of 1.8/100,000 popula-
tion, in contrast to closed-head injury, which occurs at
a rate of 185/100,000 population.>® When such injury
does occur, it is more frequent at levels (C2, C1, and
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Figure 14-4. Children riding bicycles can sustain blunt abdominal trauma after contact with handlebars or head trauma from falling
off the bicycle. (From Foltin G, Tunik M, Cooper A, et al [eds]: Teaching Resource for Instructors of Prehospital Pediatrics. New York, Center for

Pediatric Emergency Medicine, 1998.)

the occipitoatlantal junction) above those whose nerve
roots give rise to diaphragmatic innervation (C4),
predisposing the child to respiratory arrest as well as
muscular paralysis. The increased angular momen-
tum produced by movement of the proportionately
larger head, the greater elasticity of the interspinous
ligaments, and the more horizontal apposition of the
cervical vertebrae are responsible for this spectrum
of injuries. Subluxation without dislocation causes
spinal cord injury without radiographic abnormality
(SCIWORA), from lateral shearing or axial stretching,
despite the fact the stability of the cervical spine does
not appear to be so affected as to warrant bracing. SCI-
WORA accounts for up to 20% of pediatric spinal cord
injuries as well as a number of prehospital deaths pre-
viously attributed to head trauma.>?-¢!

The greater elasticity of the interspinous ligaments
also gives rise to a normal anatomic variant known as
pseudosubluxation, which affects up to 40% of chil-
dren younger than age 7 years. The most common
finding is a short (2 to 3 mm) anterior displacement of
C2 on C3, although anterior displacement of C3 on C4
also may be seen. The condition is accentuated when
the pediatric patient is placed in a supine position,
which forces the cervical spine of the young child into
mild flexion because of the forward displacement of
the head by the more prominent occiput. The greater

elasticity of the interspinous ligaments also is respon-
sible for the increased distance between the dens and
the anterior arch of C1 that is found in up to 20% of
children.

Chest

Serious intrathoracic injuries occur in 6% of pediat-
ric blunt trauma victims®? and require thoracostomy
in about 50%. Thoracotomy is seldom needed. Lung
injuries (52%), pneumothorax and hemothorax
(42%), and rib and sternal fractures (32%) occur most
frequently (Table 14-3). Injuries to the heart (6%),
diaphragm (4%), great vessels (2%), bronchi (<1%),
and esophagus (<1%) occur least frequently. Because
blunt trauma is nearly 10 times more deadly when
associated with major intrathoracic injury, this condi-
tion serves as a marker of injury severity, even though
it is the proximate cause of death in less than 1% of all
pediatric blunt trauma.®?

The child compensates poorly for respiratory
derangements associated with serious thoracic injury
because of (1) alarger oxygen consumption but smaller
functional reserve capacity (which makes the child
more susceptible to hypoxia), (2) lesser pulmonary
compliance yet greater chest wall compliance (which
dictate chiefly a tachypneic response to hypoxia), and



172 section 2 TRAUMA

Common Injury Mechanisms and
Corresponding Injury Patterns in
Childhood Trauma

Injury Mechanism Injury Pattern

Motor vehicle  Unrestrained Head/neck injuries
injury: Scalp/facial lacerations
PER[EITIE Restrained Internal abdomen injuries
Lower spine fractures

Motor vehicle  Single Lower extremity fractures

injury: Multiple Head/neck injuries
pedestrian Internal chest/abdomen
injuries
Lower extremity fractures
Fall from Low Upper extremity fractures
height Medium Head/neck injuries

Scalp/facial lacerations
Upper extremity fractures
High Head/neck injuries
Scalp/facial lacerations
Internal chest/abdomen
injuries
Upper/lower extremity
fractures
Fall from Unhelmeted  Head/neck injuries
bicycle Scalp/facial lacerations
Upper extremity fractures
Upper extremity fractures
Internal abdomen injuries

Helmeted
Handlebar
From American College of Surgeons Committee on Trauma:

Advanced Trauma Life Support for Doctors Student Manual, 8th ed.
Chicago, American College of Surgeons, 2008.

(3) horizontally aligned ribs and rudimentary inter-
costal musculature (which make the small child a dia-
phragmatic breather). The thorax of the child usually
escapes major harm because the pliable nature of the
cartilaginous ribs allows the kinetic energy associated
with forceful impacts to be absorbed without signifi-
cant injury, either to the chest wall itself or to under-
lying structures. Pulmonary contusions are the typical
result but seldom are life threatening. Pneumothorax
and hemothorax, due to lacerations of the lung paren-
chyma and intercostal vessels, occur less commonly
but place the child in grave danger of sudden, marked
ventilatory and circulatory compromise as the medias-
tinum shifts.

Abdomen

Serious intra-abdominal injuries occur in 8% of pedi-
atric blunt trauma victims®? and are caused by crush-
ing the solid upper abdominal viscera against the
vertebral column, sudden compression and bursting of
hollow upper abdominal viscera against the vertebral
column, or shearing of the posterior attachments or
vascular supply of the upper abdominal viscera after
rapid deceleration (see Table 14-3).%4 Injuries to the
liver (27%), spleen (27%), kidneys (25%), and gas-
trointestinal tract (21%) occur most frequently and
account for most of the deaths from intra-abdominal
injury. Injuries to the great vessels (5%), genitourinary

Incidence and Mortality of Injuries

to Thoracic and Abdominal Organs
Incidence (%) Mortality (%)

Thoracic Organ

Lung 52 18
Pneumothorax/ 42 17
hemothorax
Ribs/sternum 32 11
Heart 6 40
Diaphragm 4 16
Great vessels 2 51
Bronchi <1 20
Esophagus <1 43

Abdominal Organ

Liver 27 13
Spleen 27 11
Kidneys 25 13
Gastrointestinal tract 21 11
Great vessels 5 47
Genitourinary tract 5 3
Pancreas 4 7
Pelvis <1 7

From Cooper A, Barlow B, DiScala C, et al: Mortality and truncal
injury: The pediatric perspective. J Pediatric Surg 29:33-38, 1994.

tract (5%), pancreas (4%), and pelvis (<1%) occur
less frequently and account for few of the deaths that
result from intra-abdominal injury. Most solid visceral
injuries are successfully treated nonoperatively, espe-
cially those involving kidneys (98%), spleen (95%),
and liver (90%).6%-67

The abdomen of the child is vulnerable to injury for
several reasons. Flexible ribs cover only the uppermost
portion of the abdomen. Thin layers of muscle, fat,
and fascia provide little protection to the large solid
viscera. Also, the pelvis is shallow, lifting the bladder
into the abdomen. Moreover, the overall small size of
the abdomen predisposes the child to multiple rather
than single injuries as energy is dissipated from the
impacting force. Finally, gastric dilatation due to air
swallowing (which often confounds abdominal exam-
ination by simulating peritonitis) leads to ventilatory
and circulatory compromise by (1) limiting diaphrag-
matic motion, (2) increasing the risk of aspiration, and
(3) causing vagally mediated dampening of the nor-
mal tachycardic response to hypovolemia.

Skeleton

Although they are the leading cause of disability, frac-
tures are rarely an immediate cause of death in blunt
trauma. They are reported to occur in 26% of serious
blunt-injury cases and constitute the principal ana-
tomic diagnosis in 22%.1°0 Upper extremity fractures
outnumber lower extremity fractures by 7:1, although,
in serious blunt trauma, this ratio is 2:3. The most com-
mon long-bone fractures sustained during childhood
pedestrian/motor vehicle accidents are fractures of
the femur and tibia. Falls typically are associated with
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both upper and lower extremity fractures if the fall
height is significant (from the window of a high-rise
dwelling or the top of a bunk bed, but not from falls
from standard beds or down stairs).>#¢8-70 Because iso-
lated long-bone and pelvic fractures are rarely associ-
ated with significant hemorrhage,”! a diligent search
must be made for another source of bleeding if signs of
hypotensive shock are observed. This source is usually
found in the abdomen.

The pediatric skeleton is susceptible to fractures
because cortical bone in childhood is highly porous,
whereas the periosteum is more resilient, elastic, and
vascular. This results in higher percentages both of
incomplete (torus and greenstick) fractures and com-
plete but nondisplaced fractures. Long-term growth
disturbances also may complicate childhood fractures.
Diaphyseal fractures of the long bones cause signifi-
cant overgrowth, whereas physeal (growth plate) frac-
tures can cause significant undergrowth.

PREHOSPITAL CARE

Basic life support of the pediatric trauma patient con-
sists of oxygen administration, airway adjuncts, bleed-
ing control, and spine stabilization, providing assisted
ventilation and fracture immobilization as needed. Spi-
nal immobilization requires both neutral positioning
(which cannot be achieved without placing a thin
layer of padding beneath the torso from shoulders

Trauma Scores Commonly Used in

Children
PEDIATRIC TRAUMA SCORE
+2 +1 -1
Size (kg) >20 10-20 <10
Airway Normal Maintained Unmaintained
Systolic blood  >90 50-90 <50
pressure
(mm Hg)
Central Awake Obtunded Coma
nervous
system
Open wound  None Minor Major
Skeletal None Closed Open-multiple
trauma
REVISED TRAUMA SCORE
Glasgow Systolic Respira- Code Value
Coma Scale Blood tory Rate
Pressure (breaths/
(mm Hg) min)
13-15 >89 10-29 4
9-12 76-89 >29 3
6-8 50-75 6-9 2
4-5 1-49 1-5 1
3 0 0 0

From Tepas JJ, Mollitt DL, Talbert JL, et al: The pediatric trauma score
as a predictor of trauma severity in the injured child. J Pediatr Surg
22:14-18, 1987; and Champion HR, Sacco WJ, Copes WS, et al:

A revison of the trauma score. J Trauma 29:623-629, 1989.
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to hips)7? and careful strapping (because forced vital
capacity may be decreased by 4% to 59%).”> One
study suggested that cervical spine immobilization can
be safely avoided in most pediatric trauma patients
with minor injuries, but caution was urged in view of
the known risks of SCIWORA and atlantoaxial insta-
bility.”* Advanced life support of the pediatric trauma
patient theoretically adds endotracheal intubation and
volume resuscitation to this armamentarium, but nei-
ther intervention appears to improve outcome.”>-7?

Field triage of pediatric trauma patients to pediat-
ric trauma centers is now well established. Regional
protocols should direct ambulance transports to such
centers where available. Although both the PTS®% and
the Revised Trauma Score (RTS)3! reliably predict the
need for pediatric trauma care, neither is optimally
sensitive nor specific (Table 14-4). Good results also
have been achieved by using checklists to identify
anatomic, physiologic, and mechanistic criteria rather
than calculated scores (Table 14-5).

Possible Indications for Transfer to
a Pediatric Trauma Center

History of Injury

Patient thrown from a moving vehicle

Falls from >15 feet

Extrication time >20 min

Passenger cabin invaded >12 inches

Death of another passenger

Accident in a hostile environment (heat, cold water, etc.)

Anatomic Injuries

Combined system injury

Penetrating injury of the groin or neck
Three or more long-bone fractures
Fractures of the axial skeleton
Amputation (other than digits)
Persistent hypotension

Severe head trauma

Maxillofacial or upper airway injury

Central nervous system injury with prolonged loss of
consciousness, posturing, or paralysis

Spinal cord injury with neurologic deficit

Unstable chest injury

Blunt or penetrating trauma to the chest or abdomen
Burns, flame, or inhalation

System Considerations

Necessary service or specialist not available

No beds available

Need for admission to pediatric intensive care unit

Multiple casualties

Family request

Paramedic judgment

Severity scores: Trauma Score <12; or

Revised Trauma Score <11; or

Pediatric Trauma Score <8
CNS, central nervous system; ICU, intensive care unit.
From Harris BH, Barlow BA, Ballantine TV, et al: American Pediatric

Surgical Association: Principles of pediatric trauma care. J Pediatr
Surg 27:423-426, 1992.
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Primary Survey, Resuscitation, and
Secondary Survey

Primary Survey

Airway: clear and maintain, protect cervical spine
Breathing: ventilate and oxygenate, fix chest wall
Circulation: control bleeding, restore volume
Disability: GCS and pupils, call the neurosurgeon
Exposure: disrobe, logroll, avoid hypothermia
Foley catheter unless contraindicated”

Gastric tube unless contraindicated®

Secondary Survey

History and physical: SAMPLE history, complete examination
Imaging studies: plain radiographs,* special studies$

"Meatal blood, scrotal hematoma, high-riding prostate.

*CSF oto-rhinorrhea, basilar skull fracture, midface instability.

tChest, pelvis, lateral cervical spine; others as indicated.

SFAST, CT as indicated.

GCS, Glasgow Coma Scale; CSF, cerebrospinal fluid; FAST, focused
assessment by sonography in trauma; CT, computed tomography.

Adapted from American College of Surgeons Committee on Trauma:
Advanced Trauma Life Support® for Doctors Student Manual, 8th
ed. Chicago, American College of Surgeons, 2008.

EMERGENCY CARE
Primary Survey

Early management of childhood trauma begins in the
field and continues in the emergency department.8283
Attention is first directed to the ABCDEs of trauma
care: a “primary survey” of the Airway, Breathing,
Circulation, and neurologic Disabilities, the purpose of
which is to identify and correct deficits in ventilation,
oxygenation, perfusion, and mentation, as well as
conditions of the thorax and abdomen (e.g., tension
pneumothorax and gastric dilatation) that pose an
immediate threat to life (Table 14-6). The primary sur-
vey continues with complete Exposure of the patient
to ensure that no injuries are missed, taking care to
avoid hypothermia (through the use of blankets, over
bed radiant warmers, and warmed intravenous flu-
ids). It concludes with placement of adjuncts, such
as a urinary and gastric catheter (unless contraindi-
cated, respectively, by evidence of pelvic, or basilar
skull or oromaxillofacial fractures). Together with
other adjuncts (e.g., pulse oximetry and the trauma
series of plain chest, pelvic, and lateral cervical spine
radiographs that is obtained for all seriously injured
patients), these steps facilitate the early recognition
and treatment of immediate threats to vital functions.

Resuscitation

Resuscitation of the child trauma victim is conducted
concurrent with the primary survey in a continuous
cycle of assessment, intervention, and reassessment.
An airway obstructed by soft tissues and secretions is
opened while taking proper cervical spine precautions,
then cleared (by using a large-bore Yankauer-type suc-
tion device) before its patency can be confirmed and
assessment can proceed to the next step (Table 14-7).

Airway/Cervical Spine

Open: jaw thrust/spinal stabilization
Clear: suction/remove particulate matter
Support: oropharyngeal/nasopharyngeal airway
Establish: orotracheal/nasotracheal intubation®
Maintain: primary/secondary confirmation?®
Bypass: needle/surgical cricothyroidotomy
“Rapid sequential intubation technique: etomidate, then
succinylcholine.
t1°, chest rise, air entry; 2°, exhaled CO2 detector, esopha-
geal detector device, end tidal capnography; watch for DOPE:
Dislodgement, Obstruction, Pneumothorax, Equipment failure.
Adapted from American College of Surgeons Committee on Trauma:
Advanced Trauma Life Support® for Doctors Student Manual, 8th
ed. Chicago, American College of Surgeons, 2008.

Abnormalities of breathing (ventilation and oxygen-
ation) are next addressed with supplemental oxygen
or assisted ventilation, if needed. Finally, the integrity
of the circulation is assured through control of bleed-
ing and administration of fluid.

Any child initially seen with major trauma should
receive breathing support with high-concentration
oxygen by the most appropriate means (Table 14-8).
For the child with simple respiratory distress (increased
work of breathing), a non-rebreather mask normally
will suffice, provided the airway is open and breathing
is spontaneous. For the child with frank respiratory
failure (labored or inadequate work of breathing),
assisted ventilation via face mask or an endotracheal
tube attached to a bag-valve device should be initiated
in preparation for endotracheal intubation. Orotra-
cheal intubation with rapid-sequence induction tech-
niques (etomidate and succinylcholine are now the
preferred pharmacologic agents) and uncuffed endo-
tracheal tubes (equivalent in diameter to the size of
the naris or tip of the small finger, selected by using
either a length-based resuscitation tape®* or the
formula 4 + age in years/4) is mandatory for all cases
of respiratory failure.

The first step in management of the circulation
is hemorrhage control. Direct pressure using sterile
dressings is therefore applied to all actively bleeding
external wounds. Blind clamping is avoided, owing to
the potential risk of injury to neurovascular bundles.

Breathing/Chest Wall

Ventilation: chest rise/air entry/effort/rate
Oxygenation: central color/pulse oximetry

Support: respiratory distress—NRB mask/respiratory failure—
BVM ventilation

Chest wall: ensure integrity/expand lungs
Tension pneumothorax: needle decompression, chest tube
Open pneumothorax: occlusive dressing, chest tube
Massive hemothorax: volume resuscitation, chest tube

*

*Do not wait for confirmatory chest radiograph!

NRB, non-rebreather mask; BVM, bag valve mask.

Adapted from American College of Surgeons Committee on Trauma:
Advanced Trauma Life Support® for Doctors Student Manual, 8th
ed. Chicago, American College of Surgeons, 2008.
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Circulation/External Bleeding

Stop bleeding: direct pressure, avoid clamps; consider arterial
tourniquets, topical hemostats

Shock evaluation: pulse, skin CRT, LOC
Blood pressure: avoid over/undercorrection
Infant/child: low normal, 70 + (age x 2) mm Hg
Adolescent: low normal, 90 mm Hg
Volume resuscitation: Ringer’s lactate (RL), then packed cells
Infant/child: 20 mL/kg RL, repeat x 1-2 with 10 mL/PRBCs
Adolescent: 1-2 L, repeat x 1-2 with 1-2 units PRBCs
CRT, capillary refill time; LOC, level of consciousness; PRBCs, packed
red blood cells. Consider obstructive and neurogenic as well as
hypovolemic shock: exclude tension pneumothorax, cardiac tam-
ponade, spinal shock.
Adapted from American College of Surgeons Committee on Trauma:

Advanced Trauma Life Support® for Doctors Student Manual, 8th
ed. Chicago, American College of Surgeons, 2008.

Military experience suggests that commercial arterial
tourniquets, and topical hemostatic agents such as chi-
tosan granules or powder, zeolite granules, and kaolin
clay, are effective respectively, in stopping major arte-
rial hemorrhage, and massive arteriolar, venular, and
capillary oozing from large open wounds. However,
because no results of their use in children have been
reported to date, no recommendation can be made
regarding their use in children.

