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!"!  At birth the circulation undergoes a fundamental change as blood oxygenation occurs through the 
lungs rather than the placenta. This transition places some newborns at risk of sudden increases in 
pulmonary artery pressure with resultant shunting of blood past the lungs through a patent foramen 
ovale or the ductus arteriosus. This may be triggered by hypoxia, hypercapnia, acidosis, and infection.

!"!  The reduced cellular mass of the neonatal heart devoted to contractility results in less compliant 
ventricles. This leads to a sensitivity to excessive intravascular volume, poor tolerance to increases 
in afterload (i.e., the development of biventricular failure), and compared to older children, a 
relatively rate-dependent cardiac output. In addition, the reduced cardiac calcium stores produce 
increased susceptibility to myocardial depression by potent anesthetics and also make neonates 
dependent on exogenous (i.e., blood-ionized) calcium values and vulnerable to the negative 
inotropic effects of ionized hypocalcemia.

!"!  The neonatal airway differs from the adult airway in four ways: the larynx is located higher in 
the neck, the glottis is shaped differently and angled over the laryngeal inlet, the vocal cords are 
angled with the narrowest portion in the subglottic region at the level of the cricoid cartilage.

!"!  Neonates have relatively larger volumes of distribution and lower clearances for most drugs. 
Thus loading doses generally have to be relatively larger whereas continuous infusion rates 
or dose intervals tend to be longer. Allometric scaling (e.g., body mass) can predict the dose 
requirement for most drugs in children better than simple mg/kg calculations.

!"!  The minimum alveolar concentration (MAC) of volatile anesthetic agents is higher in children 
compared to adults. However, for most agents the MAC in neonates is lower than for older 
children. Infants achieve more rapid equilibration of inspired-to-tissue concentrations of volatile 
agents compared to older agents, and hence relative overdose is a risk if higher concentrations 
are used for prolonged periods of time.

!"!  Neonates and infants are at greater risk of anesthesia-related cardiac arrest compared to older 
children. The etiology is most commonly related to cardiac or respiratory effects.

!"!  Former preterm infants are at risk for postoperative apnea. The use of regional anesthesia in 
these children may reduce the incidence of immediate postanesthesia apnea, but ongoing 
monitoring of the preterm infant is critically important.

!"!  Neonates and infants require adequate analgesia for painful procedures. The optimal dose of 
general anesthetics to achieve adequate analgesia is unclear in this population. Adult-derived 
electroencephalograph (EEG) algorithms such as bispectral index (BIS) cannot be used in this 
age group to guide anesthesia.

!"!  Temperature regulation is especially important for neonates and infants. Because of the large 
body surface-to-weight ratio, they are vulnerable to intraoperative hypothermia. Efforts to 
maintain a warm surgical unit through the use of warming devices such as hot air mattresses, 
application of warm surgical skin preparation solutions, and transport of the neonate or infant 
in an appropriate transport device, as well as keeping the infant covered during transport, all 
help prevent hypothermia.

!"!  Compared to adults, children are more susceptible to iatrogenic hyponatremia and subsequent 
significant morbidity. To minimize this risk, perioperative fluid therapy should consist of an isotonic 
solution. The classic 4-2-1 rule of Holliday and Segar overestimates the replacement requirement.

!"!  Preschool children are at risk of postoperative delirium and/or agitation. Agitation may be due 
to many factors including pain, fear, and hunger. Delirium may also cause agitation. Children 
manifest delirium by becoming inconsolable and not interacting with their parents or caregiv-
ers. Many strategies are known to reduce the risk of delirium. A number of approaches have 
been used to minimize postoperative delirium. Children receiving propofol anesthesia are at 
lower risk for delirium than those receiving volatile anesthetics.

!"!  Most general anesthetics cause morphologic changes to the developing brain, based on animal 
studies. Accelerated neuronal apoptosis is the most widely described change. Some human stud-
ies have found an association between exposure to anesthesia and surgery in early childhood 
and subsequent neurodevelopmental issues. This may be explained by a number of confounding 
factors. At the same time, increasing evidence suggests that an hour of anesthesia in infancy does 
not have a lasting impact on cognition and a range of other psychometric outcomes.

!"!  Pediatric anesthesia requires appropriate pediatric equipment in a range of sizes. Neonates 
require ventilators that are designed to meet their needs.

!"!  Preoperative anxiety is common in children. Distraction techniques, premedication with mida-
zolam or #2 agonists, and parental presence at induction have all been shown to reduce anxiety.
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Physiologic Considerations

During development there are substantial changes in a 
child’s physiology and anatomy. Understanding these is 
key to providing safe pediatric anesthesia care. The most 
substantial changes occur at birth and in early infancy; 
however, many systems continue to develop throughout 
childhood.

INTRAUTERINE DEVELOPMENT

Intrauterine development extends from conception to 
birth. This prenatal period is characterized by increased 
vulnerability to a large variety of genetic and exter-
nal factors that can induce permanent organ dysfunc-
tion of variable severity (Table 77.1). Identification of 
these prenatal risk factors is of utmost importance since 
they can have a major impact on perioperative man-
agement. Prenatal development is usually divided into 
three stages: (1) the germinal, (2) the embryonic, and 
(3) the fetal stage. The germinal stage starts with con-
ception and ends approximately 2 weeks later with the 
implantation of the embryo into the uterine wall. One 
key feature of this period is the formation of the placenta. 
Factors, either genetic or environmental, that interfere 
with the implantation process lead to the termination of 
pregnancy. The embryonic stage comprises the period 
between the third and eighth weeks of pregnancy and 
is characterized by intense cell proliferation, migration, 
and differentiation leading to the establishment of all 
major organs. Increased vulnerability to a wide variety 
of substrates, commonly called teratogens, during this 
period can induce major developmental defects, many 
of them incompatible with life. The fetal stage lasts 
from the ninth week of pregnancy to birth and is char-
acterized by the growth and functional differentiation 
of organs formed during the embryonic period. Numer-
ous exogenous factors, such as environmental toxins, 
ionizing radiation, and maternal infections as well as 
a multitude of drugs can interfere with the physiologi-
cal patterns of organ development throughout the fetal 
period which, in turn, will result in organ dysfunction of 
variable severity. Careful evaluation of prenatal history 
is therefore an important part of preoperative assessment 
and can guide further investigations prior to periopera-
tive management.

While pregnancy is considered to reach full term between 
the completion of the 37th and the 42nd weeks of gestation, 
fetuses reach an age of viability that may be considered, 
under tight medical support, as compatible with extrauter-
ine life between the 22nd and 26th weeks after conception. 
Prematurity is stratified into mild preterm (32-37 weeks), 
very preterm (28-31 weeks) and extremely preterm (<28 
weeks) periods with increasing neonatal morbidity and 
mortality based on degree of prematurity (Fig. 77.1).1

Normal birth weight at term is 2500 g to 4200 g. Infants 
weighing less than these norms can be classified as low 
birth weight (<2500 g), very low birth weight (<1500 
g), and extremely low birth weight (<1000 g). Plotting 
weight against gestational age allows further classifica-
tion into three additional categories: small for gestational 

age, appropriate for gestational age, or large for gestational 
age (see Fig. 77.1). Infants who are small or large for gesta-
tional age often have developmental problems or difficulties 
associated with maternal disease which can directly affect 
perioperative care (see Table 77.1).!

NEONATAL AND INFANT PHYSIOLOGY

The physiology of fetal life is fundamentally different from 
that of the neonate. The transition from intra- to extra-
uterine life is rapid and involves a complex and well-
orchestrated series of events aimed to ensure neonatal 
viability.2 A clinically useful measure to assess the condi-
tion of the newborn infant immediately after birth is the 
Apgar score (Table 77.2) This score is reported at 1 min-
utes and 5 minutes after birth for all infants and can be 
extended thereafter to follow fetal to neonatal transition. 
Apgar scores between 7 and 10 are considered reassuring, 
a score of 4 to 6 as moderately abnormal, while scores 3 
and below are usually indicative of poor outcome.3 It is, 
nevertheless, important to note that the Apgar score has 
its limitations and cannot be used alone to diagnose neo-
natal asphyxia.3

Cardiovascular System
The cardiovascular system undergoes dramatic physi-
ologic and maturational changes during the first year of 
life. In utero, most of the cardiac output is directed from 
the placenta across the foramen ovale into the ascend-
ing aorta (oxygenated blood), whereas superior vena 
cava blood (deoxygenated) is directed to both the pul-
monary artery and the ductus arteriosus (see also Chap-
ter 78).2 This pattern of circulation results in minimal 
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Fig. 77.1 Plotting birth weight against gestational age for neonates 
determines whether infants are small, appropriate, or large for ges-
tational age. Babies who are either small or large for gestational age 
are particularly likely to have a variety of problems such as metabolic, 
developmental, infectious, or structural abnormalities, as well as drug 
addiction and withdrawal. (Modified from Battaglia FC. Intrauterine 
growth retardation. Am J Obstet Gynecol. 1970;106:1103–1114. Used with 
permission.)
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intrauterine pulmonary blood flow. At birth, a number 
of events change hemodynamic interactions such that 
the fetal circulation adapts to the postuterine environ-
ment. Specifically, the placenta is removed from the cir-
culation; portal blood pressure falls, which causes the 
ductus venosus to close; and blood becomes oxygenated 
through the lungs. Exposure of the ductus arteriosus to 
oxygenated blood induces ductal closure. As a result of 
the combined effects of lung expansion, exposure of blood 
to oxygen, and loss of low resistance through placental 
blood flow, pulmonary vascular resistance decreases 
while peripheral vascular resistance rapidly rises. The 

decrease in pulmonary vascular resistance occurs on the 
first day of life and continues to decrease gradually dur-
ing the next several years as the architecture of the pul-
monary vessels changes. An increase in pressure on the 
left side of the heart (caused by the increase in peripheral 
vascular resistance) induces mechanical closure of the 
foramen ovale. As a result, all three connections between 
the right and left sides of the circulation close. Although 
closure of the ductus arteriosus probably occurs primar-
ily from an increase in arterial oxygen concentration, 
successful completion requires arterial muscular tissue; 
that such tissue is less prevalent in preterm infants may 

TABLE 77.1 Common Neonatal Problems Associated With Weight and Gestational Age

Gestation Relative Weight Neonatal Problems at Increased Incidence

Preterm (<37 weeks) SGA Respiratory distress syndrome
Apnea
Perinatal depression
Hypoglycemia
Polycythemia
Hypocalcemia
Hypomagnesemia
Hyperbilirubinemia
Viral infection
Thrombocytopenia
Congenital anomalies
Maternal drug addiction
Fetal alcohol syndrome

AGA Respiratory distress syndrome
Apnea
Hypoglycemia
Hypocalcemia
Hypomagnesemia
Hyperbilirubinemia

LGA Respiratory distress syndrome
Hypoglycemia; infant of diabetic mother
Apnea
Hypoglycemia
Hypocalcemia
Hyperbilirubinemia

Normal (37-42 weeks) SGA Congenital anomalies
Viral infection
Thrombocytopenia
Fetal alcohol syndrome
Perinatal depression
Hypoglycemia

AGA —
LGA Birth trauma

Hyperbilirubinemia
Hypoglycemia; infant of diabetic mother

Postmature (>42 weeks) SGA Meconium aspiration syndrome
Congenital anomalies
Viral infection
Thrombocytopenia
Maternal drug addiction
Perinatal depression
Aspiration pneumonia
Hypoglycemia

AGA —
LGA Birth trauma

Hyperbilirubinemia
Hypoglycemia; infant of diabetic mother

AGA, Appropriate for gestational age; LGA, large for gestational age; SGA, small for gestational age.
From Coté CJ, Lerman J, Anderson BJ, eds. A Practice of Anesthesia for Infants and Children. 5th ed. Philadelphia: Saunders; 2013.
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partly account for the frequent incidence of patent duc-
tus arteriosus in preterm infants. True mechanical clo-
sure of the ductus by fibrosis does not occur until 2 to 3 
weeks of age.

During this critical period, the infant can readily revert 
from the adult type of circulation to a fetal type of circula-
tion; this state is called transitional circulation. Many factors 
(e.g., hypoxia, hypercapnia, anesthesia-induced changes in 
peripheral or pulmonary vascular tone) can affect this pre-
carious balance and result in a sudden return to the fetal 
circulation. When such a flip-flop occurs, pulmonary artery 
pressure increases to systemic levels, blood is shunted past 
the lungs via the patent foramen ovale, and the ductus arte-
riosus may reopen and allow blood to shunt at the ductal 
level. A rapid downhill spiral may occur and lead to severe 
hypoxemia. In this situation, the hypoxemia may be pro-
longed, despite adequate pulmonary ventilation with 100% 
oxygen. In most cases, simple hyperventilation with resul-
tant reduction in arterial partial pressure of carbon dioxide 
(PaCO2) will cause the pulmonary artery pressure to return 
to normal.

Risk factors increasing the likelihood of prolonged tran-
sitional circulation include prematurity, infection, acidosis, 
pulmonary disease resulting in hypercapnia or hypoxemia 
(aspiration of meconium), hypothermia, and congenital 
heart disease. Care must be directed to keeping the infant 
warm, maintaining normal arterial oxygen and carbon 
dioxide tensions, and minimizing the effects of anesthetic-
induced myocardial depression for those newborns requir-
ing anesthesia.

The myocardial structure of the heart, particularly the 
volume of cellular mass devoted to contractility, is signifi-
cantly less developed in neonates than in adults. This dif-
ference, as well as developmental changes in contractile 
proteins, produce a leftward displacement of the cardiac 
function curve and less compliant ventricles. As a result 
of these differences, cardiac output is strongly dependent 
on heart rate; bradycardia is poorly tolerated because the 
infant cannot easily compensate for the decreased heart 
rate by increasing stroke volume to maintain normal car-
diac output.

The most frequently encountered arrhythmia in 
pediatric populations is hypoxia-induced bradycardia 
that can lead to asystole, if not appropriately handled. 
Ventricular fibrillation is extremely rare in infants and 
children.

Generally, myocardial function is usually adequate 
in most infants and children including those with con-
genital heart disease. Rare exceptions from this rule are 

individuals with congenital neuromuscular and metabolic 
diseases where the myocardium can be seriously compro-
mised.4 In neonates and infants, cardiac calcium stores 
are reduced because of the immaturity of the sarcoplasmic 
reticulum; consequently, these populations have a greater 
dependence on exogenous (blood-ionized) calcium and 
probably increased susceptibility to myocardial depression 
by volatile anesthetics that have calcium channel–block-
ing activity.!
Respiratory System
The pulmonary system is not capable of sustaining life 
until both the lungs and the vascular system have suffi-
ciently matured to allow the exchange of oxygen from air 
to the bloodstream across the pulmonary alveolar-vas-
cular bed. The lung bud septates from the foregut during 
the first trimester and the gas exchanging portions of the 
airway are formed during the second trimester. Alveo-
lar ductal development starts at gestation week 24 while 
the septation of the air sacs begins around gestational 
week 36.5 Alveoli then increase in number and size until 
a child is approximately 8 years old. Further growth is 
manifested as an increase in size of the alveoli and air-
ways. At term, complete development of surface-active 
proteins helps maintain patency of the airways. If a child 
is prematurely born and these proteins are insufficient, 
then respiratory failure (e.g., respiratory distress syn-
drome) may occur.

Respiration is less efficient in infants than adults. The 
airway of infants is highly compliant and poorly sup-
ported by the surrounding structures. The chest wall is 
also highly compliant; therefore the ribs provide little sup-
port for the lungs; that is, negative intrathoracic pressure 
is poorly maintained. The small diameter of the airways 
increases resistance to airflow. Thus functional airway 
closure accompanies each breath. Dead space ventila-
tion is proportionally similar to that in adults; however, 
oxygen consumption is two to three times higher. In pre-
term infants, the work of breathing is approximately three 
times that of adults. This increased work of breathing can 
increase significantly by cold stress (i.e., increased meta-
bolic demand for oxygen) or any degree of airway obstruc-
tion. Another important factor is the composition of the 
diaphragmatic and intercostal muscles. These muscles do 
not achieve the adult configuration of type I muscle fibers 
until the child is approximately 2 years old (Fig. 77.2).6 
Because type I muscle fibers provide the ability to perform 
repeated exercise, any factor that increases the work of 
breathing contributes to early fatigue of the respiratory 

TABLE 77.2 The Apgar Score

Score 0 Points 1 Point 2 Points

Appearance (skin color) Cyanotic/pale all over Peripheral cyanosis only Pink

Pulse (heart rate) 0 <100 100-140

Grimace (reflex irritability) No response to stimulation Grimace (facial movement)/weak cry when 
stimulated

Cry when stimulated

Activity (tone) Floppy Some flexion Well flexed and resisting extension

Respiration Apneic Slow, regular breathing Strong cry
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muscles of infants; this partially explains why the infant’s 
respiratory rate and hemoglobin desaturation is so rapid, 
and their propensity to develop fatigue and apnea with 
airway obstruction.

Differences in airway anatomy explain the more likely 
potential for technical airway difficulties in infants than 
in teenagers or adults. Typically, the airway of infants dif-
fers from adults in five ways7,8: (1) The relatively large 
size of the infant’s tongue, in relation to the oropharynx, 
suggests that the infant is more likely to sustain airway 
obstruction and technical difficulties during induction of 
anesthesia and laryngoscopy. Recently, however, mag-
netic resonance imaging (MRI) studies have called this 
into question by showing that soft tissues surrounding the 
upper airway grow proportionally to the skeletal structures 
during childhood.9 (2) Other anatomic differences may 
account for some of the airway management challenges 
in children. The larynx is located higher (more cephalic) 
in the neck, thus making straight blades more useful than 
curved blades. (3) The epiglottis is shaped differently, being 
short, stubby, omega shaped, and angled over the laryngeal 
inlet. Control with the laryngoscope blade is therefore more 
difficult. (4) The vocal cords are angled; consequently, a 
blindly passed tracheal tube may easily lodge in the anterior 
commissure rather than slide into the trachea. (5) Finally, 
the infant larynx is funnel shaped, the narrowest portion 
occurring at the cricoid cartilage (Fig. 77.3).8 While clas-
sic teaching is that the adult larynx is cylindrical and the 
infant larynx is funnel shaped, it is now recognized that the 
narrowest portion of the airway in approximately 70% of 
adults is also in the same subglottic region at the level of the 
cricoid cartilage as it is in children. Nonetheless, the chal-
lenges of tracheal tube placement in children are different 
than they are in adults. For adult patients, the airway size is 
much larger, so the commonly used tracheal tubes are usu-
ally easy to advance past the glottic opening.10 In infants or 
young children, a tracheal tube that easily passes the vocal 
cords may be tight in the subglottic region because of the 

relatively greater proportional narrowing at the level of the 
cricoid cartilage.

Although neonates and infants are considered as obli-
gate nasal breathers, they can also utilize the oral airway to 
maintain ventilation both spontaneously and in response to 
complete nasal obstruction.11 Even in preterm infants, the 
prevalence of spontaneous oral breathing has been reported 
to be as high as 50% during sleep, and oral breathing could 
be consistently initiated in this population upon nasal 
obstruction.12,13!
The Kidneys
Renal function is diminished in neonates with even less 
function in preterm infants as a result of lower renal per-
fusion pressures and immature glomerular and tubular 
function (Table 77.3) (Fig. 77.4).14,15 In full-term infants, 
maturation of glomerular filtration and tubular function 
is nearly complete by approximately 20 weeks after birth, 
although delayed in preterm infants. Complete maturation 
of renal function occurs at approximately 2 years of age. 
As a result of the delayed development, newborns have 
reduced ability to excrete free water and solute loads; the 
half-life of medications excreted by means of glomerular fil-
tration will be prolonged (e.g., antibiotics). Dosing intervals 
should be longer in neonates.!
The Liver
At term, the functional maturity of the liver is incom-
plete.16,17 Most enzyme systems for drug metabolism are 
developed, but not yet induced (stimulated) by the mate-
rial that they metabolize. As the infant grows, the ability to 
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Fig. 77.2 The composition of the diaphragm and intercostal muscles 
significantly changes during the first 2 years of life. The number of type 
I muscle fibers is inversely related to age and may account, in part, 
for the ease of inducing respiratory fatigue as the work of breathing 
increases. (Data from Keens TG, Bryan AC, Levison H, et al. Developmental 
pattern of muscle fiber types in human ventilatory muscles. J Appl Physiol. 
1978;44:909–913.)
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Fig. 77.3 The narrowest part of the adult larynx and the pediatric lar-
ynx is at the level of the cricoid cartilage. Traditionally, the adult larynx 
was thought to be cylindrically shaped, but autopsy data suggest that 
the narrowing in adults (A) is not as pronounced as it is in infants (B). 
The narrowest part of the infant larynx occurs at the level of the cricoid 
cartilage; the normal adult configuration of the larynx is not achieved 
until the teenage years. This anatomic difference is one of the reasons 
uncuffed tracheal tubes have been traditionally preferred for children 
younger than 6 years of age. A, Anterior; P, posterior. (From Coté CJ, Ler-
man J, Anderson BJ, eds. A Practice of Anesthesia for Infants and Children. 5th 
ed. Philadelphia: Saunders; 2013.)
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metabolize medications rapidly increases for two reasons: 
(1) hepatic blood flow increases and hence more drug is 
delivered to the liver, and (2) the enzyme systems develop 
and are induced. The cytochrome P450 system is respon-
sible for phase I drug metabolism of lipophilic compounds. 
This system reaches approximately 50% of adult levels at 
birth. The capacity for drug metabolism (e.g., caffeine) is 
reduced. However, this is not true for all lipophilic medica-
tions. The ability of neonates to metabolize some drugs is 
dependent on specific individual drug cytochromes. CYP3A 
(cytochrome P450, family 3, subfamily A) is generally pres-
ent at adult values at birth, whereas other cytochromes are 
absent or reduced. Phase II reactions involve conjugation 
that makes the drug more water-soluble to facilitate renal 
excretion. These reactions are often impaired in neonates 
and result in jaundice (decreased bilirubin breakdown) and 
long drug (and their active metabolites) half-lives (e.g., the 
half-life of morphine and benzodiazepines is several days). 
Some of these reactions do not achieve adult activity until 
after 1 year of age.

A preterm infant’s liver has minimal glycogen stores and 
is unable to manage large protein loads. These differences 
account for the neonate’s tendency toward hypoglycemia 
and acidemia and for the failure to gain weight when the 
diet contains too much protein. Additionally, plasma lev-
els of albumin and other proteins necessary for the bind-
ing of drugs are lower in full-term newborns (and are even 

lower in preterm infants) than in older infants (Fig. 77.5). 
This condition has clinical implications regarding neona-
tal coagulopathy (e.g., need for vitamin K at birth), as well 
as for drug binding and its pharmacodynamic effects; the 
lower the albumin value, the less protein binding of some 
drugs with resultant greater levels of unbound drug (i.e., 
unbound drug is the portion available to cross biologic 
membranes). In addition, the binding of some drugs to 
albumin may be altered in the presence of hyperbilirubine-
mia in the neonatal period; this effect is more important for 
drugs with high protein binding because a greater fraction 
of unbound drug will occur.!
Gastrointestinal System
At birth, gastric pH is alkalotic; by the second day of life, pH 
is in the normal physiologic range for older children. The 
ability to coordinate swallowing with respiration does not 

TABLE 77.3 Development of Glomerular Filtration Rate 
in the Term Newborn

Age
Glomerular Filtration Rate 
(mL/min/1.73 m2 mean) Range

1 day 24 3-38

2-8 days 38 17-60

10-22 days 50 32-68

37-95 days 58 30-86

1-2 years 115 95-135

From Heilbron DC, Holliday MA, al-Dahwi A, et al. Expressing glomerular filtra-
tion rate in children. Pediatr Nephrol. 1991;5(1):5–11.
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maturation. Total protein and albumin are less in preterm infants than 
in term infants and less in term infants than in adults. The result may be 
pharmacokinetic and pharmacodynamic alterations for drugs with a 
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fully mature until infants are 4 to 5 months of age, resulting 
in a high incidence of gastroesophageal reflux, particularly 
in preterm newborns. If a developmental problem exists 
within the gastrointestinal system, then symptoms will gen-
erally occur within 24 to 36 hours of life. Upper intestinal 
abnormalities are exhibited as vomiting and regurgitation, 
whereas lower intestinal abnormalities produce abdominal 
distention and a failure to pass meconium.!
Hematology and Coagulation System
The fetus uses two compensatory mechanisms to assure 
adequate oxygen delivery in the relatively hypoxemic in 
utero environment. One of them is the increased red blood 
cell production resulting from increased fetal renal eryth-
ropoietin secretion in response to hypoxemia. The other 
compensatory mechanism is the production of fetal hemo-
globin. Fetal hemoglobin has a high affinity for oxygen, 
causing a leftward shift in the oxyhemoglobin dissocia-
tion curve, increasing oxygen uptake at the lower oxygen-
ated placental vascular bed. Hemoglobin levels are high 
at birth (160-240 g/L) but rapidly decrease during the 
first 3 months of life because of decreased renal erythro-
poietin production in the normoxic ex utero environment. 
Fetal hemoglobin will be progressively replaced by adult 
hemoglobin during the first 6 months of postnatal life. The 
extent of this physiologic anemia is more important in pre-
mature infants and may contribute to the need for periop-
erative blood transfusion.

The hemostatic system of the neonate and infant has 
many unique features compared to adults.18-20 At birth, 
levels of vitamin K-dependent coagulation factors are 
low. They reach adult levels by 6 months of age. Fibrino-
gen levels are comparable between newborns and adults. 
However, fibrinogen polymerization does not reach its full 
capacity during the first few postnatal months, thereby 
leading to prolonged thrombin time. Platelet number at 
birth is also comparable to adults, but platelet function is 
impaired during early life. Despite these apparent deficits, 
the postnatal period represents a hypercoagulable state, 
since inhibitors of coagulation are also decreased by 30% 
to 50% in the newborn. Antithrombin III and protein S lev-
els reach maturity by 3 months of age whereas protein C 
and plasminogen levels reach adult levels after 6 months 
of life. The overall results of this hypercoagulable state are 
higher risks of thrombotic complications in neonates and 
infants.21 Children between 1 and 16 years of age have a 
25% lower ability to form thrombin compared to adults, 
and the incidence of venous thrombosis in this population 
is estimated to be very low (0.05%-0.08%).19,22 At adoles-
cence, the physiology of the coagulation system matures. 
In the adolescent population, additional factors such as 
smoking, obesity, pregnancy, and use of oral contraceptives 
become relevant. As a result of some of these factors, recent 
guidelines recommend considering thromboprophylaxis in 
postpubertal adolescents.23

In utero, the immune system of the fetus remains toler-
ant to maternal alloantigens. After birth, exposure to myri-
ads of environmental antigens, including those derived 
from intestinal bacteria, leads to a rapid development of the 
immune system.24 However, full maturation of both the 
innate and adaptive immune systems is achieved after sev-
eral years of life. Therefore young children are at increased 

risk from many pathogenic viruses, bacteria, fungi, and 
parasites when compared to adults.!
Central Nervous System
In humans, the neural tube is formed between the third 
and fourth week of pregnancy and is followed by an active 
phase of cell proliferation and migration during the second 
trimester. With particular relevance to neonatal and pedi-
atric perioperative care, the most intense phase of brain 
development takes place between the beginning of the third 
trimester of pregnancy and the first few years of postnatal 
life. During this period, also called the brain growth spurt, 
the nervous system undergoes important differentiation, 
including the formation of myriads of synaptic contacts 
between neurons. Neural activity plays a preponderant role 
in these events especially during critical periods of devel-
opment when the nervous system is particularly sensitive 
to and relies on external stimuli to drive differentiation 
of neuronal networks. Pharmacologic interference with 
physiologic activity patterns during this period may lead to 
impaired brain development.

Both premature and term newborns show strong pain 
behavior that is more diffuse and untuned when compared 
to older children and adults. The first functional and reflex 
responses to tactile and noxious stimuli are aimed to protect 
the individual from tissue damage and can trigger a range 
of physiologic responses throughout the whole organ-
ism. The onset of pain awareness or “feelings” in humans 
remains undefined and largely debated. Nevertheless, there 
is evidence that early painful experiences, even if noncon-
scious, might alter subsequent central nervous system 
(CNS) function and that adequate pain relief can improve 
outcome.25-27!
Thermoregulation
Infants are especially vulnerable to hypothermia because 
of the large ratio of body surface area to weight, the thin-
ness of the skin, and a limited ability to cope with cold 
stress.28 Cold stress causes increased oxygen consumption 
and a metabolic acidosis, particularly in preterm infants 
because of even thinner skin and limited fat stores. The 
infant compensates by shivering and nonshivering (cel-
lular) thermogenesis (metabolism of brown fat); however, 
the minimal ability to shiver during the first 3 months of 
life makes cellular thermogenesis the principal method of 
heat production. As a result of these issues, managing heat 
loss is vital for newborns undergoing anesthesia and sur-
gery. Placing the baby on a warming mattress and warm-
ing the surgical unit (80°F or warmer) will reduce heat 
lost by conduction. Keeping the infant in an incubator and 
covered with blankets minimizes heat lost through convec-
tion. The head should also be covered, since heat loss from 
the scalp is significant. Heat lost from radiation is decreased 
with the use of a double-shelled isolette during transport. 
Heat lost through evaporation is lessened by humidifica-
tion of inspired gases, the use of plastic wrap to decrease 
water loss through the skin, and warming of skin disin-
fectant solutions. Hot air blankets are the most effective 
means of warming children; at the same time, especially in 
neonates, overheating must be avoided. Anesthetics also 
impact thermoregulation, particularly nonshivering ther-
mogenesis in neonates.!

Downloaded for Damon dr68 (damondr68@gmail.com) at Hacettepe University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



77 • Pediatric Anesthesia 2427

Pharmacology

DEVELOPMENTAL PHARMACOLOGY

For nearly all drugs used in anesthesia, the dose required 
in children and adults differs. These differences are due to 
factors such as growth, maturation, and differing profiles 
of concurrent morbidity.29 A thorough understanding of 
developmental pharmacology may reduce drug error in 
children.30 Size alone cannot predict the differences between 
adults and children.31 In adults, many drugs are given on a 
per kilogram basis. This assumes clearance and volume of 
distribution remain fixed relative to weight. This assump-
tion is not valid for children. Pharmacokinetics in children 
varies with body composition, renal and hepatic function, 
and with altered protein binding. Renal and hepatic func-
tion in turn changes with age as relative blood flow and 
organ maturity change with age. The pharmacodynamics 
of anesthesia drugs may also differ substantially in children. 
The changes in pharmacokinetics and pharmacodynamics 
are most pronounced in neonates. It is important to note 
that for many drugs, knowledge is limited regarding drug 
pharmacology in children in general and infants and neo-
nates in particular. The evidence upon which to guide prac-
tice is limited; as a result, many anesthesia drugs are used 
“off label” in small children.32

Body Composition
The body compartments (e.g., fat, muscle, water) change 
with age (Fig. 77.6).33 Total body water content is signifi-
cantly higher in preterm infants than in term infants and in 
term infants than in 2-year-olds. Neonates and infants have 
a substantially greater extracellular fluid volume com-
pared to intracellular fluid volume. Fat and muscle content 
increases with age. These alterations in body composition 
have several clinical implications for neonates. First, a drug 
that is water soluble has a large volume of distribution and 
usually requires a large initial dose (mg/kg) to achieve the 
desired blood level (e.g., most antibiotics, succinylcholine). 