The child with major trauma will require volume
resuscitation if signs of hypovolemic shock are pres-
ent (Table 14-9). This is best carried out by means of
large-bore peripheral catheters placed percutaneously
in the median cubital veins at the elbow or saphenous
veins at the ankle or by cutdown in the saphenous
veins at the ankle or groin. Intraosseous access may be
necessary if intravenous access is not rapidly obtained.
Simple hypovolemia usually responds to 20 to 40 mL/kg
of warmed lactated Ringer’s solution. However, frank
hypotension (clinically defined by a systolic blood
pressure less than 70 mm Hg plus twice the age in
years) typically requires 40 to 60 mL/kg of warmed

Disability/Mental Status

Pupils: symmetry, reaction
LOC: GCS
Track and trend as a vital sign
Significant change, 2 points
Intubate for coma, GCS <8
Motor: strength, symmetry
Abnormality/deterioration: call neurosurgeon

Traumatic Brain Injury

Mild (GCS 13-15): observe, consider CT for history of LOC
Moderate (GCS 9-12): admit, obtain CT, repeat CT 12-24 hr

Severe (GCS 3-8): intubate, ventilate, obtain CT, repeat CT
12-24 hr

LOC, loss of consciousness; GCS, Glasgow Coma Scale; CT, computed
tomography.

Adatped from American College of Surgeons Committee on Trauma:
Advanced Trauma Life Support® for Doctors Student Manual, 8th
ed. Chicago, American College of Surgeons, 2008.

EARLY ASSESSMENT AND MANAGEMENT OF TRAUMA 175

Exposure and Environment

Disrobe: Cut off clothes
Logroll: Requires four people
Screening examination: Front and back
Avoid hypothermia: Keep patient warm!
Adapted from American College of Surgeons Committee on Trauma:

Advanced Trauma Life Support® for Doctors Student Manual, 8th
ed. Chicago, American College of Surgeons, 2008.

lactated Ringer’s solution followed by 10 to 20 mL/kg
warmed packed red blood cells. Insertion of central
venous catheters, except in rare cases in which venous
access cannot otherwise be obtained, is not indicated.
Urinary output should be measured in all seriously
injured children as an indication of tissue perfusion.

Because of the ability of a child’s blood vessels to
compensate vigorously for hypovolemia by intense
vasoconstriction, frank hypotension is a late sign of
shock and may not develop until 30% to 35% of cir-
culating blood volume is lost.8> Thus, any child who
cannot be stabilized after infusion of 40 to 60 mL/kg
of lactated Ringer’s solution and 10 to 20 mL/kg of
packed red blood cells likely has internal bleeding and
needs an emergency operation. If a child initially is in
shock, has no signs of intrathoracic, intra-abdominal,
or intrapelvic bleeding, but fails to improve despite
seemingly adequate volume resuscitation, other forms
of shock (obstructive, cardiogenic, neurogenic) should
be considered: (1) tension pneumothorax or cardiac
tamponade, (2) myocardial contusion, or (3) spinal
cord injury. Yet, it must be emphasized that most chil-
dren in hypotensive shock are victims of unrecognized
hemorrhage that can be reversed only if promptly rec-
ognized and appropriately treated by means of rapid
blood transfusion and immediate surgical intervention,
particularly if major intrathoracic or intra-abdominal
vessels are injured.86-8°

Assessment of disability (neurologic status) relies on
use of the GCS score (for level of consciousness) and
evaluation of bilateral pupillary responses (to exclude
mass lesions), and serves as a critical indicator of core
organ function (Table 14-10). Traumatic coma (GCS
score, 8) and pupillary asymmetry mandate immedi-
ate involvement of neurosurgical consultants. Further
resuscitation is guided by findings on complete expo-
sure of the patient (Table 14-11). The resuscitation
phase concludes with use of adjuncts selected expressly
to warn of conditions likely to affect the integrity of
the airway, breathing, and circulation (Table 14-12).

Primary Survey Adjuncts

Vital signs/pulse oximetry

Chest/pelvis/lateral cervical spine radiographs
Foley catheter/gastric tube

FAST/DPL

FAST, focused assessment by sonography in trauma; DPL, diagnostic
peritoneal lavage.

Adapted from American College of Surgeons Committee on Trauma:
Advanced Trauma Life Support® for Doctors Student Manual, 8th
ed. Chicago, American College of Surgeons, 2008.
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Secondary Survey

Once the primary survey has been performed, a sec-
ondary survey is undertaken for definitive evaluation
of the injured child. This consists of a “SAMPLE” his-
tory (Symptoms, Allergies, Medications, Past illnesses,
Last meal, Events, and Environment) and a complete
head-to-toe examination, addressing all body regions
and organ systems. The examination should be tar-
geted particularly to the head and neck (for any his-
tory of blunt injury above the clavicles, alteration in
level of consciousness, or neck pain or swelling) and to
the chest (for any history of chest pain, noisy or rapid
breathing, respiratory insufficiency, or hemoptysis, or
if associated with severe deceleration injuries, such as
high-speed motor vehicle accidents, which may sug-
gest thoracic aortic injury). Finally, attention is turned
to the abdomen (for any history of abdominal pain,
tenderness, distention, or vomiting, especially if the
emesis is stained with blood or bile, and, most impor-
tant, abdominal bruising from seat belts, especially
when associated with severe deceleration injuries,
such as high-speed motor vehicle accidents, which
may suggest abdominal aortic injury).?>8° In examin-
ing the child, the physician’s first responsibility is to
identify life-threatening injuries that may have been
overlooked during the primary survey, such as tension
pneumothorax and gastric dilatation.

Drainage from the nose or ears, or any evidence of
midface instability, suggests the presence of a basilar
skull fracture (which precludes passage of a nasogas-
tric tube) or an oromaxillofacial fracture (which may
threaten the airway). Evidence of neck tenderness,
swelling, torticollis, or spasm suggests the presence of a
cervical spine fracture (which may not be detected on
lateral cervical spine films in patients with SCIWORA).
On chest examination, point tenderness, palpable
bony deformity, crepitus or subcutaneous emphysema
on inspection or palpation, or inadequate chest rise or
air entry on auscultation or percussion suggests the
presence of a rib fracture. Air or blood in the hemitho-
rax indicates the need to search for an associated or
subclinical pneumothorax or hemothorax. An abdo-
men that remains distended after gastric decompres-
sion suggests the presence of intra-abdominal bleeding
(most often from the spleen or liver) or a disrupted
hollow viscus (especially if fever, tenderness, or guard-
ing are found together with abdominal distention or
nasogastric aspirate stained with blood or bile).

All skeletal components should be palpated for evi-
dence of instability or discontinuity, especially bony
prominences such as the anterior superior iliac spines,
which commonly are injured in major blunt trauma. In
the absence of obvious deformities, fractures should be
suspected if bony point tenderness, hematoma, spasm
of overlying muscles, an unstable pelvic girdle, or peri-
neal swelling or discoloration is found. The integrity of
the pelvic ring may be tested in two ways: (1) by aus-
cultating over one anterior superior iliac spine, while
gently tapping over the other, to see if bone conduc-
tion is preserved, which will be the case only if the
ring is intact; and (2) by compressing simultaneously,

posteriorly, on the anterior superior iliac spines to see
if the pelvic wings “spring” apart because of separation
of the pubic symphysis, after first compressing simul-
taneously, medially, on the iliac crests to preclude fur-
ther rift in a potential “open book” fracture. This is the
compression-distraction test. Most long-bone fractures
will be self-evident, but such injuries are occasionally
missed during the secondary survey, which emphasizes
the (1) assumption that a fracture is present on the basis
of history alone (even if no obvious deformity is seen)
until proven otherwise and (2) performance of ongo-
ing evaluation of all injured extremities for evidence
of pain, pallor, pulselessness, paresthesias, and paralysis
(the classic signs of associated neurovascular trauma).

Laboratory evaluation is an integral part of the sec-
ondary survey. Arterial blood gases are of paramount
importance in determining the adequacy of ventilation
(Paco,), oxygenation (Pao,), and perfusion (base defi-
cit).”%%1 However, the critically important determinant
of blood oxygen content, hence tissue oxygen delivery
(assuming the Pao, exceeds 60 mm Hg), is the blood
hemoglobin concentration. Serial hemoglobin values
better reflect the extent of blood loss than does the ini-
tial value. Elevations in serum levels of transaminases or
amylase and lipase suggest injury to the liver or pancreas,
but the infrequency of pancreatic injury makes the latter
cost ineffective versus the former.?23 Urine that is grossly
bloody or is positive for blood by dipstick or microscopy
(> 50 red blood cells per high-power field) suggests kid-
ney trauma. Damage to adjacent organs due to the high
incidence of associated injuries should be suspected.®*

Radiologic evaluation is another important part of
the secondary survey. Arrangements should be made,
before additional plain films are ordered beyond those
already obtained during the primary survey, to obtain
computed tomography (CT) of the head (without con-
trast) and abdomen (double contrast), as indicated.
Other imaging studies may also be needed.

CT of the head should be performed whenever loss
of consciousness has occurred, or in accordance with
evidence-based decision rules that demonstrate abnor-
mal mental status, clinical signs of skull fracture, history
of vomiting, scalp hematoma, and headache to be asso-
ciated with less-than-minimal risk of traumatic brain
injury.?> CT of the chest adds little to what is already
known from the chest radiograph obtained during the
primary survey, since the incidental pulmonary con-
tusions identified by CT of the chest do not correlate
with increased fatality. CT of the abdomen should be
obtained (1) in intubated patients; (2) with signs of
internal bleeding (abdominal tenderness, distention,
bruising, or gross hematuria), a history of hypotensive
shock (which has responded to volume resuscitation),
or a hematocrit less than 30%; (3) if a femur fracture is
evident; (4) if serum transaminase levels are elevated;
(5) if significant microscopic hematuria is present, or (6)
if the mechanism of injury is deemed significant.?¢-%°
Focused assessment with sonography for trauma
(FAST) may be useful in detecting intra-abdominal
blood. However, it is not sufficiently reliable to exclude
blunt abdominal injury in hemodynamically stable
children, although it does have the advantage that such
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injuries can be detected by repeated examination.!00-107
Therefore, like diagnostic peritoneal lavage, which it
has largely supplanted, FAST adds comparatively little
to the management of pediatric abdominal trauma.
Unstable patients with suspected intra-abdominal inju-
ries are candidates for immediate operation, whereas
stable patients are managed nonoperatively without
regard to the presence of intra-abdominal blood.!08-112
However, FAST has been successfully used in screening
for intra-abdominal injuries.!13

Critical Care

Definitive management of childhood trauma begins
once the primary survey and resuscitation phases have
concluded. This care is the responsibility not of a single
individual or specialty but of a multidisciplinary team
of professionals specializing in pediatric health care
led by a surgeon with experience in the care of both
trauma and children. It begins with the secondary sur-
vey and re-evaluation of vital functions and progresses
through the tertiary survey (a scrupulous repetition
of the primary and secondary surveys conducted by
the admitting team once the patient is transferred to
definitive care) to ensure no injuries were missed. It
persists throughout the duration of hospitalization
and concludes with rehabilitation, fully encompassing
the operative, critical, acute, and convalescent phases
of care. Avoidance of secondary injury (injury due to
persistent or recurrent hypoxia or hypoperfusion) is
a major goal of definitive management and mandates
reliance on continuous monitoring of vital signs, GCS
score, oxygen saturation, urinary output, and, when
necessary, arterial and central venous pressure.

Definitive management of childhood trauma also
depends on the type, extent, and severity of the
injuries sustained. Any child requiring resuscitation
should be admitted to the hospital under the care of
a surgeon experienced in the management of child-
hood injuries. Such a child should initially not receive
oral intake (because of the temporary paralytic ileus
that often accompanies major blunt abdominal trauma
and because general anesthesia may later be required)
but intravenous fluid at a maintenance rate (assuming
both normal hydration at the time of the injury and
normalization of both vital signs and perfusion status
after resuscitation). Soft tissue injuries also should
receive proper attention, including wound closure and
tetanus prophylaxis. Intravenous lines inserted under
substerile circumstances should be replaced to prevent
the development of thrombophlebitis.

Brain

The overall mortality and morbidity of major pediatric
trauma are closely linked with the functional outcome
of the brain injury that typically occurs after signifi-
cant blunt impact. The results of treatment of severe
closed-head trauma are somewhat better in children
age 3 to 12 years than in adults, an advantage that
is ablated in the presence of hypotension. Conversely,
outcomes are worse in children younger than 3 years.
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Although the general principles of definitive manage-
ment of traumatic brain injury are similar in children
and adults, nonoperative management predominates
because diffuse brain injuries are more common than
focal injuries in pediatric patients. Surgically remedia-
ble causes of intracranial hypertension must be treated
if found, but medically remediable causes are addressed
aggressively. The goal of treatment is to optimize cere-
bral blood flow through the maintenance of cerebral
perfusion pressure and avoidance of prolonged hyper-
ventilation, which causes cerebral ischemia.

Current management of traumatic brain injury in
children should adhere to evidence-based consensus
guidelines (see Chapter 17).! Conservative treat-
ment, including discharge to home care under the
supervision of responsible adult caretakers who have
been instructed to return if signs of increased intracra-
nial pressure (nausea, vomiting, increasing lethargy)
develop, suffices for management of mild head injury
(GCS score, 13 to 15). At the same time, noncontrast
CT is indicated for all patients who have a documented
loss of consciousness or are amnestic, in accordance
with evidence-based decision rules.®> Expectant man-
agement, consisting of hospital admission, CT, and con-
tinuous neurologic observation, is used for all patients
with moderate head injury (GCS score, 9 to 12).

Controlled ventilation is initiated after endotra-
cheal intubation via rapid-sequence technique for all
patients with severe head injury (GCS score, 3 to 8,
or a rapid deterioration in GCS score of = 2 points).
Hyperventilation (Paco,, 25 to 30 mm Hg) and manni-
tol (0.5 mg/kg) are reserved for patients with evidence
of transtentorial (pupillary asymmetry, neurologic
posturing) or cerebellar (ataxic breathing) herniation.

Immediate operation is necessary for all acute col-
lections of intracranial (epidural, subdural, intrace-
rebral) blood of sufficient size to cause a mass effect,
for all open skull fractures, and for all depressed skull
fractures that invade the intracranial vault by more
than the thickness of the adjacent skull. Intravenous
antibiotics are used only for patients with open skull
fractures. Anticonvulsants (phenytoin preceded by
diazepam, as needed) are indicated for all patients
with active seizures, impact seizures, or moderate or
severe brain injury but should be discontinued after
2 weeks of therapy because no benefit accrues after
this treatment interval.!'> Therapy with corticoste-
roids is not advantageous in traumatic brain injury.!1¢
Moreover, nitrogen losses may be accelerated.!!”

Acute complications of severe traumatic brain
injury include hyperglycemia, diabetes insipidus,
the syndrome of inappropriate antidiuretic hormone
secretion, and brain death. The first three are man-
aged, respectively, through the use of insulin, desmo-
pressin, and water restriction. Brain death results from
uncontrolled intracranial hypertension and is mani-
fested in a normothermic patient by the total absence
of brain stem function on neurologic examination, a
positive apnea test, isoelectric activity on the electro-
encephalogram on two successive occasions (prefer-
ably 24 hours apart), or complete absence of cerebral
perfusion on nuclear scan or cerebral arteriography.
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Due consideration should be given to organ preserva-
tion and donation under such circumstances.

Spine

The cervical region is often injured. High-dose meth-
ylprednisolone was previously thought efficacious in
mitigating the effects of spinal cord injury. Currently,
it is now believed to add little, if any, benefit to the
management of patients with spinal cord injury.118.119
Early care with volume resuscitation followed by vaso-
pressor agents as needed should focus on management
of neurogenic shock and immobilization of associated
fractures (extrication collar and backboard followed by
skeletal traction with Gardner-Wells tongs), realizing
that SCIWORA is more common in children than in
adults. Later care addresses repair of associated verte-
bral fractures through the use of halo traction with or
without surgical fusion.

The critical care of patients with spinal cord
injury is chiefly supportive. Alternating-pressure or
air-fluidizing mattresses should be used whenever
available to prevent the development of decubitus
ulcers. Indwelling urinary catheterization, followed by
intermittent clean catheterization, should be used to
prevent the development of urinary stasis and subse-
quent infection. Aggressive pulmonary toilet, including
bronchoscopy, should be used to prevent the develop-
ment of pulmonary infections, especially in patients
with intercostal or diaphragmatic muscle paralysis.

Chest

Most life-threatening chest injuries can be managed
expectantly, or by tube thoracostomy inserted via the fifth
intercostal space in the midaxillary line (Table 14-13).
Indications for resuscitative thoracotomy are limited
to patients with physical or electrocardiographic signs

Early Assessment and Management of Chest Injuries in Childhood

Clinical Signs
Immediate Threats

Upper airway obstruction  Incomplete: noisy breathing
Snoring (soft tissue collapse)
Gurgling (secretions, blood)
Stridor (edema, foreign body)

Hoarseness (larnygeal fracture)

Emergency Treatment

Incomplete: clear obstruction
Jaw thrust, oral airway
Oropharyngeal suction
Foreign body retrieval
Tracheostomy and repair

Tension pneumothorax

Open pneumothorax
Massive hemothorax

Cardiac tamponade

Flail chest
Potential Threats

Pulmonary contusion
Myocardial contusion
Diaphragmatic rupture

Aortic rupture
Bronchial disruption

Esophageal disruption
Possible Threats
Simple pneumothorax
Simple hemothorax

Rib fractures
Traumatic asphyxia

Complete: rocking chest-wall motions unrelieved
by simple measures

Ipsilaterally decreased breath sounds,
contralaterally shifted trachea, hyper-resonance
to percussion

Chest-wall defect, sucking chest wound

Ipsilaterally decreased breath sounds, midline
trachea, dullness to percussion

Muffled heart tones, distended neck veins,
narrowed pulse pressure,

Focused Assessment by Sonography in Trauma
(FAST)

Paradoxical chest-wall motions, bony crepitus

Rales, rhonchi
Cardiac arrhythmias

Elevated hemidiaphragm, nasogastric tube in
hemithorax

Murmur radiating to back, widened mediastinum

Persistent large air leak, persistent pneumothorax
despite thoracostomy

Food or saliva draining from thoracostomy,
pneumomediastinum

Ipsilaterally decreased breath sounds, midline
trachea, hyper-resonance to percussion

Ipsilaterally decreased breath sounds, midline
trachea, dullness to percussion

Bony crepitus
Multiple petechiae of head and neck

Complete: needle or surgical cricothyroidotomy

Needle decompression without waiting for
chest radiograph followed by urgent tube
thoracostomy

Occlusive dressing followed by urgent tube
thoracostomy

Volume resuscitation together with urgent tube
thoracostomy

Pericardiocentesis followed by urgent operative
repair

Endotracheal intubation for respiratory failure

Supplemental oxygen
Monitoring, antiarrhythmics
Urgent operative repair

Urgent operative repair
Urgent operative repair

Urgent operative repair

Urgent tube thoracostomy
Urgent tube thoracostomy

Analgesics
Supportive and expectant
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of life in the field or emergency department after pen-
etrating chest trauma. The universally dismal results
preclude its use in blunt chest or abdominal trauma, !2°
even though cardiopulmonary resuscitation by itself is
associated with a 23.5% survival rate.!'?! Emergency
thoracotomy is reserved for injured patients with mas-
sive hemothorax (20 mL/kg) and ongoing hemorrhage
(2 to 4 mL/kg/hr), massive air leak, and food or sali-
vary drainage from the chest tube. Severe pulmonary
contusions, if complicated by aspiration, overhydra-
tion, or infection, can predispose the patient to devel-
opment of acute respiratory distress syndrome (ARDS)
or post-traumatic pulmonary insufficiency. These
complications require aggressive ventilatory support
and, occasionally, extracorporeal membrane oxygen-
ation. Traumatic asphyxia, characterized by facial and
conjunctival petechiae, requires no specific treatment
but serves to indicate the considerable severity of the
impacting force.