Second, because the neonate has less fat and muscle, a drug 
that depends on the redistribution into fat or muscle for the 
termination of its action will have a long clinical effect (e.g., 
fentanyl, propofol, and thiopental).!
Protein Binding
Neonates have reduced total plasma protein levels, 
including lower levels of albumin (which binds acidic 
drugs such as diazepam and barbiturates) and #1 acid 
glycoprotein (which binds lidocaine and alfentanil). 
Reduced protein levels mean that drugs that are highly 
protein bound will have a higher free fraction and hence 
a greater drug effect; however it is important to note that 
this is only clinically relevant for drugs that have a very 
high degree of protein binding, a high extraction ratio, 
and a narrow therapeutic index (such as lidocaine). Some 
drugs, such as caffeine and ceftriaxone, may also displace 
bilirubin from plasma proteins increasing the risk of ker-
nicterus in sick neonates.!
Clearance
Clearance is the fundamental parameter in predicting drug 
elimination. It is also an important characteristic for deter-
mining duration of effect, dosing interval, and infusion rate. 
Drugs are cleared through a combination of metabolism 
and excretion. Clearance changes with age in a complex 
manner.34 Clearance (expressed as L/h/kg) is greater in a 
toddler than it is for an older child. The difference is related 
to a nonlinear relationship between many aspects of organ 
function and size. This nonlinear relationship is not related 
to organ maturity and is surprisingly constant across differ-
ent aspects of organ function, age, and species. It is known 
as allometry and can be expressed as

 

Function = (scaling constant)!
(body mass)(allometric exponent)

Using body surface instead of body mass results in an 
allometric exponent of approximately 2/3 and is a rea-
sonable predictor of clearance. Other pediatric pharma-
cologists argue that an allometric exponent of 3/4 better 
reflects actual function. Allometry alone, however, does not 
explain changes to clearance in the infant and neonate. For 
these infants, organ maturity has a substantial impact. A 
sigmoid hyperbolic or Hill model, in addition to allometry, 
is needed to predict clearance in this age group. Using post-
menstrual age provides a better fit than chronologic age, 
consistent with organ maturity being on a continuum from 
fetal to postnatal life. The time to full maturation of renal 
and hepatic clearance varies between drugs. In general the 
slope is steepest in the neonatal period and full maturity is 
achieved by 2 years of age (Fig. 77.7).29

Many drugs such as succinylcholine, atracurium, and 
remifentanil undergo clearance independent of the liver or 
kidney. The nonspecific esterases that metabolize remifent-
anil are mature at birth.35 The clearances for these drugs do 
not require an adjustment for maturation and can be pre-
dicted largely through allometry alone.

For drugs that require hepatic or renal clearance, neo-
nates and infants will have a lower clearance resulting in 
longer elimination half-times, and hence infrequent dosing 
and lower infusion rates at steady state. In older children, 
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Fig. 77.6 Body composition rapidly changes in preterm and term 
infants during the first 12 months of life. Their high water content 
provides a large volume of distribution for water-soluble medications, 
whereas their low fat and muscle content provides a small reservoir for 
drugs that depend on redistribution into these tissues for the termina-
tion of the drug effect. Thus body composition may significantly affect 
pharmacokinetics and pharmacodynamics. (Data from Friis-Hansen B. 
Body composition during growth. In vivo measurements and biochemical 
data correlated to differential anatomical growth. Pediatrics. 1971;47:264; 
Coté CJ, Lerman J, Anderson BJ, eds. A Practice of Anesthesia for Infants and 
Children. 5th ed. Philadelphia: Saunders; 2013.)
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elimination half-times may appear to be shorter, but this 
difference tends to disappear with allometric (body mass) 
scaling.

In addition to the differences in drug pharmacokinetics in 
neonates, other factors will have influence on drug dosing 
and clearance. Some of the critical factors include sepsis, 
congestive heart failure, and increases in intraabdominal 
pressure affecting renal and hepatic function.!
Pharmacodynamic Differences
In older children pharmacodynamic properties of most 
anesthetic agents are probably similar to those in adults, 
albeit with some notable exceptions such as anticoagu-
lants.20,36 In infants and neonates much less is known 
about the pharmacodynamics of anesthetic agents. The 
lack of data are partly due to the lack of robust and vali-
dated measures of various aspects of anesthetic effect in the 
infant and neonatal population. For example, fundamen-
tal anesthesia endpoints such as pain, memory, and even 
unconsciousness can be difficult to assess in infants. Surro-
gate measures of anesthesia effect, such as the EEG, are also 
unreliable in infants. With increasing understanding of the 
developmental neurobiology of pain and consciousness it is 
likely that we will identify other clinically significant phar-
macodynamic differences in infants.!

INHALED ANESTHETICS

Potency of Inhaled Anesthetics in Children
The expired minimum alveolar concentration (MAC) of an 
inhaled anesthetic required in children changes with age 
(Fig. 77.8).37-44 Anesthetic requirement is smaller for pre-
term than for term neonates and smaller for term neonates 
than for 3-month olds. Infants have a higher MAC than that 
of older children or adults; the reasons for these age-related 
differences in MAC are not known. When considering the 
impact of age on MAC, it must be noted that the evidence is 
limited; the number of studies and the number of children in 
each study are small.

It is also important to note that MAC measures only one 
aspect of anesthesia effect and reflects primarily a spinal 
cord reflex. Compared to adults, older children have a simi-
lar relationship between MAC and other measures of anes-
thetic effect. The ratio of MAC to MACawake, MACintubation, 
MACLMA insertion, MACextubation, and MACBAR are similar in 
children to adults.45-48 The relationship between MAC and 
the EEG, and hence most anesthesia depth monitors, is not 
as consistent in children and adults. Children have a higher 
BIS (bispectral index) for a specific fraction of MAC.49,50 The 
significance of this is unclear. In infants and neonates there 
are no data to determine how MAC relates to other aspects 
of anesthetic effect. It is clear that the relationship between 
MAC and the EEG is substantially different in infants com-
pared to adults, but once again the clinical significance of 
this is unclear.

Halothane, sevoflurane, isoflurane, and desflurane all 
produce a dose-dependent reduction in systemic blood 
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pressure. It is unclear if this is a direct effect on myocardial 
contractility and vascular smooth muscle or an indirect 
effect via autonomic or neurohumoral reflexes. The myo-
cardial depressant effect is greater in neonates compared 
to older children.51 All of these agents also have a dose-
dependent effect on ventilator drive and response to carbon 
dioxide.52-54!
Pharmacokinetics of Inhaled Anesthetics in 
Children
The rate of rise of inhalational anesthetic concentration 
depends on rate of delivery determined by the inspired con-
centration, minute ventilation, and ratio of minute ventila-
tion to residual functional capacity; it also depends on the 
rate of uptake that is determined by the cardiac output, tis-
sue/blood solubility, and alveolar to venous partial pressure 
gradient.

Attainment of steady state, where the alveolar and 
inspired fractions equilibrate, is faster in children than 
adults. This difference is due to a greater minute ventilation 
relative to functional residual capacity as well as a lower 
tissue/blood solubility. This effect in children is greater for 
more soluble agents such as halothane and less for sevoflu-
rane and desflurane.

The faster attainment of steady state in neonates can 
increase the risk of overdose during induction of anesthesia, 
particularly if a high inspired concentration is used for an 
excessively long period. The risk may be greater for agents 
when greater MAC multiples can be delivered by the vapor-
izer; for example, a halothane vaporizer can deliver up to 
5.75 MAC multiples versus 2.42 MAC multiples for a sevo-
flurane vaporizer (Table 77.4).!
Halothane
Halothane is now rarely, if ever, used in the United States 
and many other countries; however, it is still widely used 
in developing countries. Halothane is a relatively potent 
agent, but has a greater blood solubility and slower induc-
tion and emergence if similar MAC multiples of inspired 
concentrations are used. It does not have a noxious smell 
and hence, prior to the use of sevoflurane, was the agent of 
choice for inhalational inductions in children. Halothane, 
being a polyhalogenated alkane, has subtle differences in 
pharmacodynamic properties compared to the other ether 
inhalational anesthetics. Halothane has more “analgesic” 
properties than the ethers and has a higher BIS at equivalent 

MAC multiples. The MAC of halothane is low in neonates, 
highest in infants, and then steadily declines with age.

Halothane is a potent myocardial depressant that can 
have profound effects on neonates and children. Halothane 
also causes sensitization of the myocardium to arrhythmias. 
The first Pediatric Perioperative Cardiac Arrest (POCA) reg-
istry study reported that halothane was a major cause for 
perioperative cardiac arrest. It was thought to be particu-
larly dangerous with the use of controlled ventilation with-
out reducing the inspired concentration after induction.55 
The decline in cardiac events in subsequent POCA audits 
has been attributed to the decline in use of halothane in the 
United States.56 At the same time, halothane may be used 
safely, but care should be exercised particularly if the anes-
thesiologist is not experienced with its use.!
Sevoflurane
Sevoflurane is a polyhalogenated ether. It has a low blood 
solubility facilitating a relatively rapid inhalational induc-
tion. Sevoflurane is less pungent than isoflurane and des-
flurane and has become the agent of choice for inhaled 
induction of anesthesia in children. Unlike other inhala-
tional agents, the MAC is similar with neonates and infants, 
but like other agents becomes lower with age after infancy: 
3.3% for neonates, 3.2% for infants 1 to 6 months old, and 
2.5% for children older than 6 months.37,38 Sevoflurane 
is associated with a greater incidence of emergence delir-
ium compared to halothane (see later). Sevoflurane is also 
reported to cause epileptiform changes in the EEG when 
delivered at high concentrations in children. The clinical 
significance of these EEG changes is not clear.57!
Isoflurane
Isoflurane, a polyhalogenated ether, has a blood solubility 
between halothane and sevoflurane. As with sevoflurane, 
it has a relatively lower MAC in neonates, peaks in infancy, 
and then declines with age. It is more potent than sevoflu-
rane but has a relatively more noxious smell, which makes 
an inhalational induction with it unacceptable for most 
children.!
Desflurane
Desflurane is another polyhalogenated ether, with a blood 
solubility lower than isoflurane or sevoflurane. Similar to 
sevoflurane and isoflurane, desflurane’s MAC peaks in 
infancy, is lower in neonates, and declines with age after 
infancy.40,58 The low solubility facilitates a more rapid emer-
gence. It is however not suitable for inhalational induction 
in children because of its pungent odor and an unaccept-
able incidence of laryngospasm ($50%).59 It is however 
suitable for maintenance of anesthesia in children although 
the package insert indicates that it is not recommended for 
maintenance in children without tracheal tubes.!
Nitrous Oxide
Nitrous oxide is an odorless gas that has a low solubility in 
blood, but is relatively nonpotent. The MAC of nitrous oxide 
has not been accurately determined in children. When 
nitrous oxide is used with an inhaled anesthetic, it reduces 
the concentration required for the more potent inhalational 
agents. It may speed the uptake of more potent anesthetics, 
but the underlying theory behind this “second gas” effect 

TABLE 77.4 Minimum Alveolar Concentration Multiples 
for a Neonate Allowed by Current Vaporizers

Agent
Maximum Vapor-
izer Output (%) MAC (%)

Maximum Possible 
MAC Multiples

Halothane 5 0.87 5.75

Isoflurane 5 1.20 4.2

Sevoflurane 8 3.3 2.42

Desflurane 18 9.16 1.96

MAC, Minimum alveolar concentration.
From Coté CJ, Lerman J, Anderson BJ, eds. A Practice of Anesthesia for Infants 

and Children. 5th ed. Philadelphia: Saunders; 2013.
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has been challenged. This characteristic is probably of lim-
ited clinical relevance. Nitrous oxide is a weak analgesic; it 
can be used alone or in conjunction with other agents for 
procedural sedation and analgesia for children.60-62 Since 
it is odorless, it is also commonly used for an inhalational 
induction in cooperative children. For example, breathing 
high concentrations for a short period can provide con-
siderable sedation prior to adding sevoflurane. In many 
institutions the routine use of nitrous oxide during mainte-
nance of anesthesia has declined since it is associated with 
an increased risk of postoperative nausea and vomiting in 
adults; however studies have shown little evidence that 
nitrous oxide has any impact on postoperative nausea and 
vomiting in children.63,64!
Xenon
Xenon is another odorless anesthetic gas that has a rela-
tively low potency. While it is currently not routinely used, 
it has some potential advantages over other anesthetic 
agents. The MAC in children is unknown. In adults it has 
remarkably little cardiovascular effect. It has thus been pro-
posed as a potentially superior anesthetic for children with 
significant congenital heart disease but only preliminary 
studies have evaluated this to date.65,66 Its high cost man-
dates the use of either very low fresh gas flows or complex 
scavenging and recycling systems. This may reduce the 
practicality of its use in many pediatric settings.!
Emergence Agitation and Delirium
Children can become agitated on emergence or shortly 
after arrival in the postanesthesia care unit (PACU). The 
reported incidence of agitation varies enormously, reflect-
ing the variety of definitions of agitation and delirium used 
in various studies. The potential list of causes or associated 
factors is long. Agitation may be due to many factors includ-
ing pain, cold, full bladder, presence of restrictive casts, fear, 
anxiety due to parental separation, or simply having a “tan-
trum.” Agitation is best measured with the Cravero scale.67 
The initial management of agitation is to try to identify or 
rule out likely causes. In some cases agitation may be due 
to delirium. Delirium is characterized by reduced awareness 
of the environment and altered cognition or perceptual dis-
turbances. Typically the child is disoriented and does not 
respond to parents or staff. There is generally no eye contact 
and the child cannot be consoled.68 If the delirium is asso-
ciated with thrashing around or violent movement, this 
is known as “emergence delirium.” Emergence delirium 
occurs most frequently in preschool children. It is distress-
ing to staff and parents. It may also lead to self injury, and 
dislodging dressings, drains, and intravenous lines. In most 
cases, emergence delirium may persist for 10 to 20 minutes 
but is self-limiting. Delirium may also be hypoactive; in this 
situation, the child has a delirium, but is inactive and not 
agitated, and thus is at less risk of doing harm to themselves.

The cause for delirium is not precisely known. It may 
relate to the mode of awakening.69 It is intriguingly similar 
to night terrors in children. It is more common when main-
tenance anesthesia included either sevoflurane or desflu-
rane. It is unusual after total intravenous anesthesia (TIVA) 
with propofol. Many agents have been found to reduce the 
incidence.70-72 The most effective is using TIVA or giving 2 
to 3 mg/kg of propofol before emergence.73 Fentanyl and 

#2 agonists have also been found to be effective.74 Propo-
fol, clonidine, and midazolam have all been described as 
useful in management. When managing delirium other 
causes for agitation should be considered, particularly pain. 
Emergence delirium may occur after painless procedures; 
however there is also some evidence that pain may increase 
the risk of emergence delirium. Other physiologic changes, 
including hypoxia, metabolic derangement, and hypona-
tremia, may also cause agitation or delirium, so must be 
ruled out, particularly if the delirium is prolonged.!

INTRAVENOUS GENERAL ANESTHETICS

Propofol
The pharmacokinetics of propofol have been well described 
in children. In children the volume of distribution is greater 
than in adults and there is a more rapid redistribution. 
Clearance is similar in children to adults; however clear-
ance is longer in preterm neonates. The dose for induction 
increases with decreasing age. The median effective dose 
(ED50) for loss of eyelash reflex is 3 mg/kg in infants aged 
1 to 6 months, and 1.3 to 1.6 mg/kg in children aged 1 to 
12 years. The pharmacokinetics of propofol in neonates has 
not been as well described; however, the induction dose 
is generally less than for older infants. Use of propofol has 
been associated with profound hypotension in neonates.75 
A potential drawback is pain on injection. Numerous strat-
egies have been described to reduce this pain. The most 
effective is probably using a large vein, or adding lidocaine 
(0.5-1.0 mg/kg) to the propofol, or injecting lidocaine 
before the propofol. Propofol is not contraindicated in chil-
dren with egg allergy.76

A major concern with propofol is the potential for pro-
pofol infusion syndrome (lipemia, metabolic acidosis, 
rhabdomyolysis, and hyperkalemia followed by refractory 
cardiovascular collapse), which is generally associated with 
high-dose infusions for an extended period (usually days 
in an intensive care unit [ICU] environment).77 The onset 
may be subtle and unnoticed followed by rapid demise. 
The mechanism underlying propofol infusion syndrome 
remains unclear. It may be related to mitochondrial lipid 
metabolism.78!
Total Intravenous Anesthesia in Children
TIVA is becoming increasingly popular in pediatric anes-
thesia.79-81 Propofol and remifentanil are the main agents 
used. In children TIVA has been suggested to have many 
advantages including reduced emergence agitation and 
emergence delirium, faster recovery, reduced postopera-
tive vomiting, and fewer airway complications on emer-
gence. These advantages are all plausible; however there 
are few well-designed studies to test these assertions. One 
limitation of TIVA in children is the need for specific and 
well-validated pediatric algorithms. Adult target-controlled 
infusion models are not best suited for children.82 The Paed-
fusor model is one pediatric-specific algorithm that is widely 
used for children.!
Thiopental
In most countries, propofol has largely replaced thiopental in 
pediatric anesthesia. The ED50 of thiopental is 3.4 mg/kg in 
neonates, 6 mg/kg in infants, 4 mg/kg in preschool children, 
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4.5 mg/kg in children aged 4 to 7 years, 4.3 mg/kg in children 
aged 7 to 12 years, and 4.1 mg/kg in older children. Clearance 
is slower in neonates. Limiting the total dose to 10 mg/kg or 
less in older children minimizes the possibility of prolongation 
of anesthesia caused by residual barbiturate sedation.!
Ketamine
Ketamine has a similar volume of distribution in children 
compared to adults, but the clearance is reduced in infants. 
Ketamine has a number of niche uses in pediatric anesthe-
sia. Ketamine may be used for induction of anesthesia (1-3 
mg/kg intravenously and 5-10 mg/kg intramuscularly). 
The intramuscular route is well described for larger unco-
operative children where intravenous and inhalational 
induction are impossible and other forms of premedication 
are refused. The intramuscular dose may have a benzodi-
azepine added to reduce the risk of hallucinations and an 
anticholinergic agent to reduce the risk of hypersecretion. 
For relatively brief procedures a large intramuscular dose 
may lead to significantly delayed emergence.

Compared to equipotent doses of other intravenous anes-
thetics, ketamine causes relatively little cardiovascular or 
respiratory depression and is less likely to result in airway 
obstruction. It is thus favored as a safer drug in resource 
poor settings. However, although spontaneous respirations 
and a patent airway are usually maintained, apnea and 
laryngospasm may still occur. It is also frequently used in 
the pediatric emergency department for brief painful proce-
dures. Ketamine may be used alone or in combination with 
other agents as an effective premedication. Given its car-
diovascular stability it may be the optimal premedication 
for children with significant cardiovascular disease such as 
children with congenital heart disease. Ketamine is increas-
ingly used as a postoperative analgesic, either alone or in 
combination with other agents.!
Etomidate
Clearance is similar in children to adults; however the vol-
ume of distribution is larger in children and hence a larger 
initial bolus is required. Concerns regarding anaphylactoid 
reactions and suppression of adrenal function have limited 
widespread use of this anesthetic in children. As with propo-
fol, the incidence of pain on intravenous administration is 
frequent. Etomidate has minimal cardiovascular suppression 
and thus it is useful in children who are critically ill and those 
with a head injury. Etomidate has gained increasing popu-
larity for airway management in the emergency department.!

!2 AGONISTS

#2 Agonists are increasingly used in pediatric anesthesia. 
Uses include sedation, premedication, analgesia, preven-
tion of emergence delirium, and as an adjunct to extend the 
duration of action of regional nerve blockade. #2 Agonists 
cause a dose-dependent reduction in heart rate and blood 
pressure; however this is rarely clinically relevant in the 
doses commonly described.

Clonidine
Clonidine is increasingly used for premedication. To be opti-
mally effective 4 mcg/kg clonidine should be given orally 
45 to 60 minutes prior to induction. There is some evidence 

that clonidine is superior to midazolam as a premedicant in 
terms of sedation, postoperative agitation, and postopera-
tive pain.83 Similar to many other drugs, the clearance of 
clonidine is reduced in neonates; however it rises to 82% of 
adult levels by 1 year of age.84!
Dexmedetomidine
Dexmedetomidine has greater selectivity for the #2 adreno-
receptor than clonidine, and hence produces less hypoten-
sion and bradycardia compared to clonidine. It also has 
minimal respiratory depressive effects. The sedation pro-
vided by dexmedetomidine is similar to natural sleep. Thus 
with stimuli, children may be more easily aroused from 
dexmedetomidine sedation compared to other sedative 
agents. Dexmedetomidine has been widely used as a seda-
tive in the intensive care setting. It has also been used as a 
sole sedative for medical imaging in children. The loading 
dose of 1 to 2 µg/kg is typically given over 10 minutes fol-
lowed by an infusion of 0.5 to 1 µg/kg/h.85 This may how-
ever produce a more prolonged recovery compared to other 
regimens. Dexmedetomidine has also been used for cardiac 
catheterization, awake-craniotomies, and to facilitate opi-
oid withdrawal. Dexmedetomidine may produce a biphasic 
hemodynamic response with a bolus producing an initial 
increase in blood pressure before a mild reduction in blood 
pressure. The clearance is reduced in neonates.86

Dexmedetomidine is increasingly used intranasally for 
premedication where it has a bioavailability of 80%. A dose 
of 1 to 2 µg/kg is usually used for intranasal premedication, 
taking 30 to 40 minutes for peak effect. Several studies have 
found intranasal dexmedetomidine to be superior to mid-
azolam for premedication in children.87,88!

OPIOIDS

Morphine
Morphine is frequently used for postoperative analgesia. 
In children, as in adults, there is also a large variability in 
pharmacodynamic and pharmacokinetic profile and thus 
doses should be titrated to effect. Morphine is metabolized 
by both glucuronidation and sulfation. In adults sulfation is 
a minor pathway; however in neonates it is relatively more 
dominant. The clinical significance of this is unclear. Clear-
ance is low in neonates but reaches adult levels at 6 to 12 
months of age. The most worrisome adverse effect of mor-
phine is respiratory depression. In animal models neonates 
are more susceptible to respiratory depression compared 
to older animals, perhaps due to an immature blood-brain 
barrier. There is some evidence that human neonates are 
also more susceptible to the respiratory depressive effects of 
morphine; however the mechanism remains unclear. Nev-
ertheless it should be used cautiously in infants, especially 
preterm infants.!
Codeine
Codeine is a morphine-like opioid with approximately 
10% the potency of morphine. It has rapid oral absorp-
tion and 90% bioavailability. These features resulted in it 
previously being used extensively as an oral analgesic (1 
mg/kg). Approximately 10% of codeine is metabolized to 
morphine and thus a considerable amount of its analgesic 
action is through this mechanism of metabolism. There is 
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considerable variation in this metabolism with poor, rapid, 
and ultra-rapid metabolizers. About 10% of Caucasians and 
30% of Hong Kong Chinese are poor metabolizers in whom 
codeine provides only poor analgesia.89 In contrast, 1% of 
some Caucasian groups and 30% of Ethiopians are ultra-
rapid metabolizers. Ultra-rapid metabolizers are at risk of 
increased clinical response including profound respiratory 
depression that has been associated with death in chil-
dren.90 For this reason, codeine is increasingly being used 
infrequently. The U.S. Food and Drug Administration (FDA) 
issued a “black box” warning against its use in children 
after tonsillectomy.!
Meperidine
The use of meperidine is declining because of concerns over 
the accumulation of the metabolite normeperidine with 
multiple doses, which may cause seizures. Meperidine has a 
potency of approximately one tenth that of morphine and a 
shorter time to peak effect. The elimination of meperidine is 
reduced in neonates.!
Fentanyl
Fentanyl is commonly used in pediatric anesthesia for 
intraoperative analgesia. It has greater hemodynamic sta-
bility than morphine. High doses of 10 µg/kg or greater can 
be used to maintain cardiovascular stability. The clearance 
is markedly reduced in preterm infants but rises to 80% of 
adult values by term. Adult levels of clearance are achieved 
within the first few weeks post term. The volume of distribu-
tion is greatest in neonates (5.9 L/kg) and steadily declines 
with age to 1.6 L/kg in adults.!
Alfentanil
The clearance of alfentanil in preterm neonates is markedly 
reduced and the volume of distribution is greater than older 
infants. Pharmacokinetic data are generally sparse and 
somewhat contradictory but volume of distribution and 
elimination half-life are similar between infants aged 3 to 
12 months and older children.91!

Sufentanil
Sufentanil is used mainly for pediatric cardiac surgery. Like 
other similar agents, in neonates sufentanil has a greater 
volume of distribution, reduced clearance, and longer elimi-
nation half-life.!
Remifentanil
The main advantage of remifentanil is its extremely brief 
half-life. The elimination half-life is 3 to 6 minutes and is 
independent of dose and duration. Remifentanil is degraded 
by nonspecific plasma and tissue esterases and metabolism 
is not affected by butyrylcholinesterase deficiency. The 
importance of maturation of renal and hepatic function 
is minimal and the drug has great utility in infants with 
hepatic or renal failure. The differences in remifentanil’s 
half-life among neonates, infants, and adults are minimal.

One study examined its pharmacokinetic effects in chil-
dren and found age-related differences in the volume of 
distribution and clearance but not in half-life with volume 
of distribution being greater in infants compared to older 
children (Fig. 77.9).92 Contrary to the pharmacokinetics 
of most drugs, neonates are able to clear the drug more 
rapidly than older children. Of further interest is the very 
small patient-to-patient variability in pharmacokinetic 
parameters when compared with similar studies examin-
ing other opioids, particularly in infants and neonates. The 
particularly favorable pharmacokinetics in neonates allows 
the provision of a deep opioid-induced plane of anesthesia 
while avoiding cardiovascular depression and the need for 
postoperative ventilation.

An initial dose of remifentanil may be required prior to 
infusion; however, a rapid large bolus may produce hypo-
tension and bradycardia. A combination of 3 µg/kg remi-
fentanil with 3 to 4 mg/kg propofol is an alternative to 
succinylcholine to facilitate endotracheal intubation.93,94 
An acute tolerance similar to that occurring in adults 
has also been described in children. If postoperative pain 
is anticipated, adequate long-acting analgesia should be 
given well before the remifentanil infusion is discontinued.!
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Fig. 77.9 Remifentanil is the newest potent opioid available for the care of neonates. Unlike virtually all other medications, its clearance is more 
rapid in neonates than it is in older children, probably because of elimination of remifentanil by nonspecific plasma and tissue esterases, as well as the 
larger volume of distribution in neonates. The importance of this observation is that developmental immaturity of liver and renal function does not 
affect the pharmacokinetics of remifentanil. (Data abstracted from Ross AK, Davis PJ, del Dear G, et al. Pharmacokinetics of remifentanil in anesthetized pedi-
atric patients undergoing elective surgery or diagnostic procedures. Anesth Analg. 2001;93:1393–1401.)
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Tramadol
Tramadol is a relatively weak opioid with less respiratory 
depressant effects. Two enantiomers provide analgesia; 
one is an opioid mu receptor agonist and the other inhib-
its uptake of serotonin and noradrenaline. Clearance is less 
in premature neonates but in children is similar to adults if 
standard allometric scaling is applied. Tramadol is metabo-
lized by various pathways including via CYP2D6 to 0-des-
methyltramadol. This metabolite has mu-receptor affinity 
approximately 200 times greater than tramadol.95 The 
genetic polymorphism of CYP2D6 produces fast and slow 
metabolizers that may produce a variable response among 
children. The FDA has warned against using tramadol after 
tonsillectomy in children with obstructive sleep apnea. One 
oral formulation of tramadol for children has a concentra-
tion of 100 mg/mL and is administered in drops. This may 
increase the risk of errors in administration if milliliters are 
mistakenly given rather than drops, resulting in a poten-
tially 10-fold overdose. This formulation has been replaced 
in some countries by an elixir of 10 mg/mL.!

MUSCLE RELAXANTS AND REVERSAL AGENTS

Succinylcholine
Succinylcholine is highly water soluble and rapidly redis-
tributes into the extracellular fluid volume. For this rea-
son, the dose required for intravenous administration of 
this depolarizing muscle relaxant in infants (2.0 mg/kg) is 
approximately twice that for older children (1.0 mg/kg). 
Succinylcholine is also effective when given intramuscu-
larly; reliable muscle relaxation occurs within 3 to 4 min-
utes after 5 mg/kg in infants and 4 mg/kg in children older 
than 6 months. The skeletal muscle relaxation produced by 
intramuscular administration may last up to 20 minutes. 
In an emergency situation, succinylcholine may be admin-
istered intralingually (via a submental approach), which 
will further speed the onset of relaxation because the drug 
is more rapidly absorbed from the tongue than from periph-
eral skeletal muscle.

Cardiac arrhythmias may follow intravenous adminis-
tration. Prior intravenous administration of atropine (but 
not intramuscular administration of atropine as a premedi-
cation) reduces the incidence of arrhythmias. Cardiac sinus 
arrest may follow the first dose of succinylcholine but is 
more common after repeated bolus administrations; such 
arrest may occur in children of any age. Therefore a vago-
lytic drug should probably be intravenously administered 
just before the first dose of succinylcholine in all children, 
including teenagers, unless a contraindication to tachycar-
dia (e.g., a cardiomyopathy) exists.

Succinylcholine has received significant attention 
because of the severity of its possible complications. The 
potential for rhabdomyolysis and hyperkalemia (particu-
larly in boys younger than 8 years of age who have unrecog-
nized muscular dystrophy), as well as the risk for malignant 
hyperthermia, suggests that succinylcholine should not 
be routinely used in children.96 Increased jaw muscle tone 
(masseter spasm) after succinylcholine has been observed, 
particularly when halothane is used. Masseter tetany 
(“jaws of steel”), which prevents any mouth opening, is an 
extreme variation in increased masseter muscle tone. Such 
tetany may be an early sign of malignant hyperthermia, 

but certainly not all cases of tetany progress to malignant 
hyperthermia.

Succinylcholine is still used for emergency airway man-
agement including the management of severe laryngospasm 
and as part of a rapid sequence induction (RSI) where the 
child has a full stomach. High-dose nondepolarizing neu-
romuscular blockers such as rocuronium or a large dose 
of propofol and remifentanil have been proposed as alter-
natives to succinylcholine for RSI. Large-dose rocuronium 
produces adequate intubating conditions almost as quickly 
as succinylcholine in adults.97 The advent of sugammadex 
has enabled the rapid reversal of large-dose rocuronium if 
needed. High-dose propofol and remifentanil may also pro-
duce timely adequate intubating conditions; however sig-
nificant hypotension may occur.!
Nondepolarizing Muscle Relaxants
A comparison of infants with older children and adults 
regarding responses to nondepolarizing muscle relaxants 
shows that infants are generally more sensitive to these 
drugs and that their responses vary to a greater degree. 
Although the initial dose per kilogram needed for neuro-
muscular blockade is often similar for children of all ages, 
the greater volume of distribution and reduced renal or 
hepatic function of neonates result in a slower rate of excre-
tion and a prolongation of effect. Neuromuscular blockade 
occurs at a lower blood concentration in infants.

The choice of nondepolarizing muscle relaxant depends 
on the side effects and the duration of the desired muscle 
relaxation. If tachycardia is desired (e.g., with fentanyl 
anesthesia), then pancuronium may be an appropriate 
choice. Vecuronium, atracurium, rocuronium, and cisa-
tracurium are useful for shorter procedures in infants and 
children; they may also be administered as a constant infu-
sion. The method of excretion of atracurium and cisatra-
curium (Hofmann elimination and ester hydrolysis) makes 
these relaxants particularly useful in newborns and chil-
dren with immature or abnormal hepatic or renal function. 
Vecuronium is valuable because no histamine is released; 
however, its duration of action is prolonged in newborns.