Critical care of the respiratory insufficiency that
accompanies severe chest injury also is expectant. To
avoid both oxygen toxicity and resorption atelectasis,
it is best to use the least amount of artificial respiratory
support necessary to maintain the Pao, at 70 to 80 mm Hg
(hence the Spo, at 90% to 100%) and the Paco, (or
the PETCO,) at 35 to 45 mm Hg. Continuous positive
airway pressure (CPAP) or positive end-expiratory
pressure (PEEP) should be used for maintenance of
functional residual capacity whenever the F10, exceeds
40%, but adverse effects on the circulation should be
avoided. Peak inspiratory pressure should be kept
below 20 to 25 cm H,O whenever positive-pressure
ventilation is required, especially if pneumothoraces,
or fresh bronchial or pulmonary suture lines, are pres-
ent. Pulmonary contusions uncomplicated by aspira-
tion, overhydration, or infection can be expected to
resolve in 7 to 10 days. Thus, the judicious use of
pulmonary toilet, crystalloid fluid, loop diuretics, and
therapeutic (not prophylactic) antibiotics to preclude
the development of ARDS or post-traumatic pulmo-
nary insufficiency is required.

Abdomen

Immediate management of intra-abdominal and geni-
tourinary injuries in children is chiefly nonopera-
tive, although not necessarily nonsurgical, as mature
surgical judgment is needed to determine whether,
or when, operation is needed. Bleeding from renal,
splenic, and hepatic injuries is mostly self-limited
and resolves spontaneously in most cases, unless
the patient is in hypotensive shock or the transfu-
sion requirement exceeds 40 mL/kg of body weight
(half the circulating blood volume) within 24 hours
of injury.®>-¢7 Laparotomy for management of renal,
pancreatic, gastrointestinal, and genitourinary injuries
is performed as indicated, including damage-control
methods for patients in extremis and staged closure
for patients with abdominal compartment syndrome
(Table 14-14).122 A pancreatic pseudocyst is heralded
by the development of a tender epigastric mass 3 to
5 days after upper abdominal trauma and is likely to
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Indications for Early Operation in
Abdominal Trauma in Childhood

Blunt

Hemodynamic instability despite adequate volume
resuscitation

Transfusion requirement >50% of estimated blood volume
Physical signs of peritonitis

Endoscopic evidence of rectal tear

Radiologic evidence of intraperitoneal or retroperitoneal gas
Radiologic evidence of gastrointestinal perforation
Radiologic evidence of renovascular pedicle injury
Radiologic evidence of pancreatic transection

Bile, bacteria, stool, or >500 WBC/mm3 on peritoneal lavage

Penetrating

All gunshot wounds

All stab wounds associated with evisceration; blood in
stomach, urine, or rectum; physical signs of shock or
peritonitis; radiologic evidence of intraperitoneal or
retroperitoneal gas

All suspected thoracoabdominal injuries (unless excluded by
thoracoscopy or laparoscopy)

Bile, bacteria, stool, or >500 WBC/mm3 on peritoneal lavage
WBCs, white blood cells.

respond to nonoperative management composed of
4 to 6 weeks of bowel rest and total parenteral nutri-
tion. However, the presence of a high-grade pancreatic
injury on CT of the abdomen suggests that nonopera-
tive management may fail and that either an internal
drainage procedure or, in selected cases, endoscopic
retrograde cholangiopancreatography with pancreatic
ductal stenting, may ultimately be required.!23-125

Skeleton

Because fractures of the long bones are rarely life
threatening unless associated with major bleeding
(bilateral femur fractures, unstable pelvic fractures),
the general care of the injured patient takes precedence
over orthopedic care. At the same time, early stabili-
zation will serve both to decrease patient discomfort
and to limit the amount of hemorrhage. Closed treat-
ment predominates for fractures of the clavicle, upper
extremity, tibia, and femur (infants and preschoolers),
although fractures of the femur increasingly involve
the use of external fixation and intramedullary rods
(school-age children and adolescents). Operative treat-
ment is required for open fractures, displaced supra-
condylar fractures (because of their association with
ischemic vascular injury), and major or displaced phy-
seal fractures (which must be reduced anatomically).
Owing to the ability of most long-bone fractures to
remodel, reductions need not be perfectly anatomic.
However, remodeling is limited in torus and greenstick
fractures as the hyperemia typical of complete frac-
tures is unlikely to occur.

Critical care of skeletal injuries consists of careful
immobilization, with emphasis on the avoidance of
immobilization-related complications (e.g., friction
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burns and bed sores) through the use of supportive
and assistive devices (e.g., egg-crate or similar mat-
tresses and a trapeze to permit limited freedom of
movement). Fracture-associated arterial insufficiency
is recognized by the presence of a pulse deficit on serial
observation. Detection of compartment syndrome may
require measurement of compartment pressure, which
mandates fasciotomy when greater than 40 cm H,O.
Traumatic fat embolism, after long-bone fracture, and
rhabdomyolysis, after severe crush injury, are rare but
require aggressive respiratory support and crystalloid
diuresis. Early rehabilitation is vital to optimal recov-
ery and mandates routine physiatric consultation on
admission.

Physical Support

The care of children with major traumatic injury also
involves assessment and treatment of somatic pain,
for quantification of which two scales have now been
validated, although neither correlates with injury
severity.12¢ In patients who are not eating, nutritional
support and anti-acid therapies with both topical and
systemic agents to avoid gastric stress ulcer bleeding are
recommended.'?” In children with hematomas of the
liver, spleen, or pelvis, low-grade fever may develop
as these are resorbed, but high spiking fevers should
prompt investigation for a source such as infected
hematomas, effusions, or pelvic osteomyelitis. In chil-
dren with large retroperitoneal hematomas, hyper-
tension may develop on rare occasions, presumably
owing to pressure on the renal vessels. The temporary
use of antihypertensive agents may be required, but
the hematomas usually resolve without the need for
surgical decompression. Children with chest tubes or
long-term indwelling urinary catheters are at risk for
systemic infection and should receive prophylactic or
suppressive antibiotics as long as the tube is required.

Emotional Support

Efforts must be made to attend to the emotional needs
of the child and family, especially for those families
facing the death of a child or a sibling.'?® In addition
to the loss of control over their child’s destiny, parents
of seriously injured children also may feel enormous
guilt, whether or not these feelings are warranted. The
responsible surgeon should attempt to create as nor-
mal an environment as possible for the child and allow
the parents to participate meaningfully in postinjury
care. In so doing, treatment interventions will be facil-
itated as the child perceives that parents and staff are
working together to ensure an optimal recovery.

SPECIAL CONSIDERATIONS
Child Abuse

Child abuse is the underlying cause of 3% of major
traumatic injuries in childhood.!® A detailed review of
the mechanisms, patterns, presentations, and findings

of physical abuse is beyond the scope of this chapter,
but child abuse may be suspected when (1) an unex-
plained delay occurs in obtaining treatment, although
this occasionally occurs with unintentional injury as
well, (2) the history is vague or otherwise incompatible
with the observed physical findings, (3) the caretaker
blames siblings or playmates or other third parties, or
(4) the caretaker protects other adults rather than the
child.129130 Although the recognition and sociomedi-
colegal management of suspected cases of child abuse
require a special approach, assessment and medical
treatment of physical injuries is no different from that
for any other mechanism of injury. Most important,
confrontation and accusation hinder treatment and
rehabilitation and have no place in the surgical manage-
ment of any pediatric patient, regardless of the nature
of the injury (although reports of suspected child abuse
must be filed with local child protective services in every
state and territory).

Penetrating Injuries

Early involvement of social services, psychiatric sup-
port, pastoral care, and responsible law enforcement
and child protective agencies is mandatory, especially
in cases of nonaccidental injury for which the initial
history is rarely accurate and the potential for recidi-
vism is significant. All penetrating wounds are con-
taminated and must be treated as infected. Accessible
missile fragments should be removed (once swelling
has subsided) to prevent the development of lead poi-
soning (especially those in contact with bone or joint
fluid).!3! Thoracotomy is usually not required except
for massive hemothorax (20 mL/kg) or ongoing hem-
orrhage (2 to 4 mL/kg/hr) from the chest tube, per-
sistent massive air leak, or food or salivary drainage
from the chest tube. Laparotomy is always required
for gunshot wounds as well as stab wounds associated
with hemorrhagic shock, peritonitis, or evisceration.
Thoracoabdominal injury should be suspected when-
ever the torso is penetrated between the nipple line
and the costal margin, if peritoneal irritation develops
after thoracic penetration, if food or chyle is recovered
from the chest tube, or if injury-trajectory or imaging
studies suggest the possibility of diaphragmatic pen-
etration. Tube thoracostomy, followed by laparotomy
or laparoscopy for repair of the diaphragm and/or
damaged organs, is mandated with such signs.!3?

Systems Issues

Pediatric patients, at high risk of death from multiple
and severe injuries, are best served by a fully inclusive
trauma system (each component of which experienced
in pediatric care) that incorporates all appropriate
health care facilities and personnel to the level of their
resources and capabilities.!?3134 Moreover, collabora-
tion with local public health agencies (in programs for
injury prevention and control), as well as local pub-
lic health, public safety, and emergency-management
agencies (in regional disaster-planning efforts) is nec-
essary.!33134 Although the regional trauma center is at
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the hub of the system (and ideally also is the regional
pediatric trauma center), area trauma centers may be
needed in localities distant from the regional trauma
center. All trauma centers, whether adult or pediatric,
must be capable of the initial surgical management of
pediatric trauma. This requires the immediate avail-
ability of a resuscitation team trained and creden-
tialed for the management of pediatric trauma. All
other hospitals in the region should participate as they
are able but must be fully capable of initial resusci-
tation, stabilization, and transfer of pediatric trauma
patients. Finally, a regional trauma advisory commit-
tee should include pediatric representation that has
the authority to develop and implement guidelines for
triage of pediatric trauma within the system to verified
pediatric-capable trauma centers, since participation in
the trauma center verification process has been shown
to result in better survival outcomes.!?>13¢ Mature
systems should expect that seriously injured pediatric
patients will be preferentially transported to pediatric
trauma centers.!3”

Transport Issues

Pediatric victims of multisystem trauma should
undergo direct primary transport from the injury
scene to a pediatric-capable trauma center.?’-44 If this
is not possible, additional secondary transport from
the initial trauma receiving hospital to the pediatric
trauma center is needed. Transport providers must
be capable of critical pediatric assessment and moni-
toring and skilled in the techniques of endotracheal
intubation and vascular access, as well as drug and
fluid administration in children.!3813% Specialized
pediatric-transport teams, staffed by physicians and
nurses with advanced training in pediatric trauma
and critical care treatment and transport, should
be used whenever possible because complications
related to endotracheal intubation and vascular
access are the leading causes of adverse events dur-
ing transport. These adverse events occur at twice the
rate of those in the pediatric intensive care unit and
10 times more frequently when specialized teams are
not used. 40141

Hospital Preparedness

Regional pediatric trauma centers should be located
in trauma hospitals with comprehensive pediatric
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services (e.g., a full-service general, university, or
children’s hospital) that demonstrates an institutional
commitment to pediatric trauma care, including
child abuse.?7-3¢:133 Adult trauma centers can achieve
results comparable to those of pediatric trauma cen-
ters if pediatric subspecialty support (pediatric emer-
gency and critical care medicine) is available.37-44.133
Finally, an organized pediatric trauma service must
be available within the regional pediatric trauma
center that, in addition to exemplary patient care,
supports education and research in pediatric trauma
and provides leadership in pediatric trauma system
coordination.

Emergency Preparedness

Recent literature describing pediatric disaster man-
agement has focused on multiple casualty incidents
involving children that resulted from motorized trans-
port crashes, natural disasters, and terrorist incidents,
underscoring the need for meaningful involvement of
pediatric trauma surgeons and pediatric trauma hos-
pitals in regional disaster-planning efforts for pediatric
patients. Airplane crashes predominantly cause severe
traumatic brain injuries, severe intrathoracic hem-
orrhage, and femur fractures, whereas bus crashes
predominantly cause closed-head injuries, soft tissue
damage, and superficial lacerations.!42143 Injuries sus-
tained during major hurricanes appear to result chiefly
in open wounds, gastroenteritis, skin infections, and,
to a lesser extent, hydrocarbon and bleach ingestions,
whereas those from earthquakes appear to result
chiefly in orthopedic and soft tissue injuries as well
as burns.!44-146 Building collapses after massive bomb
explosions are associated with high fatality rates (due
chiefly to lethal head and torso injuries, as well as trau-
matic amputations).!4” In the aftermath of the April
19, 1995, bombing of the Murrah Federal Building
in Oklahoma City, Oklahoma, and the September 11,
2001, suicide airliner attacks on the World Trade Cen-
ter in New York and the Pentagon near Washington,
DC, thoughtful approaches to pediatric disaster plan-
ning as well as dissemination of policy guidelines from
key professional organizations and experts in pediatric
emergency and disaster medicine have evolved.!48-156
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T horacic trauma is an important cause of morbidity
and mortality in children. Although it accounts
for a small minority of pediatric trauma injuries
(4%-25%), it is associated with a 20-fold increase
in mortality when compared with pediatric trauma
patients without thoracic trauma.!"'© Moreover,
the mortality rate of head and abdominal trauma in
association with thoracic trauma in children increases
to 25%. Children with neurosurgical trauma, thoracic
trauma, and abdominal trauma may have a mortality
rate that approaches 40%. Isolated thoracic trauma in a
childisassociated with a mortality rate of approximately
5%, which is largely due to penetrating trauma.!

Epidemiologic studies have reported a twofold to
threefold higher incidence of thoracic trauma in boys
as compared with girls.?-!> Most injuries (80%-95%)
are the result of blunt trauma, typically resulting from a
traffic accident in which the child involved is a passen-
ger or pedestrian.?1% Not surprisingly, many children
will have involvement of other organ systems with a
high Injury Severity Score (ISS). When penetrating
trauma does occur, older children and adolescents are
more likely to be the victims. This is associated with a
higher mortality rate.’

Contusion or laceration of the pulmonary paren-
chyma is the most common injury and may be
associated with rib fractures and pneumothorax or
hemothorax. Injuries to other organs such as the tra-
cheobronchial tree (<1%), esophagus (<1%), aorta
(<1%), diaphragm (4%), and heart (6%) are uncom-
mon but not insignificant.12

ANATOMY AND PHYSIOLOGY

Children have unique anatomic and physiologic prop-
erties that are salient to the diagnosis and management
of thoracic trauma. As in any trauma patient, sequen-
tial management of the airway, breathing, and circu-
lation is of primary importance. The pediatric airway
may be complicated by numerous factors. The head of
an infant is proportionally much larger than that of an
adult, thus predisposing to neck flexion and occlusion
of the airway in the supine position. The larger tongue
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and soft palate, as well as the more anterior glottis,
can make the airway difficult to visualize. The child’s
trachea is shorter relative to body size, narrower, and
more easily compressed compared with the adult. The
subglottic region is the narrowest part of the airway in
children. Because of its small cross-sectional diameter,
the pediatric airway is more susceptible to plugging
with mucus and to small amounts of airway edema.

With regard to breathing, the chest wall is more
compliant in children, with less muscle mass for soft
tissue protection. This allows a greater transmission of
energy to underlying organs when injury occurs. The
thinner chest wall also allows for easier transmission of
breath sounds, which may obscure the diagnosis of a
hemothorax or pneumothorax. Children are also at an
increased risk for hypoxia owing to their higher oxygen
consumption per unit body mass and their lower func-
tional residual capacity to total lung volume ratio.

When assessing circulation, it is important to note that
the mediastinum is more mobile than in older patients,
and this is particularly true in young children. Unilateral
changes in thoracic pressure, such as with a pneumo-
thorax, can lead to a tension pneumothorax. This can
shift the mediastinum to the extent that venous return is
markedly reduced. The pathophysiologic effect is similar
to hypovolemic shock. This response is more pronounced
than is typically seen in an adult.

Children compensate for a decrease in cardiac output
byincreasing their heartrate. In the infant, improvement
in stroke volume provides little in the way of compen-
sation in the hypotensive child. Pediatric patients also
have a higher body surface area to weight ratio than the
adult, which predisposes them to hypothermia. This, in
turn, may complicate the assessment of perfusion.