Rocuronium has a clinical profile similar to that of 
vecuronium, cisatracurium, and atracurium. Rocuronium 
can be administered intramuscularly. One study observed 
that acceptable conditions for intubation are produced by 
rocuronium within 3 to 4 minutes after 1 mg/kg intra-
muscularly in infants and 1.8 mg/kg intramuscularly in 
children older than 1 year of age; these effects were more 
dependable with deltoid than with quadriceps muscle 
injection.98 Table 77.5 provides commonly recommended 
guidelines for doses. Routine pharmacologic antagonism of 
neuromuscular blockade is recommended in all children, 
even if they have clinically recovered. Recovery times vary 
between subjects and residual blockade may be difficult to 
detect, and may be associated with increased postoperative 
complications.!
Sugammadex
Sugammadex is a cyclodextrin that rapidly encapsulates 
rocuronium, and to a lesser extent, vecuronium, forming a 
stable complex that prevents any further action of the mus-
cle relaxant. The complex is excreted by the kidney. There 
are few data in children; however one study found that 2 
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mg/kg reversed moderate rocuronium-induced block in 
children and adolescents in a time that was similar to that 
seen in adults.99,100!

THE IMPACT OF ANESTHESIA ON THE 
DEVELOPING BRAIN

Recently the FDA issued a warning that many general 
anesthetics may have a harmful effect on the developing 
brain.101,102 The warning emphasizes that the risk is greater 
with prolonged and repeated anesthetics in children under 
the age of 3 years. This warning is based on a large amount 
of animal data and a more limited amount of human data. 
It has received some criticism.

Animal data
There is substantial preclinical evidence that many general 
anesthetics have the capacity to cause morphological and 
functional changes to the developing brain.103-105 These 
changes have been demonstrated in a wide variety of spe-
cies, ranging from the nematode to the nonhuman pri-
mate.106,107 A variety of different morphological changes 
have been seen. Accelerated neuronal apoptosis is the 
most widely recognized.108 Changes to dendritic morphol-
ogy have also been described.109 Apoptosis has also been 
described in glial cells.110 Several mechanisms have been 
identified, and mitochondrial dysfunction may be impor-
tant.103 The effects are greatest with larger doses and lon-
ger exposure; however, it is difficult to identify the upper 
limit of duration of exposure that has no effect.104 The effect 
also varies with age at the time of exposure. Generally the 
effects are greater in the more immature brain—which 
may translate to the late trimester of pregnancy or early 
infancy in humans, but some effects are also seen in older 
animals. The area of the brain affected may also vary with 
age of exposure. Effects are greatest with %-aminobutyric 
acid agonists and N-methyl-D-aspartate antagonists and 
have been seen with propofol, benzodiazepines, volatile 
anesthetics, and ketamine. There is contradictory evidence 

for an effect with #2 agonists. Functional experiments 
have demonstrated that animals, including nonhuman 
primates exposed to anesthesia in early life, may have 
deficits in learning and altered behavior; however not all 
experiments have demonstrated functional deficits and 
it is unclear if the functional deficits are a function of the 
observed morphologic changes.!
Translating the Animal Data to Humans
There are considerable problems translating animal data 
to humans in general, and more challenging when con-
sidering age.111,112 Translating dose ranges is problem-
atic as is understanding exactly how a particular age of 
animal correlates to the age of a human. In small ani-
mals, homeostasis may be deranged during anesthesia 
and few models examine the impact of concurrent sur-
gery. Human brains are complex and develop over a lon-
ger period. The impact of an injury in humans will depend 
on the type of injury and timing of the injury. Human 
brains can be extraordinarily vulnerable to injuries of a 
specific type at particular times, or demonstrate consid-
erable plasticity and recovery. Importantly, genetic and 
environmental factors have a huge impact on resilience 
and recovery or vulnerability.!
Human Study Outcomes
The human studies can be broadly grouped according to 
their design and the outcomes at which they look.113 So far 
there is only one prospective trial with published results. 
All other studies are observational. This is a crucial point 
that will be explained later. Various study designs have 
been used.

The design of observational studies broadly consist of:
  

 "  Data linkage population-based studies. These studies use 
existing datasets that can be linked. They are inher-
ently retrospective and limited by the outcomes and ex-
posure variables that have already been collected. They 
can however be very large, examining whole country or 
whole state populations. The outcomes commonly used 

TABLE 77.5 Commonly Used Muscle Relaxants and Reversal Agents in Pediatrics

Drug Average Intubation Dose (mg/kg) Category Approximate Duration (minutes)

MUSCLE RELAXANTS*

Pancuronium 0.1 Long acting $45-60

Cisatracurium 0.1 Intermediate acting $30

Vecuronium 0.1 Intermediate acting $30

Rocuronium Dose related:
0.3 Short acting $15-20
0.6 Intermediate acting $30-45
1.2 Long acting $45-75

REVERSAL AGENTS†

Edrophonium 0.3-1.0 mg/kg + atropine, 0.02 mg/kg

Neostigmine 0.02-0.06 mg/kg + atropine, 0.02 mg/kg

*The response of preterm and term neonates (who may be more sensitive to the drugs) to muscle relaxants varies greatly from patient to patient. Therefore all 
doses should be titrated to response. The recommended tracheal intubation doses may be reduced 30% to 50% in the presence of a potent inhaled agent.

†The dose of the reversal agent given to antagonize nondepolarizing neuromuscular blockade should be determined by the degree of residual neuromuscular 
blockade (i.e., the dose should be titrated to clinical effect).
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are some form of preschool test for school readiness, or 
school grades.

 "  Use of existing birth cohorts or longitudinal studies. These 
studies use existing data in longitudinal cohorts that have 
usually been set up for other purposes. They often include 
access to more detailed outcome measures including 
some psychometric outcomes; they may also include di-
agnoses of disability and school grades. While often large, 
they are not as big as the population linkage studies. The 
details of exposure may be limited but there are usually 
good data about other factors that may contribute to out-
come.

 "  Purpose built cohort studies. These studies recruit chil-
dren that have been exposed to anesthesia and match 
them to those that have not, and then test the children 
for a range of psychometric outcomes. These studies 
enable researchers to focus on neurodevelopmental 
areas of greatest interest but logistically it is difficult 
to recruit large numbers of children. Children may be 
recruited in various ways including from existing lon-
gitudinal studies.

  

Various outcome measures have also been used.114
  

 "  School grades or school readiness tests. These are of great 
interest and importance to families but they are coarse 
measures of neurodevelopment. A deficit may however 
exist in one aspect of neurodevelopment that is not re-
flected in school grades; conversely many other factors 
influence school grades, diluting any possible “injury” 
effect. Their advantage is not only their importance to 
families, but also that they are easy to obtain in very large 
numbers.

 "  Diagnosis of a learning disorder or specific neurodevelopmental 
disorder. These are also of great importance to the families 
and the community. A major problem is that the diagno-
sis may not always be clear and definitions of disorders 
vary between jurisdictions and over time. Another poten-
tial disadvantage is that these disorders are not common 
enough to be able to produce precise results except in very 
large studies.

 "  Psychometric testing. Many tests are available to test a 
wide range of neurodevelopmental domains. Apical tests, 
such as intelligence quotient (IQ), are composite scores 
that pool results from several domains. Apical tests have 
the best value as far as predicting future function, but us-
ing apical tests may miss deficits in some subdomains. 
Looking at multiple domains raises the problem of type 1 
error (finding a “significant” association due to multiple 
testing). The psychology literature abounds with studies 
that are not replicable—partly because of this issue. If a 
“deficit” is found in only one or two of many subdomains 
tested then the results must be interpreted very cautious-
ly until they are replicated in following studies. Perform-
ing psychometric testing is labor intensive and must be 
done to a high standard to be useful.

 "  Imaging. MRI may provide some insight; however, these 
studies are usually small due to logistic problems and, 
similar to psychometric testing, many outcomes are usu-
ally measured that increase the risk of type 1 error. Our 
understanding of MRI is rapidly increasing but there is 
still a degree of disconnect between what is seen on the 
MRI and functional relevance.

  

In all these studies, it is important to consider the sub-
ject’s age at testing. Some aspects of neurodevelopment 
such as higher executive function cannot be tested until 
the child is older. Also, after an injury children will usu-
ally “grow into their deficit.” An injury in a particular 
aspect of brain function will become more apparent as the 
child develops and lacks that function. This is contrary 
to the idea that the brain will always have plasticity and 
recovery.

Confounding. Confounding occurs when an observed 
association between A and B is not direct or causal, but 
due to another factor C, which increases the likelihood 
of both A and B. There are huge issues with confound-
ing in all the observational studies looking at anesthesia 
and developmental outcome. Children have anesthesia 
because they are having surgery or an investigational 
procedure. The surgery or procedure may itself cause 
injury—for example, the stress response of surgery or 
poorly managed pain. Also, the condition that warrants 
surgery may be associated with increased risk of poor 
neurodevelopmental outcome. This may be obvious in 
the case of genetic abnormalities or major illnesses, but it 
can also be more subtle. Children having ear tube inser-
tion may require the tubes because they have shown 
signs of developmental delay as a result of hearing loss. 
Alternatively, a child needing dental care may require 
general anesthesia due to the extent of the previously 
untreated dental problems or as a result of subtle behav-
ioral problems that make providing dental care without 
general anesthesia challenging.

Confounding can be reduced by careful sample selec-
tion, matching, or statistical adjustments in the analysis, 
but these measures are never mathematically perfect and 
thus cannot completely remove the influence of confound-
ing. Importantly, they can only reduce the influence of 
known confounding factors. The problem of confounding 
means that, by itself, any association seen in an observa-
tional study cannot ever be regarded as anything better 
than weak evidence for causation. Randomized trials are 
by far the best way to reduce confounding; however, it is 
nearly impossible to randomize children to anesthesia or 
no anesthesia.!

Results From Population-Based Clinical Studies. 
Most, but not all, large population-based studies looking 
at school grades or readiness for school found evidence for 
a small difference in school grade or readiness in children 
that have had anesthesia in early childhood.115-120 The 
increase in risk is small and, in fact much smaller than 
the risk associated with gender or month of birth. Interest-
ingly, the studies do not indicate that exposure at 0 to2 
years of age is worse than 2 to 4 years of age, and some 
find the opposite. As far as frequency of exposure, some 
show weak evidence for a greater risk with multiple expo-
sure but most have insufficient power to determine if hav-
ing multiple exposures poses any greater risk than single 
exposure. Several studies found that surgery reduced the 
likelihood of readiness for school or poor test performance. 
These findings have many potential explanations, and 
may be associated with increased risk of acquiring a spe-
cific developmental disorder.!
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Results From Studies That Look at Specific 
Developmental Disorders
Most, but not all, studies that identify a diagnosis of a 
learning or developmental disorder found evidence for 
an association between anesthesia in early childhood 
and an increased risk of a diagnosis of a behavioral dis-
order or learning disability.121-128 Most of these studies 
also note that this association is greater with multiple 
exposures.

Results From Studies That Use Psychometric Test-
ing for Outcomes. There is no clear pattern that links the 
results of these studies. Many studies find evidence for an 
association between anesthesia in early childhood and one 
or two particular domains of psychometric testing. These 
domains include: language, reading, abstract reasoning, 
executive function, some aspects of memory, processing 
speed, fine motor abilities, and some aspects of behav-
ior.129-132 Some, but not all, find an association with a small 
reduction in IQ.117

Some robust studies such as PANDA found no evidence 
for an association with any deficit.133 The only trial to 
report an outcome (the GAS trial) found no evidence for 
a difference in IQ and a range of other psychometric tests 
of children tested at age 2 or age 5 after being randomized 
to either general or awake regional anesthesia for hernia 
repair.134!

Summary and Recommendations. In spite of strong 
animal evidence, there is inconsistent human evidence 
for an association between anesthesia in early childhood 
and a range of later neurodevelopmental outcomes. 
A causal relationship cannot be ruled out; however 
the human evidence that these associations could be 
casual is very weak. These associations could be simply 
explained by confounding. Clinical decisions need to be 
made in the context of the preclinical and clinical data. 
Currently, this is an imprecise task; however as further 
data emerge, the task will become clearer. Most pediatric 
anesthesia societies currently recommend that surgery 
not be delayed even in neonates because of what is still a 
theoretical risk of neurotoxicity and that anesthetic tech-
nique should not be altered. Some recommend delaying 
nonurgent procedures. However, very few purely elective 
procedures are done in children; delaying procedures is 
nearly always associated with an increased material risk 
inherent in not treating the condition that warranted the 
procedure. Finally, even if surgery is postponed, there 
are no data to indicate how long any such delay should 
be. As a result of these conflicting data and while not all 
agree that neurotoxicity should be included as part of 
informed consent, anesthesiologists should be prepared 
to discuss the potential risk of neurotoxicity with parents 
if they are asked or concerns are expressed. The discus-
sion should include a review of the implications of delay-
ing a procedure.!

Ongoing Uncertainties. There are almost no human data 
specifically examining the impact of prolonged exposures. 
Two recent studies have identified the range of durations of 
anesthesia in children in the United States and the majority 

of these children have had anesthesia for a duration of an 
hour or less.135,136

Apart from the issue of anesthesia neurotoxicity, there 
is also growing evidence that neonates having major sur-
gery do have a substantially increased risk of neurologic 
injury and poor neurologic outcome.137,138 This observa-
tion may be completely unrelated to the anesthesia toxicity 
observed in preclinical studies. It may be partly explained 
by the considerable comorbidities that these children have; 
but it is plausible that the injury may also be related to a 
variety of other factors in the perioperative period such as 
cerebral perfusion, with or without hypotension, inflam-
mation, hypoxia, hypercarbia, stress, and pain. While the 
concerns may not be directly related to administration of 
an anesthetic, the other potential causes for perioperative 
neurologic injury must be considered and addressed by the 
anesthesiologist.

It is clear that neonates have vulnerable brains and much 
more work needs to be done to identify optimal periopera-
tive care for them.!

Perioperative Management

PREOPERATIVE EVALUATION

Preoperative evaluation is an essential component of periop-
erative management. It is aimed to evaluate (1) the child’s 
medical conditions, (2) the needs of the planned surgical 
or diagnostic procedure, and (3) the psychological context 
of the child and family. If indicated, this evaluation should 
be complemented with specific preoperative tests as well as 
other specialty consultations. The timing of preanesthesia 
consultation depends on the patient’s condition and the 
type of surgery. It can be strongly influenced by the insti-
tutional organization, and demographic and geographic 
characteristics. Patients with significant medical conditions 
should be evaluated well in advance of elective surgery to 
allow sufficient time for appropriate planning and any opti-
mization of medical conditions to decrease perioperative 
risk. A preanesthesia visit conducted before surgery will 
also benefit children without notable comorbidities (ASA 
I and II status) since it offers a meaningful opportunity to 
provide the child and family with detailed and individual-
ized information on perioperative management which, in 
turn, can decrease both procedure- and anesthesia-related 
anxiety. Conducting this interview several days before 
anesthesia is a legal obligation in several countries to obtain 
informed consent.