SPECIFIC INJURIES AND
MANAGEMENT

Thoracic injuries in children can be categorized by
location:
I. Chest Wall

a. Flail chest

b. Open pneumothorax



c. Rib fracture
d. Traumatic asphyxia
II. Pleural Cavity/Pulmonary Parenchyma
a. Tension pneumothorax
b. Hemothorax
¢. Simple pneumothorax
d. Pulmonary contusion/laceration
e. Diaphragmatic injury
III. Mediastinum
Pericardial tamponade
Aortic/great vessel injury
Tracheobronchial injury
Cardiac contusion
Esophageal injury

Panoe

Chest Wall
Rib Fractures

Young children have a compliant thorax and begin
to resemble adults around 8 to 10 years of age. As a
consequence, rib fractures are relatively uncommon in
young children and occur more frequently in adoles-
cents. Rib fractures are often suspected with physical
examination and are identified on a chest radiograph
(CXR) during the initial assessment. By themselves,
rib fractures are infrequently a cause of major morbid-
ity or mortality, but they are indicators of significant
energy transfer.1® If a rib fracture is found in a child
younger than 3 years of age, child abuse should be
considered.!”-'® Bone scans and bone surveys are use-
ful in diagnosing remote fractures of the bony thorax
in abused children, and follow-up studies improve
identification of these injuries.!” In older children, rib
fractures should draw attention to the risk of an asso-
ciated underlying injury. Fractures and dislocations
of the bony thorax and joints may cause significant
long-term pain. In addition to pneumothorax and
hemothorax, children with first rib fractures may
have fractures of the clavicle, central nervous system
injury, facial fractures, pelvic fractures, extremity inju-
ries, and major vascular trauma.?%2! When children
present with multiple rib fractures, mortality has been
reported to be as high as 42%.2! A careful survey of
the child must be performed to look for significant
injuries in other regions of the body.

The management of rib fractures is typically sup-
portive. Good pain relief will prevent atelectasis and
pneumonia. Because rib fractures can be associated
with a hemothorax or pneumothorax, immediate
drainage of fluid and blood collections or air with a
tube thoracostomy is appropriate.

Flail Chest

Because of the increased pliability of the chest wall,
multiple rib fractures in series (flail chest) are not com-
monly seen in younger children.22 However, when flail
chest does occur, respiratory effort can be depressed
with a paradoxical motion of the flail segment. The
large force required to produce this injury invari-
ably results in injury to the underlying lung, which
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contributes to the respiratory compromise. Treatment
of the pediatric flail chest includes good pain relief,
adjusted to avoid respiratory depression. Nonsteroidal
anti-inflammatory medications are useful to treat the
pain from rib fractures after the acute phase. Occa-
sionally, positive-pressure ventilation may be required
in children with a flail chest and respiratory insuffi-
ciency. In the case of a severe flail chest there is some
evidence to suggest that operative fracture stabilization
of a flail chest will decrease morbidity and improve
outcome in selected cases.??

Open Pneumothorax

Open pneumothorax (sucking chest wound) occurs
when there is a gaping defect in the chest wall typi-
cally caused by blast injury, severe avulsion injuries,
or impalement (Fig. 15-1). This is not commonly seen
in children but may be acutely life threatening when
present. The negative pressure in the pleural cavity
sucks air into the thorax. Air trapping results in col-
lapse of the ipsilateral lung and mediastinal shift as
with a tension pneumothorax. Treatment requires
placement of an occlusive dressing to prevent further
air from entering the chest cavity as well as chest tube
insertion to drain any hemo/pneumothorax that may
have accumulated.

Traumatic Asphyxia

Traumatic asphyxia is typically caused by a large
compressive force on the chest combined with deep
inspiration against a closed glottis (Valsalva maneu-
ver). The increased thoracic pressure compresses the
right atrium, precluding blood return from the supe-
rior vena cava, and resulting in rupture of venules
and capillaries of the face and head.?* Patients will
exhibit conjunctival hemorrhages, facial swelling, and
petechial hemorrhages on the face and upper chest.
Although severe cases may result in loss of vision or

Figure 15-1. Open pneumothorax (sucking chest wound) in a
child who was impaled by a door handle along his right lateral
chest wall.
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other permanent neurologic sequelae, the morbidity
and mortality associated with traumatic asphyxia is
generally related to associated injuries. The majority
of children who survive exhibit good outcomes.?°2¢

Pleural Cavity and Pulmonary
Parenchyma

Pneumothorax—Pulmonary Lacerations

Pneumothorax may occur with penetrating injury to
the chest wall or air leak into the pleural space from a
pulmonary laceration or disruption of the airway more
proximally. It is a relatively common finding in children
with blunt and penetrating thoracic trauma. An air
leak from the injury may dissect under the pleura to
cause pneumomediastinum and subcutaneous emphy-
sema. A simple pneumothorax is often asymptomatic
because the lack of increased intrathoracic pressure
limits the recognition of symptoms. For this reason,
a screening CXR is an important component of the
evaluation of pediatric thoracic injury. Air within the
pleural cavity can layer anteriorly, posteriorly, or in
the subpulmonic space, and a simple pneumothorax
can be easily missed on chest film but can be identified
on a subsequent computed tomographic (CT) scan.??
However, a recent study analyzing the utility of CT
scan as a screening modality to replace initial CXR
concluded that although a CT scan is highly sensitive,
it should not be used as a primary imaging tool given
its cost and the acceptable sensitivity of routine CXR.?®
Ultrasonography is another diagnostic modality that
has been shown to be nearly as sensitive as CT in
determining the presence of an occult pneumothorax
and has gained wide acceptance as a screening tool for
traumatic pneumothorax.2°30

The need for intervention in the presence of a simple
pneumothorax will depend on the degree of pneumo-
thorax and the patient’s clinical condition (Fig. 15-2).
Some authors have suggested that if the volume of

the pneumothorax is greater than 20% of the pleural
space, then drainage is indicated.?! Although insertion
of a chest tube can be considered appropriate in almost
every circumstance of traumatic pneumothorax, there
are alternatives to conventional chest tubes, such as
pigtail catheters.?? Additionally, there may be a ben-
efit in treating with supplemental oxygen alone. The
rationale for this therapy is that atmospheric gas (78%
nitrogen) comprises the majority of the entrapped air
collection. If the nitrogen level in the blood is “washed
out” by increased inspired oxygen, a nitrogen gradi-
ent will be created that will cause accelerated absorp-
tion of the air collection. Oxygen can be delivered by
way of nasal cannula, a hood, or a mask. Treatment
with supplemental oxygen is usually only required for
24 to 48 hours.

In contrast, tension pneumothorax is a life-
threatening condition that requires expeditious
decompression of the involved hemithorax. A tension
pneumothorax likely causes symptoms due initially to
hypoxemia3? and later to increased intrapleural pres-
sure with subsequent decreased venous return and
cardiovascular collapse. If the clinician suspects a ten-
sion pneumothorax in a patient with appropriate signs
and symptoms, it is reasonable to proceed with needle
decompression of the pneumothorax without waiting
for a CXR to confirm the clinical suspicion. If rapid
drainage of intrapleural air cannot be accomplished
with a needle, insertion of a pigtail catheter or a chest
tube should be performed. A tension pneumothorax
treated initially with needle decompression will usu-
ally require placement of a chest tube due to the con-
tinuing collection of air under pressure in the involved
hemithorax. If one or both lungs have been under
compression due to a prolonged tension pneumotho-
rax, re-expansion pulmonary edema can occur.>*

Systemic air embolism can occur with any pulmonary
parenchymal injury and increased intrabronchial
pressure, creating a bronchopulmonary venous fis-
tula.?® This is most often seen when positive-pressure

Figure 15-2. This 7-year-old was involved in a motor vehicle accident. The patient was not wearing restraints at the time of injury and
had multiple other injuries. A, Multiple rib fractures and pneumothorax with collapsed right lung (arrows) are seen. B, A chest tube has
been placed for initial management. C, Several days later there has been complete re-expansion of the lung and resolution of the right

lower lobe pulmonary contusion.



ventilation is required to support the injured patient.
Sudden neurologic findings or cardiovascular decom-
pensation may be the initial sign that air has embolized
to the coronary or cerebral vessels. If this complication
is recognized, steps should be taken to prevent further
air embolism. If possible, the removal of the intravascu-
lar air should be considered. Treatment options include
tube thoracostomy, but more often an emergency tho-
racotomy will provide immediate reversal of the physi-
ology promoting air embolism. The hilum of the lung
should be occluded to prevent further escape of air into
the venous system, and operative control of the bron-
chial-venous interface should be obtained. The mortal-
ity associated with this complication is high.

Hemothorax

Hemothorax can result from blunt or penetrating injury
to any of the intrathoracic vessels, the chest wall ves-
sels, the pleura, or the pulmonary parenchyma. Occa-
sionally, a rib fracture may lacerate intercostal blood
vessels or the lung. Rarely, the aorta or vena cava may
be injured by pressure or shearing. Blood in the thorax
may be asymptomatic unless the volume of blood is
large. Smaller volumes may be more easily detected
on CT scan, which also allows for measurement of
Hounsfield density to aid in the diagnosis.>® Each
hemithorax can hold approximately 40% of a child’s
blood volume.?” It is difficult to estimate the amount
of blood loss on a CXR. Prompt chest tube placement
allows for evacuation of blood from the pleural space
and re-expansion of the lung. It also allows the sur-
geon to assess the volume of blood lost and whether
the blood loss is ongoing.

There are instances in which an operation may
be needed to stop ongoing intrathoracic blood loss.
The immediate blood loss after tube thoracostomy
of 15 mL/kg or ongoing losses of 2 to 3 mL/kg/hr for
3 or more hours are indicators for thoracic explora-
tion in children to control bleeding.?®3 If undrained,
the hemothorax can become organized with the clot
eventually replaced by a fibrothorax that can cause a
restrictive lung defect. This predisposes to atelectasis,
ventilation-perfusion mismatching, and pneumonia.

Residual blood is an excellent culture medium.
Empyema and sepsis can result from infection of an
undrained hemothorax. Tube thoracostomy may not
adequately evacuate an organizing post-traumatic
hemothorax in up to 12% of patients.*? In this
situation, thoracoscopy is indicated to evacuate the
residual clot. Patients who undergo earlier thora-
coscopy may experience less morbidity according to
some authors.*4>2 However, there are also data to
suggest that thrombolytic therapy with streptokinase
or urokinase is equally effective at treating a retained
hemothorax.40

Chylothorax

Chylothorax caused by injury to thoracic lymphatic
channels is an uncommon complication of thoracic
trauma. Chylothorax usually becomes evident 3 to
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7 days after injury. The diagnosis is made by obtain-
ing a sample of the pleural fluid and identifying the
lymphatic and lipid content. Treatment includes
tube thoracostomy and either enteral feedings with
medium-chain triglycerides or parenteral nutrition.

Pulmonary Contusion

One of the most common thoracic injuries in children
is a pulmonary contusion, which can occur with blunt
or penetrating trauma.! The flexible chest wall of the
child allows contusion of the lung without rib fracture,
resulting in areas of lung consolidation and chest wall
contusion. Microscopically, pulmonary contusions
show alveolar hemorrhage, consolidation, and edema.
The presence of a pulmonary contusion contributes to
decreased pulmonary compliance, hypoxia, hypoven-
tilation, and a ventilation-perfusion mismatch. A CXR
taken during the initial assessment may demonstrate a
pulmonary contusion. However, because this is invari-
ably a supine film, it is sometimes difficult to differ-
entiate fluid/blood in the pleural space from a lung
contusion. To this end, a chest CT scan can show areas
of pulmonary contusion not appreciated on the radio-
graph and can differentiate a parenchymal process
(contusion) from free fluid.*> When a contusion is
seen on CXR, however, these children typically have
a larger volume of lung that has been injured with a
higher degree of impaired oxygenation.* Also, a sig-
nificant percentage will require ventilatory support.4
When a pulmonary contusion is seen only on CT, the
morbidity of the injured child does not appear to be
affected when compared with children with normal
CT findings.#> The overall injury severity, associated
injuries, and outcomes in these patients are similar
to those seen in adults.*> Treatment includes appro-
priate fluid resuscitation, supplemental oxygen, pain
management, and strategies to prevent atelectasis and
pneumonia.

A significant percentage of patients may develop
pneumonia or the acute respiratory distress syndrome
(ARDS) after pulmonary contusion.!? In an occasional
patient, the pulmonary contusion may cause life-
threatening hypoxia that cannot be supported with
conventional ventilation, including high-frequency
oscillation. Extracorporeal life support has been used in
extreme circumstances to support patients with severe
pulmonary contusions or ARDS.4¢ Children with pul-
monary contusions may have prolonged changes in
respiratory function and radiographic abnormalities.
These changes may persist for an extended period of
time after resolution of the symptoms.*’” However,
these children do not appear to suffer from any signifi-
cant long-term sequelae.!®

Diaphragmatic Injuries

Blunt diaphragmatic rupture is an uncommon occur-
rence. The left diaphragm is involved more often
because of the protective effect of the right lobe of the
liver. There have been occasional reports of bilateral
injury (Fig. 15-3).484% The frequency of associated
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Figure 15-3. Bilateral diaphragmatic rupture after blunt abdomi-
nal trauma. The hemostats have been placed on the lower rim of the
diaphragmatic rupture.

injuries, especially liver and spleen injuries, is very
high.%® Blunt injury to the diaphragm may have sev-
eral manifestations. Children may have chest pain
that radiates to the shoulder, shortness of breath, or
abdominal pain. On physical examination, breath
sounds may be diminished on the ipsilateral side and
bowel sounds may be heard.>®

On radiographic imaging, an abnormal diaphragm
contour, a high-riding diaphragm, or a questionable
overlap of abdominal visceral shadows may indicate
injury. Visceral herniation or the abnormal placement
of a nasogastric tube into the hemithorax should be
considered diagnostic. Many diaphragmatic ruptures
are not identified in the first few days after injury and
may not be detected for a considerable period of time.>!
CXR findings may be obscured by associated contusion
or atelectasis in the lung bases. In patients requiring
intubation, herniation of abdominal viscera through
the injury may not occur until after the patient is off
positive-pressure ventilation.>? CT has been used to
establish this diagnosis, but the CT may appear nor-
mal in some patients. A heightened awareness of this
injury should be present to avoid the late complica-
tions of visceral herniation or bowel complications.
Repair of an acute diaphragmatic rupture is often best
accomplished using an abdominal approach (see Fig.
15-3). If a late diagnosis of a diaphragmatic injury is
made, a thoracic approach for repair is often consid-
ered to avoid the scarring and adhesions that might
have formed.

When penetrating trauma is sustained below the
nipple line, consideration should be given to the pres-
ence of a diaphragmatic injury. Imaging evaluation is
unreliable in this setting. Therefore after determining
whether other life-threatening injuries to the heart,
lung, liver, spleen, or gastrointestinal tract exists, con-
sideration should be given for operative exploration
and repair.>? If exploration is undertaken, laparoscopy,
thoracoscopy, thoracotomy, or laparotomy have all
been used with success.

Mediastinum
Airway Injury

Injuries to the tracheobronchial tree are infrequent in
children. Airway disruption may occur with penetrat-
ing injury or with blunt injury such as high-energy
acceleration or deceleration. Up to three fourths of these
injuries are noted within 2 cm of the carina and almost
half occur within the first 2 cm of the right main-stem
bronchus.>®> Most patients with tracheal injuries have
mediastinal air on CXR, although more distal injuries
may rupture into the pleural space and present as a
tension pneumothorax. Other findings associated with
a major airway injury include a persistent large air
leak from a chest tube, mediastinal air, cervical subcu-
taneous emphysema without pneumothorax, or florid
respiratory compromise. Rarely, complete transection
of a distal main-stem bronchus will appear on CXR with
total lung collapse and mediastinal displacement.>*
Persistent pneumomediastinum and pneumothoraces
on CXR after adequate tube thoracostomy should alert
the clinician to consider an injury to the tracheobron-
chial tree (Fig. 15-4).

Once recognized, these injuries require prompt
diagnosis and treatment. Pleural air or fluid collections
should be drained until an accurate diagnosis of the
airway injury is made. Mechanical ventilation may be
necessary because of respiratory failure in this setting.
Fiberoptic bronchoscopy allows for evaluation of the

Figure 15-4. Chest radiograph of a 2-year-old patient who was
run over by an automobile. Note the persistent large right pneu-
mothorax despite the adequate placement of a chest tube. This
patient was found to have a complete disruption of the right main-
stem bronchus at the orifice of the right upper lobe bronchus



airway and may improve the probability of success-
ful intubation. Many airway injuries are diagnosed
by rigid or flexible bronchoscopy. Chest CT with a
multiple-array scanner may have a role in visualizing
tracheal or bronchial injuries especially if three-
dimensional reconstructions of the airway are used
(virtual bronchoscopy) (Fig. 15-5).5%%¢

A delay in diagnosis, however, is not uncommon
in children. A retrospective review found that 75%
of cases with a delayed diagnosis of tracheobronchial
injury occurred in children younger than the age of
15.57 This was thought to be related to the probability
that incomplete tears in children cause minimal symp-
toms and the possibility that children involved in a
severe accident with the loss of a family member may
be reluctant to express physical complaints.

In general, when a tracheobronchial injury is identi-
fied, surgical repair is indicated. Repair may be delayed
if the symptoms can be managed without morbidity.
Repair of some bronchial injuries can be successful
even a year after injury.>®> Occasionally, more distal
bronchial injuries may heal with nonoperative man-
agement.>® Distal bronchial injuries, both acute and
chronic, are generally well managed by pulmonary
resection, whereas more proximal airway trauma is
best treated by surgical repair. Nonoperative man-
agement of a tracheobronchial injury may result in a
high incidence of airway stenosis. When the diagnosis
of a tracheobronchial injury is substantially delayed,
scarring may obliterate the airway lumen and cause
chronic collapse of the lung segment or lobe. The
degree of injury may also play a role in determining
whether a repair, as opposed to a resection, is needed.
Complete transections are commonly associated with
an obliterated distal bronchus, which may spare the
pulmonary parenchyma from infection, thus making
repair possible. Incomplete tears, on the other hand,

Figure 15-5. CT scan of the chest in a child who sustained
penetrating trauma. This image was taken from the upper
thoracic region. Note the air in the subcutaneous tissue and
mediastinum. This child was found to have a tracheal and an
esophageal injury.
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form granulation tissue and scar that result in a patent,
but narrowed lumen, predisposing the supplied lung to
recurrent infection and retained secretions. This usu-
ally necessitates future resection. Three-dimensional
reconstructions of the trachea and bronchi, taken
from spiral CT images, have been found to be useful
in planning surgical treatment. If the esophagus and
the airway are injured near one another, a traumatic
tracheoesophageal fistula can occur.>®

Heart and Great Vessel Injuries

Injuries to the heart and great vessels of the thorax are
rare in young children. The National Trauma Data Bank
reports the incidence of blunt aortic injury to be 0.1%
with a mortality rate of over 40%.%° Traumatic tho-
racic aortic disruptions can occur in children as young
as 4 years of age.®1-°2 However, these injuries are more
likely in the older child. Eighty percent of children
who sustain a thoracic aortic tear will have significant
associated injuries to the lung, heart, skeletal system,
abdominal organs, or central nervous system.®> Only
one half of these patients will have external evidence
of thoracic injury. Most aortic injuries in children are
related to falls or motor vehicle collisions, especially
when children are unrestrained.