The medical history should have a particular focus on 
medications, details of previous anesthesia experiences, and 
family history. Obtaining this information from the child’s 
pediatrician is very helpful when hospital chart reviews 
are not available. Physical examination includes a thor-
ough assessment of the airway, cardiovascular, respiratory, 
and nervous systems along with the hydration state of the 
child. Routine preoperative tests do not make an important 
contribution to the process of perioperative assessment and 
management of the patient by the anesthesiologist.139,140 
Although decision-making parameters for specific preopera-
tive tests or for the timing of these tests cannot be adequately 
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determined by current literature,140 the anesthesiologist 
should order specific preoperative investigations related to 
suspected conditions (e.g., the presence of congenital heart 
disease), which may modify perioperative management 
and outcome; or conditions (e.g., asthma) in which intro-
duction of a specific treatment could decrease perioperative 
risks.139,140 Routine requests for preoperative electrocar-
diograms (ECG) are not recommended for healthy children. 
There is, nevertheless, an ongoing controversy about the 
need for routine neonatal screening for long QT syndrome 
(LQTS).141,142 Indeed, LQTS is the leading suspected cause 
of sudden infant death, and mortality can be decreased by 
pharmacologic treatment.143 Since both perioperative stress 
and a number of anesthetics can lengthen QT interval, per-
forming ECG in neonates and infants under 6 months of age 
may be an option.144 The routine use of preoperative chest 
radiographs should be abandoned especially in view of the 
harmful effects of ionizing radiation.140,144 In contrast, a 
pregnancy test is recommended in all females of childbearing 
age after proper consent is obtained.140,144

The Child With an Upper Respiratory Tract 
Infection
Upper respiratory tract infections (URIs) are very frequent in 
childhood with an annual incidence of up to 6 to 8 episodes 
in infants and preschool children.145 They usually last for 
7 to 10 days, but symptoms may persist for up to 3 weeks. 
More than 200 viruses have been shown to be associated 
with URI.146 The viral invasion of the respiratory mucosa 
leads to an inflammatory response that results in airway 
edema and increased secretions.147 Bronchial hyperreac-
tivity, resulting primarily from the impact of the viral infec-
tion on the autonomic nervous system, may persist for up to 
6 weeks or longer, well beyond the disappearance of clini-
cal symptoms.145 Therefore a child with a URI is a major 
challenge for pediatric anesthesia.145,148 The most common 
perioperative respiratory adverse events (PRAEs) associ-
ated with URI are: laryngospasm, bronchospasm, breath 
holding, atelectasis, arterial oxygen desaturation, bacterial 
pneumonia, and unplanned hospital admission.149 For-
tunately, the incidence of serious PRAEs in children with 
“common cold” is low.145

During the preanesthesia visit, the anesthesiologist 
should assess the patient for an underlying respiratory ill-
ness and identify the risk factors associated with PRAE. 
These risk factors can be related to the child itself, the spe-
cific risks of the anesthesia procedure, or surgery specific 
factors. Children presenting with signs of serious URI, 
including fever, productive cough, green runny nose, or 
otitis media, are at increased risk for PRAE.150 Infants with 
respiratory syncytial virus infection present a particularly 
high-risk group during perioperative management.151 The 
anesthesiologist should also elicit any history or signs of pri-
mary pulmonary morbidity, such as bronchial asthma, pre-
maturity, and bronchopulmonary dysplasia, cystic fibrosis, 
and pulmonary hypertension. Passive smoke exposure 
should also be considered. The anesthesia- and surgery-
specific risk factors are most important with instrumental 
manipulation of the airway such as with bronchoscopy and 
endotracheal intubation.145,150 Ear, nose and throat, and 
eye surgery as well as upper abdominal and thoracic sur-
geries also increase the risk of PRAE.

The question of whether to cancel a procedure in a child 
with URI and, if so for how long, is difficult to answer and 
is influenced by many factors (Fig. 77.10). There is now 
an increasing expert consensus that it is not necessary to 
postpone a surgical procedure for 6 weeks after any URI in 
children.145,148 Indeed, given the high annual incidence 
of URI in children, such an approach could even lead to 
postponing surgery indefinitely. Recent recommendations 
emphasize an approximately 2-week-long time lag between 
the resolutions of clinical symptoms and anesthesia.145

Several approaches can be taken to decrease the inci-
dence of PRAE in children with URI. Premedication with an 
aerosol of salbutamol has been shown to be effective in both 
the prevention and treatment of perioperative broncho-
spasm in children with bronchial hyperreactivity.152 While 
intravenous lidocaine (1 mg/kg) has also been proposed to 
decrease the incidence of PRAE, current evidence does not 
support this approach.145 Induction of anesthesia through 
an intravenous approach with propofol has been suggested 
to result in a lower incidence of PRAE in children with URI 
when compared to inhalational induction.150 Endotracheal 
intubation in patients with bronchial hyperreactivity has 
been shown to be associated with a higher incidence of 
PRAE when compared with ventilation via a face mask or 
LMA.150 Last but not least, several lines of investigations 
point to the anesthesiologist’s experience as an important 
factor to prevent PRAE.145!

PERIOPERATIVE ANXIETY IN CHILDREN

A majority of children experience significant anxiety and 
stress before anesthesia.153 There is some evidence to sug-
gest an association between preoperative anxiety and 
adverse postoperative outcomes, including emergence 
delirium, increased analgesic requirement, and negative 
behavioral changes.154,155 In general, fear in children can 
be related to a number of factors including parental separa-
tion, an unfamiliar and threatening hospital environment, 
painful procedures, the operation itself, and anesthesia.155 
The preanesthesia visit provides an opportunity to identify 
the contribution of each of these factors, and to discuss the 
magnitude of preoperative anxiety as well as to plan inter-
ventions aimed at decreasing anxiety levels.154,155 The 
planning of these interventions has to take into account 
the age-specific developmental differences in how children 
react to the stress of anesthesia and surgery. Infants up to 
9 months of age are less prone to separation anxiety, and 
will most probably accept parental surrogates (including 
soothing voices, gentle rocking, and being held).156 Sepa-
ration anxiety is the greatest problem in children between 
1 and 3 years of age. Some, but not all, these children 
may respond to distraction techniques such as toys and 
stories. While parental presence at anesthesia induction 
has been advocated in this population, recent studies 
do not support routine parental presence as the optimal 
means of reducing anxiety.157 In addition to being fright-
ened about what is to take place, children between 3 and 
6 years of age have concerns about body mutilation and 
may require reassurance.155 Preoperative play therapy 
is especially useful in this age group. Children between 7 
and 12 years of age usually require more explanation and 
wish to actively participate in their perioperative course. 
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Videos, leaflets, and interactive computer applications are 
very helpful in this population. Evaluating anxiety in ado-
lescents is particularly difficult. Despite their outwardly 
calm appearance, teenagers can experience high anxiety 
and this may steadily increase on their way from the pre-
operative holding area to the operating room. Risk factors 
to predict higher anxiety in this group include increased 
baseline anxiety, depression, somatizing problems, and a 
fearful temperament.158

There is a large variety of different play therapies and 
behavioral interventions aimed to reduce perioperative 
anxiety in children. Prehospitalization programs, includ-
ing tours of the hospital and the operating room, videos, 
leaflets, and other interactive books and apps should be 
implemented several days before surgery to achieve the 
desired effects.156,159 On the day of intervention, several 
distraction techniques, including tablets, arrival to the 
operating room in toy cars, etc., has been shown to be 
equivalent or even superior to pharmacological premedi-
cation in several studies.160,161 Hypnosis, music, and non-
aggressive lighting can also be used to provide a calm and 
soothing environment for the child upon arrival to the 
operating room.155

Various drugs can be used for pharmacological reduc-
tion of anxiety in children.155,162 In the absence of an 
intravenous line, the most commonly used routes are the 
oral, nasal, and rectal routes in decreasing order of accept-
ability by most children. Midazolam is the most commonly 
used benzodiazepine for premedication because of its desir-
able profile of safety and efficacy. It is usually administered 
orally at a dose of 0.5 mg/kg (up to a maximum of 15 mg); 
after administration, sedation and anxiolysis are achieved 
within approximately 20 minutes. It can also be adminis-
tered by the intravenous route (0.05-0.1 mg/kg) as well as 
by the intranasal (0.3 mg/kg) and the rectal (0.5 mg/kg) 
route.154 Potential limitations of its use as an ideal drug for 
premedication is the potential for prolonged effect and for 
paradoxical reactions.154 Agonists of #2 adrenergic recep-
tors are increasingly used for premedication. Clonidine can 
be administered both orally (4 µg/kg) or intranasally (4 µg/
kg) and, albeit it has a relatively long onset time (45 min-
utes), its analgesic and anesthetic-sparing properties are 
very advantageous. Dexmedetomidine has a shorter onset 
and duration of action when compared with clonidine 
and is an interesting alternative for premedication. It has 
a low bioavailability when given orally ($15%) but may 
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be more effective when given intranasally.158 Ketamine is 
highly lipid soluble and is rapidly absorbed after either oral, 
intranasal, intramuscular, or intravenous administration. 
Onset of sedation occurs after 15 to 20 minutes following 
oral intake (5-8 mg/kg).155 Intramuscular administration 
of ketamine (4-5 mg/kg) is especially useful in uncoopera-
tive and combative children when the procedure cannot 
be delayed or rescheduled. Premedication with ketamine, 
however, can be associated with hypersalivation, hyper-
ventilation, hallucinations, and with an increased inci-
dence of emergence delirium.155,162 Fentanyl is rapidly 
absorbed by the transmucosal route and can be used for 
premedication as a pleasant tasting lollipop. The bioavail-
ability by this route is 33% but is reduced if the lollipop is 
chewed or swallowed.162 Side effects of fentanyl premedica-
tion include vomiting, pruritus, and respiratory depression.!

PREOPERATIVE FASTING

Preoperative fasting minimizes the risk of pulmonary 
aspiration of gastric contents during anesthesia. Most 
national guidelines recommend the “6-4-2 rule” meaning 
a minimum of 6-hour-long fasting for solid foods, 4-hour-
long fasting for breast milk, and a 2-hour-long fasting for 
clear fluids. These guidelines do not make any distinction 
between adults and children163 and are primarily based 
on expert opinion, and are not backed by solid clinical evi-
dence.163 Adhering to these guidelines in children may 
pose several problems. First, in reality, fasting times often 
end up being much longer, and it is not uncommon to see 
young children fasting for clear liquids up to 12 hours or 
more prior to anesthesia induction.164-166 In addition to the 
obvious discomfort related to hunger and thirst, these pro-
longed fasting times may result in hypoglycemia, metabolic 
acidosis, dehydration, and cardiovascular instability.164,165 
The incidence of pulmonary aspiration in otherwise 
healthy children is very low (1-2/104), and increasing evi-
dence indicates that liberal clear fluid intake, at least until 
the point when premedication is given, does not result in 
increased residual gastric volume, or increase the incidence 
of pulmonary aspiration.164,165 Therefore the currently 
applied fasting guidelines may need reevaluation. The new 
European consensus statement on fasting in children rec-
ommends a 1-hour-long fasting after clear fluid intake.!

ANESTHESIA INDUCTION

The method of inducing anesthesia is determined by a num-
ber of factors including the medical condition of the child, 
the surgical procedure, the level of anxiety of the child, the 
child’s ability to cooperate and communicate (because of 
age, developmental delay, or language barrier), and the 
presence or absence of a full stomach. As discussed above, 
most children are anxious prior to anesthesia induction and 
numerous pharmacological and nonpharmacological tech-
niques have been proposed to alleviate this anxiety. Many 
of the play therapies and/or hypnotic suggestions can be 
continued during the anesthesia induction. Use of paren-
tal presence varies markedly between hospitals. A recent 
evidence-based review of the existing literature suggests 
that neither the child’s nor the parent’s anxiety is allevi-
ated by parental presence upon anesthesia induction.167 

Nevertheless, parental presence may be important with 
children who have underlying behavioral problems or 
developmental delay (e.g., autism spectrum disorders, 
Down syndrome), as well as in children scheduled for 
repeated procedures. In these circumstances, education of 
the parents prior to anesthesia induction can be helpful in 
reducing anxiety for both the parent and child.

Both the parents and the operating room staff should 
be involved in the perioperative plan and management of 
aggressive combatant children.155 These children are par-
ticularly anxious; they will rarely cooperate with behavioral 
therapies used prior to anesthesia and will often refuse to 
take any pharmacological premedication. Often they have 
had previous anesthetics; the parents can be extremely 
helpful in describing what works best for them. For these 
children, intranasal administration of premedication may 
be beneficial. In the absence of an existing intravenous line, 
intramuscular administration of ketamine (4-5 mg/kg) or 
inhalational induction using high concentrations of sevo-
flurane can be a helpful option to induce anesthesia in this 
population. These latter approaches necessitate physical 
restraint which raises ethical, legal, and practical problems. 
To be the most effective, restraining and holding should 
not be left to the parents alone, but should be performed 
under the direction of experienced anesthesia staff. Relative 
contraindications to this approach include lack of consent 
by parents or staff, failure to exhaust all other techniques, 
and when the restraint-induced stress could significantly 
worsen the child’s state (e.g., significant cardiac comorbidi-
ties).155,168 The option of postponing elective surgery for 
these children should always be considered.

The two most common anesthesia induction techniques 
in children are inhalational and intravenous induction. 
The causal relationship between the type of anesthesia 
induction and PRAE is poorly documented. In children with 
a high risk of PRAE, a retrospective study suggested a ben-
efit of intravenous induction,150 and this has recently been 
further substantiated by a randomized trial.167 It is, never-
theless, important to note that these studies were focused 
only on PRAE in a group of children with increased risk for 
PRAE and many other factors, including the child’s accep-
tance/fear for the establishment of an intravenous line as 
well as the feasibility of this approach with relative ease, 
should also be considered. Therefore when deciding on the 
induction technique, care should be taken to weigh all the 
relevant factors.169

The use of RSI to prevent pulmonary aspiration of gas-
tric content is based on experiences in the adult population. 
Direct extrapolation of the “classical form” of this technique 
to pediatric populations may not always be the correct 
choice due to the anatomical and physiological differences 
between adults and young children.170-172 While the clas-
sic RSI relies on adequate preoxygenation, this often cannot 
be achieved in uncooperative children. Even in cooperative 
children, preoxygenation is not as effective as it is in adult 
patients. Importantly, due to the low FRC, even brief periods 
of apnea in the absence of positive pressure ventilation can 
lead to profound hypoxemia and related bradycardia in this 
population. Administration of an intravenous agent neces-
sitates an intravenous line, something difficult to achieve in 
the agitated child. Application of cricoid pressure can eas-
ily distort the airway in young children thereby rendering 
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the visualization of glottic structures difficult. Most impor-
tant, these factors may lead to a higher incidence of unsafe 
actions such as forced mask ventilation and unsuccessful 
intubation attempts.171,172 Therefore to balance the risk of 
pulmonary aspiration with the much more prevalent risk 
of hypoxemia, controlled forms of the RSI technique have 
become increasingly popular among pediatric anesthesiolo-
gists.170-172 Importantly, regurgitation and vomiting with 
aspiration are mostly elicited by direct laryngoscopy under 
light anesthesia and incomplete muscle paralysis.173-175 
While the possibility of mask induction should always be 
evaluated, intravenous access has to be considered man-
datory in “at-risk” children.172 Intraosseous access is a 
suitable alternative in this population where intravenous 
access cannot be established.176 In the presence of an exist-
ing intravenous line, rapid induction of adequate hypnosis 
and profound muscle paralysis using a nondepolarizing 
muscle relaxant, gentle mask ventilation with a maximum 
airway pressure of 12 cm H2O until endotracheal intuba-
tion can be performed. The adoption of such a “controlled” 
approach may reduce the potentially significant risk of 
hypoxemia while providing rapid intubating conditions.170!