The diagnosis of an aortic injury in a child can be
difficult. Findings on a chest film may include a left
apical cap, pulmonary contusion, mediastinal wid-
ening, a shift of the trachea to the right, downward
depression of the left main-stem bronchus, and an
indistinct aorta (Fig. 15-6A).62 However, none of these
findings is specific enough to make the diagnosis of
aortic injury. A normal CXR, however, is highly pre-
dictive for the absence of an aortic injury.®* A CT scan
may reveal a mediastinal hematoma or an actual aor-
tic injury. Transesophageal echocardiography has also
been usetful for diagnosing an aortic injury.®> Whereas
thoracic CT and transesophageal echocardiography
can diagnose aortic injuries, aortic angiography gives
excellent anatomic detail (see Fig. 15-6B). The most
common finding with a traumatic aortic injury is a
pseudoaneurysm located at the proximal descending
aorta. This is thought to occur secondary to tethering
of the aorta by the ligamentum arteriosum at the time
of injury, resulting in a tear in the aortic intima and
media.®¢

There is no large collective study of children with
aortic injuries. However, of those who survive until
diagnosis, more than 70% will live to discharge.®2¢3
Spinal cord ischemia is a complication with thoracic
aortic injury and may be associated with preoperative
cardiovascular instability.%” Although urgent opera-
tive repair is thought to be the best treatment in most
patients, recent experience has demonstrated the abil-
ity to delay operative intervention by using p-adren-
ergic blockers while other injuries are managed.®!.67.68
Several pediatric patients have received aortic
endostents to repair an aortic injury.®8-7% Although
this experience is limited, in the future its risk-
benefit ratio may be better than that of open operative
intervention.®®
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Figure 15-6. An 8-year-old patient presented with injuries from being an unrestrained passenger in a motor vehicle accident. A, On
the chest radiograph, note the widened mediastinum and loss of definition of the aortic knob (arrow). There is also a right pneumo-
thorax that was treated with tube thoracostomy. B, An aortogram shows a pseudoaneurysm (arrow) at the location of the ligamentum
arteriosum just distal to the left subclavian artery, representing the partial transection of the descending aorta at this point.

Blunt cardiac injury such as myocardial contusion,
cardiac laceration, or cardiac rupture is rare, occur-
ring in less than 5% of children with blunt thoracic
trauma.”!72 Penetrating trauma is more often a cause
of cardiac and aortic injury in this age group. Cardiac
contusion accounts for 95% of blunt cardiac injuries
in the child, followed by valvular dysfunction and
ventricular septal defect.”? Clinical manifestations
of cardiac injury after blunt thoracic trauma include
arrhythmia, new-onset murmur, and heart failure.
These findings, however, may be absent in children,
and CXR and electrocardiographic findings are gener-
ally nonspecific.”?

The management of a cardiac contusion is sup-
portive. Children with a cardiac contusion who are
hemodynamically stable on presentation rarely have
deterioration of their cardiac rhythm. Patients should
be monitored with continuous electrocardiography and
frequent blood pressure determinations. Echocardiog-
raphy should be performed early in the evaluation of
children with a significant cardiac contusion. In patients
with a suspected cardiac contusion, serum cardiac tro-
ponin I levels may be useful to confirm the diagnosis.”?

Inotropic agents are occasionally needed to provide
cardiac support in the presence of a cardiac contusion.
Whereas blunt cardiac injury with heart rupture and
cardiac tamponade is very rare, only immediate diag-
nosis and treatment will be lifesaving, as is also true
for penetrating cardiac trauma. A delayed diagnosis
of cardiac rupture in children has been described.”+7>
Immediate ultrasonography in the emergency depart-
ment may provide the clinical information necessary
to identify this injury quickly.”® Pericardiocentesis in
this setting may provide a temporary solution while
operative intervention is organized. If urgent pericar-
diocentesis is required in a child, it should be kept in
mind that the distance from the skin to the pericardium
is significantly reduced in younger patients relative
to adults. Undercompensating or overcompensating

for chest wall thickness may lead to inadequate
decompression or iatrogenic cardiac injury. Once sta-
bilized, children with a blunt cardiac injury should be
followed closely and monitored for sequelae such as
valvular insufficiency or ventricular septal defect.”?
Very rarely, extracorporeal life support may be needed
to manage a child with a severe blunt cardiac injury.

Commotio cordis has become a widely recognized
problem in pediatric thoracic trauma.”’” Typically, a
young baseball player is struck in the chest with a hit
or thrown ball and collapses suddenly. Commotio cor-
dis is characterized by the absence of cardiac contusion,
coronary artery abnormalities, structural abnormali-
ties, or conduction system pathology. It is thought that
a sudden blow to the chest will result in a disorganized
cardiac rhythm followed by rapid cardiovascular col-
lapse. Although chest protective devices seem useful,
they do not provide total protection against asystole.”8
Automatic electrical defibrillators may have a place in
treating this rare sports-related injury.

Esophagus

Pediatric esophageal injuries are uncommon, occur-
ring in less than 1% of children sustaining either blunt
or penetrating thoracic trauma.”®-3! The esophagus is
a relatively elastic, mediastinal structure that is largely
protected by the bony thorax. This elasticity allows the
esophagus mobility so that when blunt force is applied
it can move or decompress, which limits the likelihood
of rupture. Penetrating injuries are more likely to cause
esophageal trauma (see Fig. 15-5). Esophageal disrup-
tion may manifest as dyspnea, dysphagia, cyanosis,
mediastinal air, subcutaneous emphysema, pleural
effusion, chest or epigastric pain, fever, or sepsis.32 Ini-
tial symptoms, however, may be vague and nonspe-
cific. Esophagography with a water-soluble contrast
agent and esophagoscopy are typically the studies that
will identify an esophageal injury.



If the esophagus is ruptured or perforated, conven-
tional treatment is operative repair. This is performed
for the purpose of drainage and/or repair of the
injured esophagus. Treatment is initiated with fluid
resuscitation and parenteral antibiotics.8? Operative
repair consists of direct suture closure of the injury. If
possible, pleural flap coverage and tube thoracostomy
are performed. If an operation is undertaken early
after the injury, this treatment, along with bowel rest
and total parenteral nutrition has good success. If the
perforation is not identified early, treatment becomes
more difficult. If the perforation is more than 24 hours
old, operative closure becomes technically much more
difficult owing to the degree of inflammation and the
amount of contamination. Techniques used in this
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circumstance include attempted repair, esophageal
isolation, multiple drain placement, gastrostomy, and
total parenteral nutrition.

In selected cases of esophageal perforation, nonop-
erative management may be successful.82 This might
be the case with certain types of blunt trauma and
with iatrogenic injury such as a perforation at the time
of endoscopy. Nonoperative management is based on
the clinical status of the patient and the injury seen on
imaging studies. For example, a patient might have a
small leak identified, manifested by mediastinal air or
pneumothorax. If there is no fever, no effusion, and
the patient looks well, nonoperative treatment with
total parenteral nutrition and intravenous antibiotics,
along with serial examinations, may be reasonable.



ABDOMINAL AND RENAL TRAUMA

Steven Stylianos, MD e Barry A. Hicks, MD

T he management of children with major abdomi-
nal injuries has changed significantly in the past
2 decades. An increased awareness of the anatomic
patterns and physiologic responses characteristic of
trauma in children has resulted in the successful non-
operative treatment of most abdominal solid organ
injuries.! Our colleagues in adult trauma care have
acknowledged this success and have applied many
of the principles learned in pediatric trauma to their
patients.?> A recent review of the National Pediatric
Trauma Registry (NPTR) indicates that 8% to 12% of
children with blunt trauma have an abdominal injury.*
Fortunately, more than 90% survive. Only 22% of the
deaths in the NPTR were related to the abdominal
injury. Although abdominal injuries are 30% more
common than thoracic injuries, they are 40% less
likely to be fatal.

Historically, adult trauma surgeons unfamiliar with
the nonoperative management of solid organ injuries
raised doubts about the wisdom of this approach. Their
concerns included the potential for increased transfu-
sion requirements, increased length of hospitalization,
and missed associated injuries. Some even questioned
the need for involvement of pediatric surgeons in pedi-
atric trauma care. The clinical experience accumulated
over the past 20 to 30 years, which has settled these
concerns, is reviewed.

Few surgeons have extensive experience with
massive abdominal solid organ injury requiring
immediate surgery. It is imperative that surgeons
familiarize themselves with current treatment
algorithms for life-threatening abdominal trauma.
Important contributions have been made in the
diagnosis and treatment of children with abdominal
injury by radiologists and endoscopists. The reso-
lution and speed of computed tomography (CT),
screening capabilities of focused assessment with
sonography for trauma (FAST), and the percutane-
ous, angiographic, and endoscopic interventions of
nonsurgeon members of the pediatric trauma team
have all enhanced patient care and improved out-
comes. Each section of this chapter focuses on the
more common blunt injuries and unique aspects of
their care in children.
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DIAGNOSTIC MODALITIES

The initial evaluation of the acutely injured child is
similar to that of the adult. Plain radiographs of the
cervical spine, chest, and pelvis are obtained after the
primary survey and evaluation of the airway, breath-
ing, and circulation.’® Plain abdominal radiographs offer
little in the urgent evaluation of the pediatric trauma
patient. The rapid availability and quality of imag-
ing modalities has improved dramatically in recent
years, both in the urban and in the rural settings.
Prompt identification of potentially life-threatening
intra-abdominal injuries with rapid resuscitation and
therapeutic intervention is now possible in the over-
whelming majority of children.

Computed Tomography

CT has become the standard of care in the evaluation
of the pediatric trauma patient. Newer-generation CT
scanners are now readily accessible in most health care
facilities. CT is noninvasive, rapid, and highly accurate
in identifying and qualifying the extent of abdominal
injury. This has significantly reduced the incidence of
nontherapeutic exploratory laparotomy.® A head CT,
when indicated, should be performed without use of
a contrast agent before abdominal CT to avoid having
the contrast conceal a hemorrhagic brain injury. Intra-
venous contrast is then administered, and the vascular
and parenchymal resolution is enhanced utilizing a
“dynamic” scanning mode. The finding of a contrast
“blush” on CT in children with blunt liver injury has
been associated with larger transfusion requirements
and a higher mortality rate.” A CT blush after sig-
nificant hepatic or splenic injury should prompt the
surgeon caring for the child to consider surgical or
interventional radiologic control of the bleeding based
on the hemodynamic status and stability of the child.
Enteral contrast for enhancement of the gastrointesti-
nal tract is generally not required in the acute trauma
setting and can actually be detrimental secondary to
aspiration of the contrast agent.8

Not all children with potential abdominal inju-
ries are candidates for acute CT evaluation. Obvious



penetrating injury necessitates immediate operative
intervention. Diagnostic laparoscopy may be very ben-
eficial in determining if peritoneal penetration has
occurred in the setting of an abdominal or flank stab
wound.’ The hemodynamically unstable child should
never be taken from an appropriate resuscitation arena
for a CT scan. These children may benefit from an
alternative diagnostic study, such as diagnostic perito-
neal lavage (DPL), FAST, or urgent operative interven-
tion. Hemodynamically unstable patients with clinical
evidence of abdominal trauma who are hypotensive
and not responsive to resuscitative efforts should go
immediately to the operating room without imaging.

Modern generation CT scanners are highly sensitive
in the evaluation of possible solid organ (Fig. 16-1A)
and retroperitoneal injuries (see Fig. 16-1B). The great-
est limitation of abdominal CT in trauma is the lack of
ability to reliably identify acute intestinal rupture.!0-11
Findings suggestive but not diagnostic of intestinal
perforation are pneumoperitoneum, bowel wall thick-
ening, free intraperitoneal fluid, bowel wall enhance-
ment, and dilated bowel.!? There must be a high index
of suspicion for a hollow viscus injury in the child with
free intraperitoneal fluid and no identifiable solid organ
injury on CT (Fig. 16-2).13

Recent concerns about the risk of the radiation
involved in CT have arisen, particularly in the pedia-
tric population. Epidemiologic studies of populations
exposed to radiation have shown that children are
considerably more sensitive to radiation than adults.
Because children have more rapidly dividing cells and
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Figure 16-1. CT scans are highly
accurate in demonstrating solid
organ injuries. A, Hemoperitoneum
with a liver laceration (arrow)
and a shattered spleen is seen. B,
Hemoperitoneum and a left renal
laceration (arrow) is shown.

have a longer life expectancy, the odds that children
may develop cancers from x-ray radiation may be sig-
nificantly higher than adults.’* The actual lifetime risk
from CT is not clearly known. Efforts to reduce the
numbers of CT scans, unnecessary scans, and efforts
to reduce the CT-related radiation dose in individual
patients are important measures that should be kept in
mind when caring for and evaluating the injured child.

Focused Abdominal Sonography
for Trauma

Clinician-performed sonography for the early evalua-
tion of the injured child has been shown to be useful
in many situations but does have limitations. Exami-
nation of Morrison’s pouch, the pouch of Douglas, the
left flank to include the perisplenic region, and a subxi-
phoid view to visualize the pericardium is the standard
four-view FAST examination. This bedside study may
be useful as a rapid screening study, particularly in the
patient too unstable to undergo an abdominal CT scan.
Free intraperitoneal fluid seen on FAST examination in
the unstable child not responding to resuscitative mea-
sures may support a decision to operate immediately.
This modality is the study of choice for the evaluation
of possible hemopericardium with tamponade.

A mnegative FAST exam (absence of hemoperito-
neum) does not exclude a significant solid organ
or hollow viscus injury.!> There is at least a 15%
false-negative rate for detecting hemoperitoneum
with sonography. FAST may miss up to 25% of liver

Figure 16-2. A, Bowel wall thick-
ening and enhancement is seen on
a CT scan of a patient with docu-
mented traumatic small bowel per-
foration. B, Free intra-loop fluid
and bowel wall thickening are
found on this CT scan in a patient
with a small bowel perforation
from a lap belt injury.
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and spleen injuries, most acute renal injuries, retro-
peritoneal bleeding, and virtually all pancreatic, mes-
enteric, and bowel and bladder injuries.!® Compared
with CT, FAST is only about 63 % sensitive for detect-
ing moderate amounts of free intraperitoneal fluid in
the trauma setting. Also, the documentation of free
fluid in the abdomen does not necessarily indicate the
need for surgical intervention. FAST may be very use-
ful in decreasing the number of CT scans performed for
“low-likelihood” injuries. The study may be repeated
on a serial basis and results correlated with the clinical
scenario.

Diagnostic Peritoneal Lavage

Since its description in 1965, the use of DPL has dimin-
ished significantly, especially in the pediatric popu-
lation. The ready availability of high-resolution CT
scanners and the nonoperative management of many
pediatric injury patterns have increased, thus minimiz-
ing the utility of DPL. Although very accurate for identi-
fying hemoperitoneum, retroperitoneal injuries may be
missed with DPL. Incisional pain after a negative DPL
may interfere with serial examinations in a child being
managed nonoperatively. Also, a positive DPL may lead
to a nontherapeutic laparotomy if based on hemoperi-
toneum alone. Because the majority of solid organ inju-
ries do not require surgical intervention, intraperitoneal
blood documented by DPL has little clinical significance.
The need for operative management is determined by
clinical instability, associated injuries, and the require-
ment for ongoing blood replacement.

There are clinical situations in which a DPL may prove
to be very beneficial. The hemodynamically unstable
child may have a rapid DPL to exclude the abdomen
as a source of significant hemorrhage. Children with a
lap belt injury pose a particular diagnostic challenge,
particularly if concomitant neurologic injury is present.
The initial abdominal CT is frequently normal in those
with lap belt injuries, including acute hollow viscus per-
forations, but a DPL may document the presence of an
occult visceral injury with the return of bile, bacteria,
feculent matter, or an increased leukocyte count. Infu-
sion of 10 mL/kg of normal saline into the peritoneal
cavity is followed by allowing the infusate to drain. The
criteria for a positive lavage are listed in Table 16-1.

Diagnostic and Therapeutic
Laparoscopy

The use of laparoscopy for the injured child may
have its place in the evaluation armamentarium of

Positive Peritoneal Lavage Criteria

10 mL gross blood return with lavage catheter insertion
>100,000 red blood cells/mm3
>500 white blood cells/mm3

Bile, bacteria, or vegetable matter on microscopic
examination

Amylase >175 1U/dL

Figure 16-3. Diagnostic laparoscopy in a stable patient after
a stab wound to the upper abdomen revealed this diaphrag-
matic injury. Repair was performed by using minimal access
techniques.

the hemodynamically stable patient. The sensitivity
is comparable to that of DPL, but the specificity is
higher, as would be expected by actually visualizing
the injury.!” A decrease in the number of nonthera-
peutic laparotomies has been demonstrated in adult
series.!® Studies also have shown that not only may
the traumatic injury be identified with laparoscopy
but the definitive repair also can be frequently per-
formed (Fig. 16-3).19-20

Interventional Radiology in Pediatric
Trauma

The role of the interventional radiologist in the evalu-
ation and treatment of the injured child continues to
expand as technology and indications prove to be safe
and efficacious. Initially utilized solely for the assess-
ment and identification of vascular injuries, the use
of image-guided therapy is now an important part of
the trauma team approach that leads to optimal care
of the injured patient.?! Endovascular transcatheter
therapies, including placement of stents, embolother-
apy, and thrombolysis, offer both primary and adjunc-
tive modes of therapy for vascular injuries. Drainage
of fluid collections, bile leaks, pancreatic pseudocysts,
or loculated thoracic fluid or air collections can be
very useful in the treatment of the injured child.

SOLID ORGAN INJURY
Spleen and Liver

The spleen and liver are the organs most commonly
injured in blunt abdominal trauma, with each
accounting for one third of the injuries. Nonopera-
tive treatment of isolated splenic and hepatic injuries
in stable children is now standard practice. Although
nonoperative treatment of children with isolated, blunt
spleen or liver injury has been universally successful,
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Resource Utilization and Activity Restriction in 832 Children with Isolated

Spleen or Liver Injury

CT Grade 1
Admitted to intensive care unit 55.0%
No. hosp days (mean) 4.3 days
No. hosp days (range) 1-7 days
Transfused 1.8%
Laparotomy None
Follow-up imaging 34.4%
Activity restriction (mean) 5.1 wk
Activity restriction (range) 2-6 wk

*Grade lll vs. grade IV, P < .014.
TGrade Il vs. grade IV, P < .0001.

1} n v

54.3% 72.3% 85.4%
5.3 days 7.1 days 7.6 days
2-9 days 3-9 days 4-10 days
5.2% 10.1%* 26.6%"
1.0% 2.7%" 12.6%"
46.3% 54.1% 51.8%
6.2 wk 7.5 wk 9.2 wk
2-8 wk 4-12 wk 6-12 wk

From Stylianos S and APSA Trauma Committee: Evidence-based guidelines for resource utilization in children with isolated spleen or liver injury.

J Pediatr Surg 35:164-169, 2000.

great variation is seen in the management algorithms
used by individual pediatric surgeons. Review of the
NPTR and recent surveys of the American Pediatric
Surgical Association (APSA) membership confirm the
wide disparity in practice.??2* Controversy also exists
regarding the utility of CT grading as a prediction of
outcome in liver and spleen injury.?427 In 1999, the
APSA Trauma Committee defined consensus guidelines
for resource utilization in hemodynamically stable chil-
dren with isolated liver or spleen injury. These guide-
lines are based on CT grading and were developed by
analyzing a contemporary, multi-institution database
of 832 children treated nonoperatively at 32 centers
in North America from 1995 to 1997 (Table 16-2).28
Consensus guidelines on the length of intensive care
unit (ICU) stay, length of total hospitalization, use of
follow-up imaging, and physical activity restriction for
clinically stable children with isolated spleen or liver
injuries (grades I to IV) were defined by analysis of this
database (Table 16-3).

The guidelines were then applied prospectively to
312 children with liver or spleen injuries treated non-
operatively at 16 centers from 1998 to 2000.2° (It is
imperative to emphasize that these proposed guide-
lines assume hemodynamic stability.) Patients with
other minor injuries such as nondisplaced, noncom-
minuted fractures or soft tissue injuries were included
as long as the associated injuries did not influence the
variables in this study. The patients were grouped by

severity of injury and defined by CT grade. Compli-
ance with the proposed guidelines was analyzed for
age, organ injured, and injury grade. All patients were
followed for 4 months after injury. The extremely low
rates of transfusion and need for operation document
the stability of the study patients.

Specific guideline compliance was 81% for criteria
for ICU hospitalization, 82% for length of hospitaliza-
tion, 87% for follow-up imaging, and 78% for activity
restriction. A significant improvement in compliance
was noted from year 1 to year 2 for ICU stay (77 % vs.
88%; P < .02) and activity restriction (73% vs. 87 %;
P < .01). No differences in compliance were found by
age, gender, or organ injured. Deviation from guide-
lines was the surgeon’s choice in 90% and patient
related in 10%. Six (1.9%) patients were readmitted,
although none required operation. Compared with the
previously studied 832 patients, the latter 312 patients
managed prospectively under the proposed guidelines
had a significant reduction in ICU stay (P < .0001),
total hospitalization (P < .0006), follow-up imaging
(P <.0001), and interval of physical activity restriction
(P < .04) within each grade of injury.

From these data, it was concluded that prospec-
tive application of specific treatment guidelines based
on injury severity resulted in conformity in patient
management, improved utilization of resources, and
validation of guideline safety. Significant reduction
of ICU care, hospital stay, follow-up imaging, and

Proposed Guidelines for Resource Utilization in Children with Isolated Spleen

or Liver Injury

CT Grade |

Days in intensive care unit None
Hospital stay 2 days
Predischarge imaging None
Postdischarge imaging None
Activity restriction” 3 wk

| ][] \}
None None 1 day
3 days 4 days 5 days
None None None
None None None
4 wk 5 wk 6 wk

*Return to full-contact, competitive sports (i.e., football, wrestling, hockey, lacrosse, mountain climbing) should be at the discretion of the individual
pediatric trauma surgeon. The proposed guidelines for return to unrestricted activity include “normal” age-appropriate activities.
From Stylianos S, and APSA Trauma Committee: Evidence-based guidelines for resource utilization in children with isolated spleen or liver injury.

J Pediatr Surg 35:164-169, 2000.
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activity restriction was achieved without adverse
sequelae when compared with the retrospective data-
base. Recent single-institution studies have suggested
that further reduction in resource utilization may
be safe.?031 A large retrospective series showed that
once hemodynamic stability was achieved and there
was no evidence of ongoing bleeding, patients are
unlikely to begin bleeding again.? This evidence chal-
lenges the assumption that bed rest is the key variable
in treatment. In reality, bed rest is simply a period of
observation, for which the current recommendations
may be longer than necessary. Another institution
has employed a management strategy based on the
patient’s hemodynamic status instead of injury grade
and recorded a dramatic decrease in hospital stay com-
pared with the current guidelines without an adverse
event.>! A prospective, multicenter trial is underway
to delineate the safety of an abbreviated protocol.

The surgeon’s decision to operate for spleen or liver
injury is best based on evidence of continued blood
loss such as hypotension, tachycardia, decreased urine
output, and decreasing hematocrit unresponsive to
crystalloid and blood transfusion. The rates of success-
ful nonoperative treatment of isolated blunt splenic
and hepatic injury now exceed 90% in most pediatric
trauma centers or adult trauma centers with a strong
pediatric commitment.28-31 A recent study of more
than 100 patients from the NPTR indicated that non-
operative treatment of spleen or liver injury is indi-
cated even in the presence of associated head injury, if
the patient is hemodynamically stable.?? In this study,
the rates of operative intervention for blunt spleen or
liver injury were similar with or without an associated
closed-head injury.

Surgeons unfamiliar with current treatment algo-
rithms for blunt splenic injuries in children occa-
sionally question the nonoperative approach. This is
important because the majority of seriously injured
children are treated outside dedicated pediatric trauma
centers. Although several adult trauma services have
reported excellent survival rates for pediatric trauma
patients, analysis of treatment for spleen and liver inju-
ries reveals an alarmingly high rate of operative treat-
ment.>3>-3¢ It is possible that adult trauma surgeons,
influenced by their past experience with adult patients,
are more likely to favor operative treatment than are

their pediatric surgical colleagues. Adult trauma sur-
geons caring for injured children must consider the
anatomic, immunologic, and physiologic differences
between pediatric and adult trauma patients and incor-
porate these differences into their treatment protocols.
The major concerns regarding nonoperative manage-
ment are related to the potential risks of increased
transfusion requirements, missed associated injuries,
and increased length of hospital stay. Each of these
concerns has been shown to be without merit.2337-42

Outcomes in the Treatment of Blunt
Spleen Injury

Many early attempts at comparing care in pediat-
ric trauma focused on the treatment of blunt spleen
injury. Hospital and physician expertise were used as
the basis for comparison in the treatment of children
with blunt splenic injury in seven studies between
1985 and 1998 (Table 16-4).33343643-45

In one study there was a marked difference in the
incidence of operative treatment of a splenic injury
within a single trauma center, depending on physi-
clan expertise (pediatric surgeon vs. nonpediatric
surgeon).>® The overall splenectomy rate was nearly
twofold higher in children treated by adult surgeons
(24% vs. 13%, P < .05). Transtusion requirements and
hospital costs were lower for patients managed nonop-
eratively. A significant increase in the use of nonoper-
ative treatment for pediatric spleen injury in Vermont
between 1985 to 1995 was found after the institu-
tion of statewide educational programs.>* The rate of
nonoperative treatment of pediatric splenic injury at
the state trauma center remained significantly higher
(77% vs. 57%, P < .001) than at rural hospitals. In a
report on the treatment of 126 children with splenic
injury using the New Hampshire Uniform Hospital
Discharge Data Sets, a large majority of patients (84 %)
were treated by adult surgeons at general hospitals.?3
Risk-adjusted operative rates were 10% at the chil-
dren’s hospital compared with 41 % at general hospitals
(P<.005). The authors concluded that the overwhelm-
ing majority of splenectomies and splenorrhaphies
could have been avoided if general hospitals treated
children with splenic injury in a manner similar to the
treatment at the children’s hospital. In a report from

Studies (1985-1998) Comparing Operative Rates for Pediatric Blunt Spleen Injury

Study Site

Rate of Operation P Value

17%-PS vs. 61%-NPS <.01

Authors Study Period No. Patients
Keller et al. 1985-1991 41
Frumiento and 1985-1990 127
Vane
Frumiento et al. 1990-1995 140
Mooney et al. 1991-1994 126
Potoka et al. 1993-1997 772
Jacobs et al. 1992-1998 54
Myers et al. 1993-1998 35

PS, pediatric surgeon; NPS, nonpediatric surgeon; UHDDS, Uniform Hospital Discharge Data Set; TC, trauma center; PTC, pediatric trauma center;
ATC, adult trauma center; GH, general hospital; RH, rural hospital; NPTR, National Pediatric Trauma Registry; NS, not significant.

Single center

State UHDDS 64.5%-TC vs. 92.3%-RH <.001

State UHDDS 23.1%-TC vs. 43.1%-RH <.001

State UHDDS 10%-PTC vs. 41%-GH < .005

State trauma 8.5%-PTC vs. 32%-ATC <.001
outcome study

Single center 8%-PS vs. 23%-NPS NS

Single center 8%-NPTR vs. 11%-NPS NS



the Pennsylvania Trauma Outcome Study, more than
13,000 injured children were treated from 1993 to
1997 at two regional pediatric trauma centers (PTCs)
and 24 adult trauma centers (ATCs).*> Significantly
more children had successful nonoperative treatment
for spleen (91.5% vs. 62.1%, P <.001) and liver injury
(96.6% vs. 84.1%, P < .05) at a PTC compared with an
ATC despite similar injury severity.

In contrast, two reports on children treated at single
institutions during the mid to late 1990s found rates of
nonoperative treatment for pediatric splenic injury by
adult trauma surgeons similar to those of the just-ref-
erenced pediatric centers.*+4> These two studies high-
light the fact that dedicated trauma surgeons, familiar
with contemporary processes of care advanced in pedi-
atric centers, can achieve excellent results. They also
implicate the potential importance of information dis-
semination and education efforts based on the bench-
marks derived from examination of large public data
sources. A statewide quality improvement initiative in
Washington state was associated with a reduction in
the rate of splenectomy in children in both pediatric
and adult hospitals.4¢

Despite the two studies mentioned previously, sev-
eral recent studies provide a basis for ongoing concern
regarding the disparity of appropriate treatment in
children with blunt spleen injury.4’->! Using large non-
selected databases and adjusting for risk, these studies
indicate that the disparity in care between adult and
children’s hospitals is substantial and continuing on a
regional and national basis (Table 16-5).

In an analysis from the Healthcare Cost and Uti-
lization Project’s National Inpatient Sample (HCUP-
NIS), which contains a sample of discharges from
1300 hospitals in 28 states (representing 20% of all
hospital discharges in the United States), children
with splenic injury treated at rural hospitals had a
risk-adjusted odds ratio for laparotomy of 1.64 (95%
confidence interval [CI], 1.39-1.94) when compared
with those treated at an urban teaching hospital.*” The
APSA Center on Outcomes compared the treatment of
pediatric spleen injury using discharge datasets from
four states.*® The authors found a risk-adjusted odds
ratio for laparotomy of 2.1 (95% CI, 1.4-3.1) when
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comparing treatment at nontrauma centers versus
centers with trauma expertise. In a review of more
than 2600 children with spleen injury from the New
England Pediatric Trauma Database, the authors found
that similarly injured patients treated by nonpediat-
ric surgeons had a risk-adjusted odds ratio for lapa-
rotomy of 3.1 (95% CI, 2.3-4.4) when compared with
those treated by pediatric surgeons.#® The last two
studies found even greater disparity when comparing
the treatment of children with isolated spleen injury
as contrasted to those with multiple injuries. Data
from the Kids" Inpatient Database (KID2000) of the
Healthcare Cost and Utilization Project, sponsored by
the Agency for Healthcare Research and Quality, were
recently reviewed.>° This administrative database rep-
resents an 80% sample of non-newborn discharges
from 2784 hospitals in 27 states (2.5 million pediat-
ric discharges). The authors found a risk-adjusted
odds ratio for laparotomy of 5.0 (95% CI, 2.2-11.4)
when comparing treatment at general hospitals versus
children’s hospitals in pediatric patients with spleen
injury. In a review of discharge data from 175 hospi-
tals in Pennsylvania, the risk-adjusted odds ratio for
laparotomy was 6.2 (95% CI, 4.4-8.6) when compar-
ing treatment at adult trauma centers versus pediatric
trauma centers.’! Although all these studies suggest
marked differences in the processes of care, adminis-
trative datasets do not readily allow risk adjustment
for differences in physiologic status at presentation, a
potential major limitation.

A recent report surveyed 281 surgeons (114 pedi-
atric, 167 adult) regarding their treatment of children
with solid organ injury.>? For all clinical scenarios,
adult surgeons were more likely to operate or pursue
interventional radiologic procedures than their pedi-
atric colleagues (relative risk [RR]: 8.6 with isolated
solid organ injury, P < .05; 14.8 with multiple solid
organ injuries, P < .001; 17.9 solid organ injury with
intracranial hemorrhage, P < .0001). Adult surgeons
were also more likely to consider any transfusion
a failure (13.3% vs. 1.2%, P < .01) and had a much
lower transfusion threshold.

The importance of these data is further ampli-
fied by the fact that the overwhelming majority

Studies Comparing Operative Rates for Pediatric Blunt Spleen Injury: Adult vs. Children’s

Hospitals
Adjusted Odds Ratio
Authors Study Period No. Patients Database (95% CI) for Operation Ratio P Value
Todd et al. 1998-2000 2569 HCUP-NIS 1.64 (1.39-1.94) RH vs. N/A N/A
UTH
Stylianos et al. 2000-2002 3232 State UHDDS 2.1 (1.4-3.1) NTCvs. TC 34:66 <.0001
Mooney and 1990-1998 2631 NEPTD 3.1 (2.3-4.4) NPS vs. PS 68:32 <.0001
Forbes

Bowman et al. 2000 2851 KID2000 5.0 (2.2-11.4) GH vs. CH 87:13 <.001
Davis et al. 1991-2000 3245 State UHDDS 6.2 (4.4-8.6) ATC vs. PTC 84:16 <.0001

HCUP-NIS, Healthcare Cost and Utilization Project’s National Inpatient Sample (1300 hospitals in 28 states; 20% of all hospital discharges in United
States); RH, rural hospital; UTH, urban teaching hospital; NEPTD, New England Pediatric Trauma Database; PS, pediatric surgeon; NPS, nonpedi-
atric surgeon; UHDDS, Uniform Hospital Discharge Data Set; PTC, pediatric trauma center; ATC, adult trauma center; KID2000, Kids' Inpatient
Database of the Healthcare Cost and Utilization Project, Agency for Healthcare Research and Quality (2784 hospitals in 27 states; 2.5 million
pediatric discharges); CH, children’s hospital; GH, general hospital; TC, trauma center; NTC, nontrauma center; Cl, confidence interval.
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Operative Rate in Children with Spleen Injury

Trauma Center

Multiple injuries (n = 1299) 15.3%
Isolated spleen injuries (n = 1933) 9.2%
Total (n = 3232) 12.1%

Nontrauma Center P Value APSA Benchmarks
19.3% <.001 11%-17%

18.5% <.0001 0%-3%

18.8% <.0001 5%-11%

From Stylianos S, Egorova N, Guice KS, et al: Variation in treatment of pediatric spleen injury at trauma centers versus non-trauma centers: A call
for dissemination of APSA benchmarks and guidelines. J Am Coll Surg 202:247-251, 2006.

(68%-87%) of pediatric patients are treated at hos-
pitals or by physicians with the higher likelihood of
operation.4%->! However, in contrast, hospitals with
trauma expertise had a significantly lower rate of
operation for both multiply injured patients (15.3%
vs. 19.3%, P < .001) and those with isolated injury
(9.2% vs. 18.5%, P < .0001) when compared with
nontrauma centers (Table 16-6).48

The operative rates at both trauma centers and
nontrauma centers exceeded published APSA bench-
marks (Table 16-7) for all children with spleen injury
(3%-11%) and those with isolated spleen injury (0%-
3%).2829.335051,53 Thus, trauma centers and their
corresponding state or regional trauma systems may
represent rational targets for dissemination of current
pediatric trauma guidelines and benchmarks. Broad
application of existing APSA guidelines for spleen
injury should encourage conformity of care and result
in reduced rates of operative intervention and dimin-
ished resource utilization.®

Failure of nonoperative management can have seri-
ous consequences. Therefore, patient selection isimpor-
tant. Two recent multi-institutional reviews sought to
evaluate the timeline and the characteristics of patients
who fail nonoperative management.’*>> One hun-
dred twenty of 1813 (6.6%) children with solid organ
injury underwent laparotomy in a median time of
2.4 hours, with 90% of the patients having surgery
within 24 hours. Pediatric patients who sustained pan-
creatic injuries were more likely to fail nonoperative
management (odds ratio [OR] 7.49; 95% CI, 3.74-
15.01) compared with those who suffered other inju-
ries. The patients who failed nonoperative management

had a higher Injury Severity Score (28 + 17) than those
who were managed successfully nonoperatively (14 +
10, P<.001). Severely head-injured patients (Glasgow
Coma Scale score [GCS] = 8) had a higher failure rate
for nonoperative management (OR 5.09; 95% CI,
3.04-8.52). Factors associated with an increased fail-
ure rate include a bicycle-related injury mechanism,
isolated pancreatic injury, more than one solid organ
injury, and an isolated grade 5 solid organ injury. The
time to failure of nonoperative management peaked at
4 hours and then declined over 36 hours from admis-
sion. Thus, continued surgical evaluation and assess-
ment during the entire hospitalization is required to
limit morbidity and mortality.