AIRWAY MANAGEMENT AND VENTILATION

Airway Management
Preoperative evaluation of the airway should be based on 
both the child’s medical record and clinical evaluation. 
A wide range of syndromic and genetic conditions and 
congenital malformations are associated with potential 
airway problems, especially those involving facial dys-
morphias.177,178 History of birth complications, obstruc-
tive sleep apnea, head and neck trauma, previous surgery, 
and related airway management must also be considered. 
During the physical examination, the anesthesiologist 
should check for facial dysmorphias, signs of stridor, dys-
phonia, swallowing disorders, difficulty in breathing, dif-
ficulty in speaking, and hoarseness.178 There are a large 
number of difficult airway predictors in children but their 
applicability, sensitivity, and specificity vary greatly in the 
clinical setting. Among them, mandibular protrusion, Mal-
lampati’s classification, movement of atlantooccipital joint, 
reduced mandibular space, and increased tongue thickness 
have all been shown to be good predictors of airway prob-
lems.179,180 Other reported risk factors are age less than 1 
year, ASA II-IV status, obesity, and maxillofacial and car-
diac surgery.181

Appropriately performed mask ventilation is a critical 
component of pediatric airway management. Anesthetized 
children are particularly prone to upper airway collapse; it 
can be easily relieved by a combination of moderate head 
tilt, chin lift, jaw thrust, and the application of continuous 
positive airway pressure.182,183 The combination of these 
maneuvers with lateral decubitus position can further 
improve airway patency.184 Additionally, both oropharyn-
geal and nasopharyngeal airway devices can be used dur-
ing spontaneous or positive pressure mask ventilation to 
further relieve airway obstruction caused by the posterior 
displacement of the tongue in anesthetized children.185,186

A large variety of supraglottic airway devices are now 
commonly used in pediatric anesthesia. The two most 
popular among these are the classic laryngeal mask airway 

(LMA) and the LMA ProSeal.183 Both devices have compa-
rable safety and efficacy profiles in pediatric populations.187 
Increasing evidence suggests that the use of the LMA in 
children is associated with a decreased incidence of periop-
erative respiratory complications when compared to endo-
tracheal tube insertion.188

Direct laryngoscopy is still the most frequently used tech-
nique for intubation in children. Because of the diverse ages 
and size of the pediatric patient population, any hospital 
that cares for children must have a full selection of both 
curved and straight laryngoscope blades to ensure that 
the blade most appropriate for the child is readily avail-
able. In general, since the epiglottis is more “U” shaped in 
young children and it may lie across the glottic opening, 
straight blades are routinely used in neonates and toddlers 
to directly elevate the epiglottis and visualize the vocal 
cords. Older children can be managed with either curved 
or straight blades. An ever-increasing number of devices 
have been developed over the past decade to facilitate endo-
tracheal intubation.189 Among them, videolaryngoscopy 
has been initially introduced as an aid for difficult airway 
management, and it may even replace the use of flexible 
fibroscopy in an increasing number of indications.190 The 
use of videolaryngoscopy in everyday routine airway man-
agement is also increasing. Indeed, these devices enable a 
better and faster glottic visualization thereby reducing the 
time of intubation, the number of attempts, as well as den-
tal trauma. It is, however, important to note that each type 
of videolaryngoscope requires a particular technique, and 
that technique can vary considerably between devices.189 
While awake fiberoptic intubation is generally considered 
as the gold standard for the known or anticipated difficult 
airway in adults, this option is usually not feasible in chil-
dren due to the need for significant cooperation during the 
procedure. Most pediatric anesthesiologists prefer the use of 
inhalational induction in the case of predicted difficult air-
way and perform flexible fibroscopy-aided intubation under 
spontaneous ventilation in the anesthetized child.191

The use of cuffed endotracheal tubes has become increas-
ingly common in neonates, infants, and young children.183 
Historically, uncuffed endotracheal tubes were recom-
mended in children less than 8 years of age, because it was 
thought that the narrowest part of the airway was the cri-
coid ring and to minimize potential cuff-induced damage 
of the tracheal mucosa as well as to allow reduction of air 
flow resistance by inserting a larger size tube.192 Airway 
trauma can also occur when using an uncuffed tube with 
acceptable leak pressures. Moreover, a higher incidence 
of laryngospasm with the use of uncuffed tubes has also 
been reported, and there is no data of increased subglot-
tic airway trauma when cuffed versus uncuffed tubes are 
used.178 A cuffed tube with no leak may also allow a more 
accurate estimate of end tidal carbon dioxide (CO2) con-
centrations and avoid pollution of the operating room. Last 
but not least, the relatively frequent need for changing the 
endotracheal tubes due to significant leak associated with 
insertion of an uncuffed tube is also virtually eliminated by 
using cuffed tubes. Repeat laryngoscopy is avoided since 
inflating the cuff may allow insertion of a smaller tube and 
using the cuff to occlude the airway without the need for 
replacing the tube with a larger tube. At the same time, care 
must be exercised when using a cuffed tube since smaller 
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diameter tracheal tubes may become more easily kinked or 
obstructed by secretions.

The incidence of an unexpected difficult pediatric air-
way is low compared to adults but may still result in major 
morbidity and mortality.193 As a result, although sparse 
high-quality evidence is available on pediatric airway 
management, there is a general expert consensus that 
adult guidelines are not designed for use in young children. 
The recent international guidelines for the management of 
unanticipated difficult airway in pediatric practice is the 
result of a Delphi panel expert discussion and is focusing 
on airway management in children between 1 year and 
8 years of age.193 Three scenarios are identified: (a) dif-
ficult mask ventilation, (b) difficult tracheal intubation, 
and (c) cannot intubate and cannot ventilate in paralyzed 
anesthetized children. Detailed guidance for each of these 
scenarios is provided (Fig. 77.11). These guidelines were 
developed specifically for the nonspecialist anesthesiologist 
and can be adapted to the specificities of the anesthesia ser-
vice taking care of children. Most importantly, each area 
for anesthetizing children should have access to a specific 
difficult airway trolley with appropriate equipment as well 
as a written plan of difficult airway algorithms along with 
a plan for whom to call for help, should an anesthesiologist 
need additional help in managing an unanticipated diffi-
cult pediatric airway.194!
The Child With Stridor
A child with intrathoracic airway obstruction has expira-
tory stridor and prolonged expiration (e.g., bronchiolitis, 
asthma, intrathoracic foreign body).195 In contrast, a child 
with extrathoracic upper airway obstruction has inspi-
ratory stridor (e.g., epiglottitis, laryngotracheobronchi-
tis, laryngeal, subglottic foreign body). When agitated or 
crying, such children exhibit dynamic collapse of the air-
way (Fig. 77.12), which can significantly worsen airway 
obstruction and lead to respiratory failure and hypoxemia. 
Therefore events that can upset the child, such as drawing 
of blood for analysis of gases, venipuncture for blood tests, 
and separation from parents, must be minimized. The diffi-
cult-airway cart should also be present. The surgical team 
should be mobilized and prepared to perform an emergency 
tracheotomy should total airway obstruction occur and 
mask ventilation or tracheal intubation not be possible.

When inducing anesthesia in a child with stridor the fol-
lowing is suggested. To minimize upsetting the child, the 
child is brought to the operating room with the mother or 
father, who holds the child during induction (preferably 
lying down in a semi-upright position). Induction of anes-
thesia with sevoflurane in oxygen by mask is the preferred 
method because maintaining spontaneous respirations is 
critical. If the stridor worsens or mild laryngospasm occurs, 
then the pop-off valve is sufficiently closed to develop 10 
to 15 cm H2O of positive end-expiratory pressure (PEEP). 
This procedure relieves most instances of airway obstruc-
tion caused by dynamic collapse of the airway and loss of 
pharyngeal muscle tone when the child attempts to inspire 
against an obstructed airway (Fig. 77.13). As the level of 
anesthesia deepens, gentle assistance with ventilation may 
be necessary; however, maintaining spontaneous respira-
tory effort is important if possible.

Any child with airway obstruction will have a long, 
slow induction of anesthesia before becoming sufficiently 
anesthetized to permit laryngoscopy and tracheal intuba-
tion. The issue of a full stomach is secondary to the airway 
problem. Rapid induction of anesthesia and paralysis is 
contraindicated in these children. A child with laryngotra-
cheobronchitis or epiglottitis usually requires an uncuffed 
tracheal tube that is 0.5 to 1.0 mm internal diameter 
smaller than normal (Table 77.6); the use of a stylet facili-
tates its insertion.!
Ventilation Strategies
Details of respiratory care, ventilator modalities, and setting are 
reviewed in Chapter 41 (Respiratory Care). There is a paucity 
of evidence to guide optimal pediatric ventilation practices 
for patients either with or without lung injury.196 As a 
result, when pediatric anesthesiologists determine ventila-
tor settings deemed optimal for any individual patient, they 
take into account available adult data, the age-specific ana-
tomic and physiological differences between the young and 
the adult lung, as well as their own personal experience. In 
adults, it is increasingly recognized that mechanical venti-
lation can cause injury to the lung (ventilator-induced lung 
injury [VILI]) even in healthy patients, and the importance 
of volutrauma via higher than physiologic tidal volumes in 
this pathology is now established.197 The clinical relevance 
of VILI in pediatric populations is not clear. No study has 
examined the relationship between modalities of mechani-
cal ventilation during pediatric anesthesia and patient out-
come. A recent meta-analysis demonstrated no relationship 
between tidal volume and mortality in mechanically venti-
lated patients in the pediatric ICU irrespective of the severity 
of disease.198 Therefore it may be that the susceptibility to 
VILI is age-dependent.196 No evidence-based recommenda-
tion can be made on the optimal tidal volume in pediatric 
ventilation; however, it may be argued that a tidal volume 
between 6 and 10 mL/kg is justifiable but a tidal volume 
more than 10 mL/kg should be avoided.199 The effects of 
inspiratory pressures in pediatric patients with healthy 
lungs have not been studied but data from children with 
acute lung injury suggest a direct relationship between 
peak inspiratory pressures and mortality.200 Thus pressure-
controlled ventilation (PCV) with a decelerative flow may 
be favored over volume-controlled ventilation with a con-
tinuous inspiratory flow pattern.196,201 One obvious disad-
vantage of PCV is the lack of volume guarantee since the 
resulting tidal volume will depend on the compliance and 
the resistance of the respiratory system. Monitoring pres-
sure and flow curves are therefore essential components of 
mechanical ventilation. New ventilators are now provid-
ing us with ventilatory modes combining PCV with volume 
guarantee.201

PEEP is an important part of protective lung ventilation 
strategies, and is aimed to prevent atelectasis via stabiliza-
tion of recruited alveoli.196,201 The optimal PEEP in pediat-
ric ventilation is undetermined but is routinely set at a level 
of 5 cm H2O.201 Higher levels of PEEP (exceeding 10-15 cm 
H2O) may be necessary in case of lung injury. However, 
care should be exercised when increasing the PEEP to avoid 
hemodynamic compromise as a result of the higher intra-
thoracic pressure. PEEP should always be carefully titrated 
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Difficult mask ventilation (MV) – during routine
induction of anaesthesia in a child aged 1 to 8 years

Step B Insert oropharyngeal airway

Step C Second-line: Insert SAD (e.g. LMA )

Step A Optimise head position Check equipment Depth of anaesthesia

Call for helpDifficult MV Give 100% oxygen

Consider:
• Adjusting chin lift/jaw thrust
• Inserting shoulder roll if <2 years
• Neutral head position if >2 years
• Adjusting cricoid pressure if used
• Ventilating using two person bag mask technique

Assess for cause of difficult mask ventilation
• Light anaesthesia
• Laryngospasm
• Gastric distension – pass OG/NG tube

Maintain anaesthesia/CPAP
Deepen anaesthesia (Propofol first line)
• If relaxant given – intubate
• If intubation not successful, go to unanticipated 
 difficult tracheal intubation algorithm

Consider changing:
• Circuit
• Mask
• Connectors
If equipment failure is suspected, change to self-inflating bag and 
isolate from anaesthetic machine promptly

Consider deepening anaesthesia
Use CPAP

Consider:
• SAD (e.g. LMA ) malposition/blockage
• Equipment malfunction
• Bronchospasm
• Pneumothorax

Go to scenario cannot intubate
cannot ventilate (CICV)

Wake up patient
Good airway

Proceed

Continue

Call for help again if not arrived

• Insert SAD (e.g. LMA ) – not > 3 attempts
• Consider nasopharyngeal airway 
• Release cricoid pressure

A

Yes

Fail

SucceedNo

SpO  >80%

Attempt intubation
• Consider paralysisSpO  <80%

SAD = supraglottic airway device

Unanticipated difficult tracheal intubation – during routine
induction of anaesthesia in a child aged 1 to 8 years

Step B Secondary tracheal intubation plan

Step A Initial tracheal intubation plan when mask ventilation is satisfactory 

Call for helpDifficult direct laryngoscopy Give 100% oxygen and
maintain anaesthesia

• Insert SAD (e.g. LMA ) – not > 3 attempts
• Oxygenate and ventilate
• Consider increasing size of SAD (e.g. LMA ) once if ventilation 
 inadequate

• Convert to face mask
• Optimise head position
• Oxygenate and ventilate
• Ventilate using two person bag mask technique, 
 CPAP and oro/nasopharyngeal airway
• Manage gastric distension with OG/NG tube
• Reverse non-depolarisating relaxant

Verify ETT position
• Capnography
• Visual if possible
• Ausculation
If ETT too small consider using 
throat pack and tie to ETT
If in doubt, take ETT out

• Consider modifying anaesthesia and surgery plan 
• Assess safety of proceeding with surgery using a 
 SAD (e.g. LMA )

Tracheal intubation

Following intubation attempts, consider  • Trauma to the airway • Extubation in a controlled setting

Go to scenario cannot intubate
cannot ventilate (CICV)

Postpone surgery
Wake up patient

Postpone surgery
Wake up patient

Failed intubation via SAD (e.g. LMA )

Failed ventilation and oxygenation

Failed oxygenation e.g. SpO  <90% with FiO  1.0

Proceed with surgery

Call for help again if not arrived

Unsafe

Safe

Safe

Succeed

Succeed

Succeed

Succeed

Ensure: Oxygenation, anaesthesia, CPAP, management of gastric distension with OG/NG tube

Direct laryngoscopy – not > 4 attempts
Check:
• Neck flexion and head extension
• Laryngoscopy technique
• External laryngeal manipulation – remove or adjust
• Vocal cords open and immobile (adequate paralysis)
If poor view – consider bougie, straight blade laryngoscope* and/or smaller ETT

Failed intubation with good oxygenation

*Consider using indirect larygoscope if experienced in their use

• Consider 1 attempt 
 at FOI via SAD 
 (e.g. LMA )

• Verify intubation, leave 
 SAD (e.g. LMA ) in place 
 and proceed with surgery

SAD = supraglottic airway device

B

Fig. 77.11 Difficult airway algorithms in children aged 1 to 8 years. (A) Guideline for the management of unanticipated difficult mask ventilation. 
(B) Guideline for the management of the unanticipated tracheal intubation during routine induction of anesthesia.  
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to achieve an optimal balance between hemodynamics and 
ventilation.196

Equipment dead space, defined as any portion of the 
anesthesia circuit in which there is a bidirectional gas flow 
without gas exchange, is more significant in children than 
adults.201 The circuit dead space adds to the anatomic 
and physiologic dead space and, as a result, particularly 
in smaller patients may be the greatest contributor to an 
increase in the dead space to tidal volume ratio which, in 
turn, can lead to an increase in PaCO2.202 Therefore every 
effort should be made to minimize apparatus dead space, 
especially in neonates and infants.!