Missed Associated Abdominal Injuries

Advocates of surgical intervention for splenic trauma
cite their concern about missing associated abdominal
injuries if an operation is not performed. One study
reported successful nonoperative treatment in 110
(91%) of 120 children with blunt splenic trauma. In
that report, 22 (18%) had associated abdominal inju-
ries.?® Only 3 (2.5%) of these 120 patients had gas-
trointestinal injuries, and each was found at early
celiotomy performed for a specific indication. No mor-
bidity occurred from missed injuries or delayed surgi-
cal intervention. Similarly, a review of the NPTR from
1988 through 1998 revealed 2977 patients with solid
abdominal visceral injury. Only 96 (3.2%) had an asso-
ciated hollow viscus injury.4? Higher rates of hollow
viscus injury were observed in assaulted patients and
those with multiple solid visceral injury or pancreatic

Pediatric Surgery Benchmarks for Operative Rate in Children with Spleen Injury

Authors Database Study Period

Bowman et al. KID 2000-AHRQ 2000

Davis et al. Pennsylvania Trauma 1991-2000
Outcome Study-UHDDS

Mooney et al. New England Pediatric 1990-1998
Trauma Database-UHDDS

Stylianos APSA Trauma Committee- 1995-2000
Multicenter registry

Mooney and Children’s Hospital-Boston 1993-1999

Forbes Trauma registry

Operative Rate:
Pediatric Surgeon
and/or Children’s

No. Patients Hospital/PTC Spleen Injuries
363 3% All

507 5% All

866 1% All

652 3% Isolated

82 0% Isolated

KID2000, Kids" Inpatient Database of the Healthcare Cost and Utilization Project, Agency for Healthcare Research and Quality (2784 hospitals in
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injury. Differences in mechanism of injury may account
for the much lower incidence of associated abdominal
injuries in children with splenic trauma. No justifica-
tion exists for an exploratory celiotomy solely to avoid
missing potential associated injuries in children.

Complications of Nonoperative
Treatment

Nonoperative treatment protocols have been the stan-
dard for most children with blunt liver and spleen
injury during the past 2 decades. The cumulative
experience allows an evaluation of both the benefits
and risks of the nonoperative approach. Fundamen-
tal to the success of the nonoperative strategy is the
early, spontaneous cessation of hemorrhage. Trans-
fusion rates for children with isolated spleen or liver
injury have decreased to less than 10%, confirming
the lack of continued blood loss in the majority of
patients.2¢-2956 Despite these many favorable obser-
vations, obvious ongoing hemorrhage and hemo-
dynamic instability require the presence of skilled
surgeons, operating room staff, and blood bank capa-
bilities. The role of angioembolization in adult trauma
patients with splenic injury is expanding with variable
success.””>8 To date, most pediatric trauma centers
have not utilized angioembolization in acutely bleed-
ing patients with splenic injury.>%-¢9

Isolated reports of significant delayed hemorrhage
with adverse outcome continue to appear.6'-%4 Two
children with delayed hemorrhage 10 days after blunt
liver injury have been reported.®®> Both children had
persistent right upper quadrant (RUQ) and right shoul-
der pain despite having normal vital signs and stable
hematocrits. The authors recommended continued in-
house observation for injured patients until symptoms
resolve. Recent reports described patients with signifi-
cant bleeding 38 days after a grade II spleen injury and
24 days after a grade IV liver injury.?%* These rare
occurrences create anxiety in identifying the minimal
safe interval before resuming unrestricted activities.

Routine follow-up imaging studies have identi-
fied pseudocysts and pseudoaneurysms after splenic
injury.®>-%7  Splenic pseudoaneurysms are often
asymptomatic and appear to resolve with time. The
true incidence of self-limited, post-traumatic splenic
pseudoaneurysms is unknown as routine follow-up
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Figure 16-4. A, Splenic pseudo-
aneurysm (arrowheads) has devel-
- oped after nonoperative treatment
* of blunt splenic injury. B, Successful
* angiographicembolization hasbeen
accomplished. The microcatheter
used to deploy the coils is marked
by the arrowheads and the embolic
coils are marked by the arrows.

imaging after successful nonoperative management
has been largely abandoned. Once it is identified, the
actual risk of splenic pseudoaneurysm rupture also is
unclear. Angiographic embolization techniques can
be used to treat these lesions successfully, obviating
the need for operation and loss of splenic parenchyma
(Fig. 16-4).65

Splenic pseudocysts may reach enormous size, lead-
ing to pain and gastrointestinal disturbance (Fig. 16-5).
Simple percutaneous aspiration leads to a high recur-
rence rate. Laparoscopic excision and marsupialization
is highly effective.

The immunocompetence of a shattered spleen that
heals without surgery is debated, and vaccination prac-
tices in these children vary widely. Recent evidence
using differential interference contrast microscopy in
adult trauma patients indicates immunocompetence
in patients with healed grade IV injuries.®8

Sequelae of Damage Control
Strategies

Even the most severe solid organ injuries can be
treated nonoperatively if a prompt response to resus-
citation occurs.®® In patients who are hemodynami-
cally unstable, despite fluid and packed red blood
cell transfusion, emergency laparotomy is indicated.
Most spleen and liver injuries requiring operation
are amenable to simple methods of hemostasis,

Figure 16-5. CT scan showing a post-traumatic splenic
pseudocyst (arrow).
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using a combination of manual compression, direct
suture, and an increasing array of topical hemostatic
agents.’%7! In young children with significant hepatic
injury, the sternum can be divided rapidly to expose
the suprahepatic or intrapericardial inferior vena
cava. Children will tolerate clamping of the inferior
vena cava above the liver as long as their blood vol-
ume is replenished. With this exposure, the liver and
major perihepatic veins can be isolated and the bleed-
ing controlled to permit direct suture repair or liga-
tion of the injured vessel.

The early morbidity and mortality of severe hepatic
injuries are related to the effects of massive blood loss
and replacement with large volumes of cold blood
products. The consequences of prolonged operations
with massive blood-product replacement include
hypothermia, coagulopathy, and acidosis. Although
the surgical team may keep pace with blood loss,
serious physiologic and metabolic consequences are
inevitable, and many of these critically ill patients are
unlikely to survive. A multi-institutional review iden-
tified exsanguination as the cause of death in 82% of
537 intraoperative deaths at eight academic trauma
centers.”? The mean serum pH was 7.18, and the mean
core temperature was 32°C before death. Survival in
only 5 (40%) of 12 consecutive operative cases of ret-
rohepatic vascular or severe parenchymal liver injury
in children has been reported.”?

Maintenance of physiologic stability during the
struggle for surgical control of severe bleeding is a
formidable challenge even for the most experienced
operative team, particularly when hypothermia, coag-
ulopathy, and acidosis occur. This triad creates a vicious
cycle in which each derangement exacerbates the oth-
ers. The physiologic and metabolic consequences of
this triad often preclude completion of the procedure.
Lethal coagulopathy from dilution, hypothermia, and
acidosis can rapidly occur.”4

Increased emphasis on physiologic and metabolic
stability in emergency abdominal operations has led to
the development of staged, multidisciplinary treatment
plans, including abbreviated laparotomy, perihepatic
packing, temporary abdominal closure, angiographic
embolization, and endoscopic biliary stenting.”>77 In a
series of 22 patients with grade IV or V hepatic injuries
treated between 1992 and 1997, mean blood loss was
estimated at 4.6 L and mean packed red cell transfu-
sion was 15 units.”® Ten patients underwent packing
of the hepatic injuries at the first operation. Fifteen
patients had postoperative angiographic embolization
in an attempt to control hemorrhage (Fig. 16-6). Sur-
vival was 92% in 13 grade IV patients and 78% in 9
grade V patients.

Abbreviated laparotomy with packing for hemosta-
sis allowing resuscitation before planned reoperation
is an alternative in unstable patients in whom further
blood loss would be untenable. This “damage control”
philosophy is a systematic, phased approach to the
management of the exsanguinating trauma patient.”°-81
Packing of the retroperitoneum while avoiding entry
into the abdomen in unstable patients with severe pel-
vic fractures has also gained popularity.8? The three

Figure 16-6. This hepatic artery angiogram was performed in a
patient with persistent hemorrhage after initial damage-control
laparotomy. The site of hemorrhage is identified (arrow), and
embolization was successfully performed.

phases of damage control are detailed in Table 16-8.
Although controversial, several resuscitative endpoints
have been proposed beyond the conventional vital
signs and urine output, including serum lactate, base
deficit, mixed venous oxygen saturation, and gastric
mucosal pH. Studies from recent military experience
indicate that the optimal ratio of transfused packed red
blood cells and fresh frozen plasma should approach
1:1 in massive transfusion scenarios.’3

There has been increasing experimental and clini-
cal evidence that recombinant activated factor VII
(rFVIIa) may be a useful adjunctive therapy in injured
patients with ongoing hemorrhage. In the labora-
tory, reduced clot formation due to hypothermia was
reversed with rFVIla.8* Military experience indicates a
survival advantage in injured soldiers requiring mas-
sive transfusion with early use of rFVIla.®> The use
of rFVIIA has been described in eight children with
blunt injuries to the spleen, liver, or kidney and signs
of ongoing hemorrhage.8¢ Bleeding was success-
fully controlled after a single dose of rFVIla. Only
three patients required transfusion, and there were

“Damage Control” Strategy in the
Exsanguinating Trauma Patient

Phase 1 Abbreviated laparotomy for exploration
Control of hemorrhage and contamination

Packing and temporary abdominal wall closure

Phase 2 Aggressive resuscitation in intensive care unit
Core rewarming

Optimize volume and oxygen delivery
Correction of coagulopathy

Planned reoperation for packing change,
evacuation, and definitive repair of injuries

Abdominal wall closure

Phase 3



no thromboembolic events. The indications, optimal
dosages and intervals, and risk profile still need to be
developed before rFVIIa can be a mainstay in pediatric
trauma care.

Once patients become normothermic, coagulation
factors replaced, and oxygen delivery optimized, a
second procedure is performed for pack removal and
definitive repair of the injuries. A review of nearly
700 adult patients from several institutions who were
treated with abdominal packing demonstrated hemo-
stasis in 80%, survival of 32% to 73 %, and abdominal
abscess rates of 10% to 40%.87:88

Although abdominal packing with planned reopera-
tion has been used with increasing frequency in adults
during the past 2 decades, little published experience
has been reported in children.8%-¢ Nevertheless, this
technique has a place in the management of children
with massive intra-abdominal bleeding, especially after
blunt trauma. A 3-year-old child required abdominal
packing for a severe liver injury, making closure of the
abdomen impossible.?® A polymeric silicone “silo” was
constructed to accommodate the bowel until the pack-
ing could be removed. The patient made a complete
recovery.

The combined technique of abdominal packing and
a “silo” allows time for correction of the hypothermia,
acidosis, and coagulopathy without compromise of
respiratory mechanics. A recent review reported 22
infants and children with refractory hemorrhage (ages
6 days to 20 years) who were treated with abdominal
packing.®! The anatomic site of hemorrhage was the
liver and/or hepatic veins in 14, retroperitoneum and/
or pelvis in 7, and the pancreatic bed in 1. Primary
fascial closure was accomplished in 12 (55%) patients,
and temporary skin closure or prosthetic material was
used in the other 10. Abdominal packing controlled
hemorrhage in 21 (95%) of the 22 patients. Removal
of the packing was possible within 72 hours in 18
(82%) patients. No patient re-bled after removal of
abdominal packing. However, 2 patients died with the
packing still in place. In 7 (32%) patients, an abdomi-
nal or pelvic abscess developed. All were successfully
drained by laparotomy (6 patients) or percutaneously
(1 patient). Six of the 7 patients with abdominal sep-
sis survived. Overall, 18 (82%) patients survived.
Two deaths were due to multisystem organ failure,
1 patient succumbed to cardiac failure from complex
cardiac anomalies, and another died of exsanguination
after blunt traumatic liver injury. No differences were
noted in the volume of intraoperative blood transfu-
sion, time to initiate abdominal packing, physiologic
status, or type of abdominal closure between survivors
and nonsurvivors.

Although the success of abdominal packing is
encouraging, it may contribute to significant morbid-
ity such as intra-abdominal sepsis, organ failure, and
increased intra-abdominal pressure. Fluid samples
taken from 28 patients with abdominal packing found
peritoneal endotoxin and mediator accumulation even
when cultures were sterile.”” The assumption was that
fluid accumulating after damage-control laparotomy
can contribute to neutrophil dysfunction by enhancing
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neutrophil respiratory burst and inhibiting neutrophil
responses to specific chemotactic mediators needed to
fight infection. Thus, the known propensity of such
patients for both intra-abdominal and systemic infec-
tion may be related to changes in neutrophil receptor
status and effector function related to an accumula-
tion of inflammatory mediators in the abdomen. Early
washout, repetitive packing, and other efforts to mini-
mize mediator accumulation deserve consideration.

It is essential to emphasize that the success of the
abbreviated laparotomy and planned reoperation
depends on a decision to use this strategy before irre-
versible shock. Abdominal packing, when used as a
desperate, “last-ditch” effort after prolonged, failed
attempts at hemostasis, has been uniformly unsuc-
cessful. Indications for abdominal packing based on
physiologic and anatomic criteria have been identi-
fied. Most have focused on intraoperative parameters
including pH (~7.2), core temperature (<35°C), and
coagulation values (prothrombin time >16 seconds) in
the patient with profuse hemorrhage requiring large
volumes of blood-product transfusion.

The optimal time for re-exploration is controversial
because neither the physiologic endpoints of resus-
citation nor the increased risk of infection with pro-
longed packing is well defined. The obvious benefits
of hemostasis provided by packing also are balanced
against the potential deleterious effects of increased
intra-abdominal pressure on ventilation, cardiac out-
put, renal function, mesenteric circulation, and intra-
cranial pressure. Timely alleviation of the secondary
“abdominal compartment syndrome” may be a criti-
cal salvage maneuver for patients. We recommend
temporary abdominal wall expansion in all patients
requiring packing until the hemostasis is obtained and
visceral edema subsides.

A staged operative strategy for unstable trauma
patients represents advanced surgical care and requires
sound judgment. Intra-abdominal packing for control
of exsanguinating hemorrhage is a lifesaving maneu-
ver in highly selected patients in whom coagulopa-
thy, hypothermia, and acidosis render further surgical
procedures unduly hazardous. Early identification of
patients likely to benefit from abbreviated laparotomy
techniques is crucial for its success.

Abdominal Compartment Syndrome

Abdominal compartment syndrome is a term used to
describe the deleterious effects of increased intra-
abdominal pressure.®® The “syndrome” includes respi-
ratory insufficiency from worsening ventilation/
perfusion mismatch, hemodynamic compromise from
preload reduction due to inferior vena cava compres-
sion, impaired renal function from renal vein compres-
sion as well as decreased cardiac output, intracranial
hypertension from increased ventilator pressures,
splanchnic hypoperfusion, and abdominal wall over-
distention. The causes of intra-abdominal hypertension
in trauma patients include hemoperitoneum, retro-
peritoneal and/or bowel edema, use of abdominal/pel-
vic packing, and secondary to massive resuscitation of
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Figure 16-7. A, Abdominal wall
expansion was performed in this
patient with a bowel bag. B, Ab-
dominal wall expansion in this
patient was accomplished with a
polytetrafluoroethylene patch.

non-abdominal trauma.®® The combination of tissue
injury and hemodynamic shock creates a cascade of
events including capillary leak, ischemia-reperfusion,
and release of vasoactive mediators and free radicals
that combine to increase extracellular volume and tis-
sue edema. Experimental evidence indicates signifi-
cant alterations in cytokine levels in the presence of
sustained intra-abdominal pressure elevation.!00.101
Once the combined effects of tissue edema and intra-
abdominal fluid exceed a certain level, abdominal
decompression must be considered.

The adverse effects of abdominal compartment syn-
drome have been acknowledged for decades. However,
abdominal compartment syndrome has only recently
been recognized as a life-threatening, yet potentially
treatable entity.’¢102 The measurement of intra-
abdominal pressure can be useful in determining the
contribution of abdominal compartment syndrome to
altered physiologic and metabolic parameters.103-105
Intra-abdominal pressure can be determined by mea-
suring bladder pressure. This involves instilling 1 mL/
kg of saline into the urinary catheter and connecting
it to a pressure transducer or manometer via a three-
way stopcock. The symphysis pubis is used as the
zero reference point, and the pressure is measured in
centimeters of H,O or millimeters of mercury. Intra-
abdominal pressures in the range of 20 to 35 cm H,O
or 15 to 25 mm Hg have been identified as an indi-
cation to decompress the abdomen. Many surgeons
prefer to intervene according to alterations in other
physiologic and metabolic parameters rather than a
specific pressure measurement. One series reported 11
adult trauma patients with abdominal compartment
syndrome, measured by pulmonary artery catheters
and gastric tonometry, had improved preload, pulmo-
nary function, and visceral perfusion after abdominal
decompression.!104

Experience with abdominal decompression for
abdominal compartment syndrome in children is lim-
ited.?1:102105-107 Nonspecific abdominal CT findings
in children with abdominal compartment syndrome
include narrowing of the inferior vena cava, direct
renal compression or displacement, bowel wall thick-
ening with enhancement, and a rounded appearance
of the abdomen.!%¢ One study reported the use of
patch abdominoplasty in 23 infants and children, of
whom only 3 were trauma patients.!?” These authors
found that patch abdominoplasty for abdominal

compartment syndrome effectively decreased airway
pressures and oxygen requirements. Failure to respond
with a decrease in airway pressures or Fi0, was an
ominous sign in their series. Several authors found
that abdominal decompression resulted in decreased
airway pressures, increased Po,, and increased urine
output in children with abdominal compartment syn-
drome.102:105.107 Many materials have been suggested
for use in temporary patch abdominoplasty, includ-
ing Silastic sheeting, polytetrafluoroethylene (PTFE)
sheeting, intravenous bags, cystoscopy bags, ostomy
appliances, and various mesh materials (Fig. 16-7). The
vacuum pack technique, used increasingly in adults, is
applicable in pediatric patients and seems promising
(Fig. 16-8).80.96

Bile Duct Injury

Nonoperative management of pediatric blunt liver
injury is highly successful but is complicated by a
4% risk of persistent bile leakage.!9819° The major-
ity of patients with bile leaks sustained high grade
(II-V) injuries.!’® Radionuclide scanning is recom-
mended when biliary injury is suspected.!!'! Delayed
views may show a bile leak even if early views are
normal. Endoscopic retrograde cholangiopancreatog-
raphy (ERCP) can be performed with placement of

Figure 16-8. This photograph shows an open abdomen in a
child treated with vacuum packing for hemostasis.



Figure 16-9. Endoscopic retrograde cholangiopancreatog-
raphy demonstrates several areas of bile leaks after blunt liver
injury.

transampullary biliary stents for biliary duct injury
after blunt hepatic trauma. Although ERCP is invasive
and requires conscious sedation, it can pinpoint the
site of injury and allow treatment of the injured ducts
without laparotomy (Fig. 16-9). Endoscopic transam-
pullary biliary decompression is a recent addition to
treatment for patients with persistent bile leakage. The
addition of sphincterotomy during ERCP for persistent
bile leakage after blunt liver injury has been advocated
to decrease intrabiliary pressure and promote internal
decompression.!12-115 Also, it is important to note that
endoscopic biliary stents may migrate or clog.

Injury to the Pancreas

Blunt traumatic injury to the pancreas occurs infre-
quently in children and can be very difficult to diag-
nose. It is estimated that injuries to the pancreas
compose 3% to 12% of intra-abdominal injuries in
children sustaining blunt trauma.!'!'® The lack of sur-
rounding fat planes and the small size of the retroperi-
toneal gland make it challenging to document even a
major ductal injury by routine CT.!'7” A dynamic CT
pancreatogram, with multiple thin slices while infus-
ing a contrast medium, gives much more detail than
routine abdominal CT. Magnetic resonance cholan-
giopancreatography also is a useful diagnostic modal-
ity but is not appropriate in the acute resuscitative
phase of the child with multiple injuries.!!'® Eleva-
tions in serum amylase and lipase levels are very com-
mon in abdominal trauma but are not indicative of
the extent of injury or need for surgical intervention.
Hyperamylasemia also may occur with salivary gland
injury, bowel perforation or obstruction, intracranial
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hemorrhage, or other nonspecific mesenteric inju-
ries.!'® In contrast, ERCP is a very accurate technique
in evaluating potential injury to the pancreatic ductal
system.!20 It is not widely used in the early evalua-
tion of the acutely injured child because of the highly
specialized skills required, the need for general anes-
thesia, and the likelihood of significant need for treat-
ment of associated head and thoracic injuries.

Nonoperative management of blunt injuries to the
liver, spleen, and kidney in children is accepted as the
standard of care in the majority of cases. Controversy
exists when discussing management of the child with
a significant pancreatic injury. Those with a pancreatic
contusion without major ductal disruption will heal
spontaneously. Successful nonoperative treatment
of 28 children with pancreatic injuries ranging from
contusions to complete transections by CT scan has
been described.!?! Pseudocysts developed in 36% of
patients and were treated with observation or percu-
taneous aspiration.

Direct visualization of the pancreas is very impor-
tant when exploring a child’s abdomen for a traumatic
injury. The lesser sac is entered above the transverse
colon, and the body and tail of the gland are carefully
inspected. A Kocher maneuver is then used to inspect
the duodenum and head of the pancreas. The poste-
rior surface of the gland may be accessed by mobiliza-
tion of the spleen along with the tail of the pancreas
from a lateral to medial direction.

In the child with a major pancreatic ductal injury
(Fig. 16-10), early operative intervention has been
reported to shorten hospitalization and lessen depen-
dence on total parenteral nutrition compared with
those children who were initially managed nonopera-
tively.122-125 Pseudocyst formation occurs in 45% to
100% of ductal injuries managed nonoperatively.121:126
Of these, a significant number, up to 60%, may resolve
with time. Percutaneous or cyst-enteric drainage proce-
dures may be needed if resolution does not occur spon-
taneously. These children have an increased length of
hospitalization as well as an increased dependence on
total parenteral nutrition compared with those under-
going early distal pancreatectomy.

Figure 16-10. This abdominal CT scan demonstrates blunt
transection of the pancreas (arrow).
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Figure 16-11. In some patients it is not always clear whether a significant intestinal injury has occurred from either blunt or penetrat-
ing trauma. Dingnostic laparoscopy is a useful technique in these patients. A, Perforation of the bowel from penetrating trauma is seen
at laparoscopy. This was closed primarily. B, Full-thickness injury to the colon (arrow) in a patient with blunt trauma is shown. The lapa-
roscopic approach was converted to an open operation for treatment of this injury.

ERCP as a diagnostic and therapeutic option has
recently gained some favor in selected centers with
pediatric ERCP expertise. Documentation of a ductal
injury, sphincterotomy, and possible stenting of the
injury are all maneuvers useful for healing.120.127.128

HOLLOW VISCUS INJURY

Gastrointestinal tract injuries in children may occur by
either blunt or penetrating mechanisms. Penetrating
injuries to the abdomen account for less than 10% of
cases of abdominal trauma in most series. They require
minimal diagnostic evaluation before operative man-
agement if penetration of the peritoneal cavity is evi-
dent, if the child has a clinical examination consistent
with peritoneal irritation, or in the unstable child.
Blunt intestinal injury may be seen with obvious indi-
cations for surgical intervention or may have a more
subtle, insidious presentation. The mechanism may be
from a compressive force (crush injury or child abuse),
a deceleration shearing force (fall from a height), or a
combination of the two (lap belt injury).

CT diagnosis of a bowel injury is often quite dif-
ficult. CT findings have been described in an effort
to improve its diagnostic accuracy in victims of
blunt abdominal trauma. Bowel wall thickening and
enhancement, mesenteric stranding, and free intra-
peritoneal fluid in the absence of solid organ injury
should alert the caregiver to a possible hollow vis-
cus injury. Pneumoperitoneum often is not present,
even with a full-thickness bowel wall disruption. Vir-
tually all neurologically intact patients have findings
or symptoms suggestive of peritoneal contamination
from a perforated viscus, such as pain, tachycardia,
rebound tenderness, or guarding.!?® Laparoscopy can
be useful for diagnostic purposes in some patients
(Fig. 16-11). The unconscious patient with multiple
injuries presents a significant diagnostic challenge, and
a high index of suspicion is needed.!*® These neuro-
logically injured patients may benefit from DPL if the
abdominal CT shows suspicious findings but laparot-
omy poses substantial risks due to associated injuries.

Children who have a visible contusion of the ante-
rior abdominal wall from a seat-belt lap restraint have
been documented to have an increased incidence of
abdominal injuries (Fig. 16-12). These include both
solid and hollow abdominal organs as well as associated
fractures of the lower thoracic and lumbar spine. These
children must have frequent in-hospital assessments,
serial physical examination by the same surgeon, and
diagnostic imaging to assess for abdominal and spinal
injuries. Several series have documented 80% to 100%
of children with major blunt intestinal injuries who had
evidence of abdominal wall ecchymosis.!?12° The pres-
ence of a visible contusion does not, in itself, mandate
exploration but should prompt careful observation.

Injury to the Stomach

Injuries to the stomach due to penetrating mechanisms
are variable in the amount of tissue destruction and
are dependent primarily on the velocity of the offend-
ing missile or penetrating object. Blunt injury to the
stomach, which is relatively infrequent, occurs when
a compressive force causes a burst injury in a patient
with a full stomach following a meal.

Figure 16-12. A lap belt sign is seen across this child’s lower
abdomen. This child had an underlying intestinal injury.



The diagnosis of a gastric injury from blunt force
is often problematic. Free air may not be seen on
the initial radiograph or CT scan. A nasogastric tube
lying outside the stomach contour on a radiograph or
CT scan is diagnostic. The child with abdominal wall
ecchymosis, tenderness, and/or free fluid in the peri-
toneal cavity should prompt the suspicion of hollow
viscus injury.

Surgical exploration for a suspected gastric injury is
initiated with an upper midline laparotomy incision.
The stomach and duodenum should be adequately
mobilized, and hemorrhage should be controlled. Par-
ticular attention should be paid to the lesser curve and
to the posterior stomach near the gastroesophageal
junction, which are sites of possible missed injuries.!3!
The lesser sac should always be opened to explore the
posterior wall of the stomach adequately. Owing to the
excellent blood supply of the stomach, repairs usually
heal well.

Injury to the Duodenum

Duodenal injuries may be extremely difficult to man-
age because of the intimate association with the pan-
creas, extrahepatic biliary system, and intra-abdominal
vascular systems. Thorough mobilization is key to
identifying injuries, both blunt and penetrating. The
technique used to repair a duodenal injury is depen-
dent on the overall status of the patient, the location
of the injury, and the amount of tissue destruction
encountered. Extravasation of air or enteral CT con-
trast material into the paraduodenal, pararenal, or ret-
roperitoneal space is the key finding in those patients
with a duodenal perforation. This is not seen in patients
sustaining a duodenal hematoma.!32

An intramural duodenal hematoma due to blunt
force applied to the epigastrium (kick, punch, han-
dlebar) may be managed nonoperatively if the child
has no evidence of full-thickness injury or peritonitis
(Fig. 16-13).133 The CT scans or upper gastrointestinal
contrast studies typically reveal duodenal narrowing,
spiraling, or partial obstruction of the duodenum. No
contrast or air is seen outside the bowel lumen. When
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managed nonoperatively, nasogastric decompression
and total parenteral nutrition may be required for
an average of 1 to 3 weeks. If a duodenal hematoma
is encountered during exploration for additional
abdominal trauma, the serosa may be incised and the
clot carefully evacuated, taking care not to enter the
duodenal lumen.

Full-thickness duodenal injuries may be closed
primarily if the amount of tissue destruction is not
excessive and if the closure will not compromise the
duodenal lumen or drainage of the biliary and pancre-
atic ductal system. Adequate surgical drainage of the
paraduodenal area is important if a pancreatic injury
or major duodenal tissue devitalization has occurred.
Duodenal closure may be obtained with the aid of a
Roux limb of jejunum sewn to the viable debrided
duodenum. A duodenal drainage tube for decompres-
sion is left in place. Temporary pyloric exclusion with
an absorbable suture via a gastrotomy also may be
valuable in the management of a complex duodenal
repair. This allows healing of the duodenum before
spontaneous recanalization of the pyloric channel
once the pyloric sutures resorb. A gastrostomy tube
for decompression may also be utilized instead of a
nasogastric tube. Placement of a feeding jejunostomy
will be helpful for enteral nutritional support. Surgi-
cal drains placed near the injured tissue at the time of
initial repair will control a fistula resulting from any
enteric leak. Somatostatin analogs may be helpful in
decreasing pancreatic and intestinal secretions and are
useful in management of a fistula should one occur.
Rarely is a pancreaticoduodenectomy required for
blunt trauma in children.34

Small Bowel Injury

Penetrating injury to the abdomen frequently injures
the small intestine. The small bowel must be carefully
and systematically visualized for mesenteric and bowel
wall injuries. Extensive injuries should be managed by
resection and anastomosis. Isolated perforations and
lacerations may be repaired with debridement and
closure, with care to avoid luminal narrowing.

Figure 16-13. This child sustained
a duodenal hematoma (B, arrow)
from a handlebar injury to the epi-
gastrium (A).
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Figure 16-14. The small bowel mesentery has been avulsed,
resulting in ischemic bowel.

Hematomas in the mesentery should be explored,
and control of bleeding vessels should be meticu-
lously performed. If a segment of bowel is in jeopardy
because of a mesenteric injury, bowel resection and
primary anastomosis should be performed to avoid
stricture formation. Injuries to the superior mesenteric
artery or vein should be repaired with a vein patch as
needed to avoid stenosis of the affected vessel. Delayed
diagnosis of injuries may also be seen with a delayed
bowel infarction due to rapid deceleration injury with
avulsion of the bowel from its mesentery (Fig. 16-14).
A late sequela of blunt intestinal injury is intestinal
stricture.!3> Crush injury to the bowel wall results in
ischemic injury and resulting scarring and fibrosis.
Intolerance of feeding, bilious emesis, and evidence of
a bowel obstruction 1 to 6 weeks after blunt abdomi-
nal trauma is the most common presenting scenario.

Injury to the Colon

Injuries to the colon in children may occur by the
same mechanisms as small bowel injuries, but the con-
sequences may be more significant. Delayed diagnosis
with peritoneal contamination may result in severe
and life-threatening septic complications. If isolated
colonic injuries are identified and repaired early in a
hemodynamically stable child, a primary bowel anas-
tomosis with appropriate perioperative antibiotic cov-
erage is safe. This approach also avoids the potential
complications of stomas and the need for reoperation
for stoma closure. Once a colonic injury has been iden-
tified and controlled, multiple factors influence surgi-
cal management. In the absence of shock or delayed
diagnosis with severe fecal contamination, many colon
injuries may be safely repaired primarily. A diverting
stoma may be necessary if extensive abdominal wall or
perineal tissue devitalization is present, if the child is
in shock, or if severe peritoneal soilage has occurred.
Care must be taken in selecting the site for placement
of the proximal diverting stoma to avoid ongoing
wound contamination.

Rectal Injuries

The etiology of the majority of perineal and rectal inju-
ries in children is either accidental falls in a straddle
fashion onto sharp or blunt objects or sexual abuse.
Typically, rectal perforations require proximal diver-
sion with an end colostomy and drainage of the distal
injured perirectal space. Identification of these injuries
may be difficult. The ability to ascertain the extent of
the injury will frequently require a formal examination
under general anesthesia (Fig. 16-15). In the female,
care is taken to carefully inspect the vaginal vault for
evidence of a penetrating injury either through or
into the vagina.!*¢ Proctosigmoidoscopy in a nonpre-
pared colon may not clearly localize an obvious per-
foration, but the presence of endoluminal blood must
be assumed to be evidence of injury. After proximal
colostomy and presacral drainage has been performed,
the distal rectum should be cleared of any remaining
feces. Meticulous repair of the injured anal sphincter
musculature must be performed. Any nonviable tissue
should be debrided at this setting. Closure of the rectal
injury or perforation may be accomplished transanally
if the injury is low enough to permit this approach.

Urinary Bladder

The bladder can rupture either in an intraperitoneal or
an extraperitoneal location. The young child’s bladder
is predominantly an intra-abdominal organ. Blunt
trauma to a child with a full bladder is the mechanism
in the vast majority of bladder injuries. Careful exami-
nation for possible pelvic fractures and associated
intra-abdominal injuries must be performed. Gross
hematuria is frequently, but not always, present as a
presenting symptom. Plain cystography or CT cystog-
raphy is the study of choice to evaluate a suspected
bladder injury based on hematuria or an abnormal
abdominal CT scan. Contrast extravasation from the
bladder or a large amount of free intraperitoneal

Figure 16-15. This teenager developed this full-thickness strad-
dle rectal injury after falling off a trampoline. It was possible to
close the injury over drains placed in the perirectal tissues. He has
recovered uneventfully with full continence.



fluid not explained by solid organ injury in a child
with hematuria should prompt a study to exclude
bladder perforation. Extraperitoneal bladder rupture
may be treated with bladder catheter drainage, which
allows complete healing in most cases. Intraperito-
neal rupture will require surgical repair after adequate
debridement of devitalized tissue. One or two layered
closure with absorbable suture material and adequate
bladder decompression with transurethral or suprapu-
bic drains are utilized. Careful inspection for associated
concomitant injuries is essential to avoid preventable
sequelae.

INJURY TO THE DIAPHRAGM

Traumatic injury to the diaphragm is infrequently
observed, even at the largest pediatric trauma cen-
ters. The etiology may be either blunt or penetrating
mechanisms. In most series, blunt traumatic rupture
of the diaphragm after motor vehicle crashes accounts
for 80% to 90% of cases. These injuries are caused
by massive compressive forces to the abdomen, which
create acceleration of abdominal contents cephalad,
followed by rupture of the diaphragmatic muscle. The
pressure gradient between the pleural and peritoneal
cavities enables abdominal viscera to herniate into the
thoracic cavity.

The diagnosis is frequently suggested by a plain
chest radiograph as part of the secondary survey of the
injured child. Other studies are occasionally helpful but
may not aid in the diagnosis.!?” The plain radiographic
findings include the following:

¢ Obscured hemidiaphragm

¢ Elevated hemidiaphragm

¢ Gas in herniated viscus above the diaphragm

¢ Tip of nasogastric tube in thorax

¢ Atypical pneumothorax

¢ Plate-like atelectasis adjacent to the diaphragm
Historically, it was believed that left-sided traumatic
diaphragmatic hernias were much more common,
accounting for 80% to 90% of reported cases. More
recent series and autopsy studies have shown that
actually the right- and left-sided ruptures occur with
equal frequency.!?® It is likely that these traumatic
hernias do occur equally, but the more severe injuries
causing a right-sided rupture result in fewer survivors,
resulting in fewer documented cases in trauma series.

Multiple-system and multiple-organ injury in this
population is the rule rather than the exception. In the
Toronto series of 16 pediatric patients with traumatic
diaphragmatic rupture, 81% had multiple injuries,
which included liver lacerations (47 %), pelvic fractures
(47%), major vascular injuries (40%), bowel perfora-
tions (33%), fractures of the long bones (20%), renal
lacerations (20%), spleniclacerations (13 %), and closed-
head injuries (13%).137 As would be expected, many
complications in this group of severely injured patients
were noted, with a significant risk of fatal injury.

Emergent operative exploration with minimal
diagnostic testing is often necessary in patients with
multiple abdominal injuries. Observation and careful
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palpation of both diaphragms must be a routine part of
the abdominal exploration in this setting. Direct suture
repair of the injury is usually possible after debride-
ment of any devitalized tissue. Pledgeted sutures may
aid in buttressing the repair made with mild tension
without tearing the muscle. If the defect to be closed is
too large to repair primarily without undue tension, a
prosthetic patch of PTFE or an acellular collagen patch
implant can be used in the manner of repairing congen-
ital diaphragmatic hernias in the newborn. Successful
laparoscopic or thoracoscopic repair of diaphragmatic
injuries in hemodynamically stable children and in
delayed repairs is technically feasible, with care being
taken to search for additional associated injuries.!3%-140
Renal avulsion into the chest through a traumatically
ruptured diaphragm has been reported.!4!-142 Because
of the rarity of this injury, a high index of suspicion
must be maintained when the mechanism and associ-
ated injuries suggests the possibility of this injury.'43
As always, a thorough and systematic exploration of
the entire abdomen and palpation of the retroperito-
neal structures is emphasized.

RENAL TRAUMA

The kidney is the most commonly injured organ in
the urogenital system. Children appear to be more
susceptible to major renal trauma than adults.!44
Several unique anatomic aspects contribute to this
observation, including less cushioning from perirenal
fat, weaker abdominal musculature, and a less well-
ossified thoracic cage. The child’s kidney also occupies
a proportionately larger space in the retroperitoneum
than does an adult’s kidney.