EQUIPMENT AND MONITORING

Standards for basic anesthesia monitoring are the same for 
adults and children. These monitoring modalities include 
the presence of qualified anesthesia personnel in the oper-
ating room during the whole duration of the procedure as 
well as equipment to monitor the patient’s oxygenation, 
ventilation, circulation, and temperature. The need for 
additional monitoring, above these minimal requirements, 
will depend on the child’s condition and on the type of sur-
gery. Much of the equipment used in adults is not suitable 
for children. Pediatric anesthesia may involve caring for 

children that range from a neonate of a few hundred grams 
weight to an adult-sized adolescent; therefore there should 
be a full range of sizes of pediatric equipment available 
and an anesthesiologist with pediatric anesthesia experi-
ence should be responsible for the organization of these 
items.203 A resuscitation cart with equipment appropriate 
for pediatric patients of all ages, including pediatric defi-
brillation paddles, is needed. Resuscitation cardiac drugs 
should be available in appropriate concentrations and a 
written pediatric dose schedule for these drugs should also 
be included. Pediatric-specific cognitive aids for the diagno-
sis/treatment of the most common emergencies and criti-
cal conditions should be immediately available both in the 
operating room and in the PACU. Airway equipment for 
all pediatric age groups should include ventilation masks, 
supraglottic airway devices, tracheal tubes, oral and naso-
pharyngeal airways, as well as laryngoscopes with pedi-
atric blades. A separate, fully stocked difficult airway cart 
containing specialized equipment for the management of 
the difficult pediatric airway along with institution-specific 
difficult airway algorithm should also be available. A 20% 
lipid emulsion should readily be accessible to treat local 
anesthetic systemic toxicity in any location where regional 
blocks are performed. Most importantly, an anesthesiolo-
gist with experience in pediatric perioperative care should 

Cannot intubate and cannot ventilate (CICV) in a 
paralysed anaesthetised child aged 1 to 8 years

Step B Attempt wake up if maintaining SpO  >80%

Step C Airway rescue techniques for CICV (SpO  <80% and 
falling) and/or heart rate decreasing

Step A Continue to attempt oxygenation and ventilation

Call for helpFailed intubation
inadequate ventilation Give 100% oxygen

If rocuronium or vecuronium used, consider suggammadex (16mg/kg) for full reversal

Prepare for rescue techniques in case child deteriorates

Call for specialist 
ENT assistance

Cannula cricothyroidotomy
• Extend the neck (shoulder roll)
• Stabilise larynx with non-dominant hand
• Access the cricoithyroidotomy membrane 
 with a dedicated 14/16 gauge cannula
• Aim in a caudad direction
• Confirm position by air aspiration using 
 a syringe with saline
• Connect to either:
   • adjustable pressure limiting 
    device, set to lowest delivery 
    pressure
  or
   • 4Bar O  source with a flowmeter 
    (match flow l/min to child’s age) 
    and Y connector
• Cautiously increase inflation pressure/flow 
 rate to achieve adequate chest expansion 
 Wait for full expiration before next inflation
• Maintain upper airway patency to aid  
 expiration

*Note: Cricothyroidotomy techniques can have serious complications and training is required  – 
only use in life-threatening situations and convert to a definitive airway as soon as possible

Percutaneous cannula 
cricothyroidotomy / 
transtracheal jet ventilation 
(pressure limited)

ENT not available

ENT available

Call for help again if not arrived

Succeed

Fail

• FiO  1.0
• Optimise head position and chin lift/jaw thrust
• Insert oropharyngeal airway or SAD (e.g. LMA )
• Ventilate using two person bag mask technique
• Manage gastric distension with an OG/NG tube

Consider:
• Surgical tracheostomy
• Rigid bronchoscopy + ventilate / jet 
 ventilation (pressure limited)

Continue jet ventilation set to lowest 
delivery pressure until wake up or 
definitive airway established

• Perform surgical cricothyroidotomy / 
 transtracheal and insertion of ETT / 
 tracheostomy tube*
• Consider passive O  insufflation 
 while preparing

SAD = supraglottic airway device

C

Fig. 77.11—cont’d (C) Guideline for the management of can’t intubate, can’t ventilate (CICV) when there is a failure to intubate and failure to adequately 
ventilate an anesthetized and paralyzed child. (From Black AE, Flynn PE, Smith HL, et al. Development of a guideline for the management of the unantici-
pated difficult airway in pediatric practice. Paediatr Anaesth. 2015;25[4]:346–362.)
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be immediately available to evaluate and treat any critical 
anesthesia event in a child.

There have been considerable improvements and greater 
options for equipment and monitoring for children over 
the past decade.189,204 The development of a large array of 
videolaryngoscopes has fundamentally changed both the 

notion of and the approaches to the difficult airway in insti-
tutions where these devices are available.189 Equipment 
aimed to facilitate the often-challenging venous access in 
children include near-infrared and ultrasound devices. 
Near-infrared devices use the principle that near-infrared 
light penetrates the skin and is principally absorbed by 
hemoglobin which, in turn, helps to visualize veins of even 
small diameters. While these devices have been available 
for several years, there is still a paucity of evidence that they 
can reduce either the time or the success rate of venous 
cannulation in children.189 In contrast, ultrasound-guided 
central venous access in children is faster, has a higher 
success rate, and a reduced complication rate compared 
to traditional landmark techniques, and has consequently 
become a standard of care.205 Ultrasound can also be useful 
for peripheral venous cannulation in children with difficult 
venous access.206 Tablets and smartphones can be useful 
as distraction techniques during venous cannulation and 
other stressful times for children during the perioperative 
period.189,207 An increasing number of pediatric anesthe-
sia apps are also available to assist with calculations and 
algorithms when managing a diverse group of patients 
and to ensure appropriate drug dosages and equipment 
selection.189

Continuous cardiac output monitoring is also increas-
ingly used in children. Currently available options are based 
on the principles of Doppler, electrical impedance methods, 
measures of cardiac output adequacy, or pulse contour 
analysis. Transesophageal Doppler probes are validated 
against thermodilution, Fick, and dye dilution techniques 
for children as small as 3 kg.208 Changes in thoracic electri-
cal bioimpedance, as a result of changes in blood volume and 
flow, and blood cell orientation can be used for continuous 
noninvasive monitoring of cardiac output and other car-
diac parameters. The ICON monitor (Cardiotronic/Osypka 
Medical Inc., La Jolla, CA, USA) is a portable noninvasive 

Vocal cords

Obstruction
(croup)

Thoracic inlet

Fig. 77.12 Infants and young children have highly compliant air-
way structures. With normal respiration, some dynamic collapse of 
the extrathoracic upper airway occurs (broken line). When a child has 
upper airway obstruction, as in epiglottitis, laryngotracheobronchitis, 
or extrathoracic foreign body (dark brown), and struggles to breathe 
against this obstruction, dynamic collapse of the trachea increases. This 
increase in dynamic collapse (dotted line) augments the mechanical 
obstruction of the airway. Therefore until the airway is secured, avoid-
ing procedures that will upset the child is important. (Modified from 
Coté CJ, Lerman J, Anderson BJ, eds. A Practice of Anesthesia for Infants and 
Children. 5th ed. Philadelphia: Saunders; 2013.)

A B

Vocal cords

Positive
end-expiratory

pressure
(PEEP)

Vocal cord

Obstruction
(croup)

Thoracic inlet

PEEP

Fig. 77.13 When a child has upper airway obstruction caused by laryngospasm (A) (top) or mechanical obstruction (B), application of approximately 
10 to 15 cm H2O of positive end-expiratory pressure (PEEP) (arrows) during spontaneous breathing often relieves the obstruction. PEEP helps keep the 
vocal cords separated (A) (bottom) and the airway open (B) (broken lines). If this simple maneuver does not relieve the obstruction, then more vigorous 
positive-pressure ventilation may be necessary. Airway obstruction caused by the tongue requires insertion of an appropriately sized oral airway.
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cardiac output monitor that is based on the principle of elec-
trical velocimetry. This device has been validated against 
the Fick equation, thermodilution, and echocardiography 
in pediatric populations ranging from neonates to adoles-
cents.208 Cardiac output monitors based on pulse contour 
analysis use complex algorithms to calculate cardiac out-
put from the shape of the arterial blood pressure waveform. 
They usually require calibration based on an arterial line 
and the majority of these devices have not been validated in 
children.189 Pulse oximetry-based noninvasive hemoglobin 
determination is an appealing possibility but still needs to be 
validated in pediatric populations.204

Near-infrared spectroscopy (NIRS) uses principles simi-
lar to those of pulse oximetry to measure tissue hemoglo-
bin oxygenation. NIRS monitoring can be used to monitor 
oxygenation and thus indirectly, the blood flow and sup-
ply-demand relationship in multiple organs, including the 
brain, liver, kidney, intestines, and muscles. Evidence that 
NIRS improves outcomes is lacking, as it is for many of the 
monitoring devices, but there is certainly potential for its 
use in goal-directed interventions to reduce organ hypox-
emia and ischemia.204,209

There is so far little evidence that intraoperative EEG 
monitoring improves outcomes in children. It is, neverthe-
less, important to note that neuromorbidity, unless overt, is 
very difficult to detect. BIS monitoring has been successfully 
used in older children to decrease the total amount of anes-
thesia drugs delivered and to enhance recovery.210 The util-
ity of BIS in infants, particularly those less than 6 months 
old, is questionable as there is little correlation between BIS 
values and other measures of depth of anesthesia in these 
populations.210 More recently developed approaches, such 
as spectral frequency analysis, could be interesting in this 
regard but future work is still necessary to validate these 
methods.211!

SAFETY ISSUES

Perioperative mortality in neonates and infants is several 
fold higher when compared to older children.212 It is impor-
tant to realize that, in these populations, increased mortal-
ity is not synonymous with anesthesia-related mortality, 
since anesthesia-related death rarely occurs in children 
who do not have significant associated medical comorbidi-
ties. Nevertheless, critical events that could potentially lead 

to mortality or significant and lasting morbidity can be a 
direct consequence of anesthesia management. There are 
three major approaches that can identify adverse outcomes 
in pediatric perioperative care: (1) institutional audits; 
(2) closed claims analysis; and (3) large-scale registries of 
anesthesia-related cardiac arrest. Each of these approaches 
has strengths and limitations in terms of size, reporting 
bias, and varying definitions but they all identify young age 
(i.e., infants), ASA III-V status, and emergency surgery as 
principal risk factors for critical events. The critical events 
are most often cardiac and/or respiratory. According to 
the POCA, the most common causes of perioperative car-
diac arrest in children are cardiac in origin including, in a 
decreasing order of frequency, hypovolemia, myocardial 
ischemia, hyperkalemia, and sudden arrhythmias.56 Respi-
ratory causes include laryngospasm, inadequate oxygen-
ation, and difficult intubation.56 Based on analysis of closed 
claims, it has been suggested that critical events leading 
to serious respiratory morbidity have decreased since the 
introduction of minimal monitoring standards.213

There is circumstantial evidence suggesting an associa-
tion between the level of expertise in pediatric anesthesia 
and perioperative morbidity. Indeed, the incidence of respi-
ratory complications has been repeatedly reported to be 
dependent on the anesthesiologist’s experience.150,214-216 
There is also a relationship between perioperative compli-
cations and the number of pediatric anesthetics provided 
by the anesthesiologist.217,218 Specific training for pediatric 
anesthesia and maintaining a suitable volume of experience 
of pediatric anesthesia has therefore been recommended for 
those providing anesthesia care to children.219,220!

FLUID MANAGEMENT

Perioperative fluid management raises important chal-
lenges in pediatric populations. Hypovolemia, often under-
estimated, is the most common cause of perioperative 
cardiac arrest in children.55 Administration of solutes with 
inappropriate composition or at an exceedingly high rate 
can also result in significant morbidity and mortality. The 
rapidly evolving age-specific changes in metabolism, extra-
cellular fluid volume, and fluid turnover do not allow the 
direct extrapolation of adult guidelines to children, neither 
do they permit the generation of simplified recommenda-
tions that are broadly applicable to all pediatric age groups. 

TABLE 77.6 Recommended Sizes and Distance of Insertion of Endotracheal Tubes and Laryngoscope Blades for Use in 
Pediatric Patients

Age of Patient
Internal Diameter of Endotracheal  
Tube (mm)

Recommended Size of Laryngoscope 
Straight Blade Distance of Insertion* (cm)

Preterm (<1250 g) 2.5 uncuffed 0 6-7

Full term 3.0-3.5 uncuffed 0-1 8-10

3 months-1 year 3.5-4.0 cuffed 1 11

2 years 4.5-5.0 cuffed 1-1.5 12

6 years 5.0-5.5 cuffed 1.5-2 15

10 years 6.0-6.5 cuffed 2-3 17

18 years 7.0-8.0 cuffed 3 19

*Inserting the endotracheal tube these distances from the alveolar ridge of the mandible or maxilla usually places the distal end of the tube in the midtrachea.
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Given these difficulties, the availability of evidence-based 
recommendations is scarce while expert opinions dominate. 
Although no unequivocal consensus has been reached 
between experts, the concept of perioperative fluid manage-
ment in children has undergone important changes over 
the past decade.

The three major goals of perioperative fluid management 
are (1) to meet maintenance requirements; (2) to replace 
preoperative deficits; and (3) to compensate for ongoing 
losses occurring during the perioperative period. The most 
commonly used basic fluid maintenance formula in pediat-
ric anesthesia practice is based on the relationship between 
physiologic fluid loss and caloric expenditure,221 and has 
been evolved into the so-called “4-2-1” rule which is a 
weight-based formula stating that the hourly fluid require-
ments of children are 4 mL/kg for the first 10 kg of body 
weight followed by 2 mL/kg between 10 to 20 kg and 1 
mL for each additional kg of body weight above 20 kg.222 
It is widely accepted that this formula overestimates the 
maintenance requirements for sick children. There is also 
an ongoing debate on how to compensate for preoperative 
fluid deficits.223 The reason behind this incertitude is that 
perioperative studies to guide and determine optimal fluid 
status in children are lacking. One of the simplest options to 
decrease preoperative fluid deficits is to minimize preopera-
tive fasting times for clear liquids.164 Previously it was rec-
ommended to calculate and replace the preoperative fasting 
deficit based on the “4-2-1” rule, or to provide a bolus of 25 
mL/kg for children younger than 3 years of age and 25 mL/
kg over 3 years of age. Recently, the German guidelines, 
widely adopted in Europe, state that “the background infu-
sion may be initiated with an initial infusion rate of 10 mL/
kg/h and be adjusted to the actual requirement during the 
further course.”224 Moreover, in case of apparent clinical 
signs of dehydration, these guidelines recommend 10 mL/
kg fluid bolus for every percent of estimated dehydration.224 
The amount of fluids needed for ongoing losses during the 
perioperative period largely depends on the type of proce-
dure as well as on the pathological state of the child. It can 
easily be as high as 10 to 15 mL/kg/h and, in some spe-
cific cases such as burns or extensive neonatal abdominal 
surgery, can exceed 50 mL/kg/h.223 Individualized goal-
directed fluid management using a combination of hemo-
dynamic monitoring approaches is of utmost importance to 
meet these goals.

Fluid management of term and preterm infants must also 
take into account other variables. The amount of insensi-
ble water loss is inversely proportional to gestational age. 
The younger and more physically immature the infant, 
the higher the skin permeability, the ratio of body surface 
area to weight, and the metabolic demand. In addition, the 
use of radiant warmers and phototherapy increases insen-
sible water loss. On the other hand, preservation of body 
heat with warming devices reduces insensible water loss. 
The fact that the neonatal kidney is unable to excrete large 
amounts of excess water or electrolytes must also be consid-
ered. As described earlier, the volume of extracellular fluid 
in a newborn is relatively large. During the first days of life, 
some of this excess water is excreted. Therefore term new-
borns have reduced fluid requirements for the first week of 
life. The daily fluid requirements for a term newborn in the 
days after birth are estimated to be 70 mL/kg on day 1, 80 

mL/kg on day 3, 90 mL/kg on day 5, and 120 mL/kg on 
day 7. Daily fluid requirements would be slightly higher for 
preterm infants. Sodium and potassium concentrations are 
usually kept at 2 to 3 mEq/100 mL and routine serial moni-
toring of plasma sodium levels are mandatory.

The question of what kind of fluid to administer is at least 
as important as the amount of fluid. There has been major 
change in our consideration over the past decade in this 
regard. Based on the electrolyte composition of either human 
or cow milk, the original publication from Holliday and Segar 
defined the daily electrolyte requirements as 2 mEq/100 kcal/
day for both potassium and chloride and 3 mEq/100 kcal/day 
for sodium.221 This electrolyte administration regimen, along 
with the “4-2-1” rule, resulted in the frequent administration 
of excessive quantities of hypotonic fluid solution that, in turn, 
led to hyponatremia, seizures, cerebral edema, and death. 
Children are particularly susceptible to cerebral edema with 
acute hyponatremia. Hospital acquired hyponatremia may 
occur rapidly in children and may present initially as vomiting 
and drowsiness.225 A recent meta-analysis and a large ran-
domized trial convincingly demonstrate that isotonic intrave-
nous maintenance fluids with sodium concentrations similar 
to that of plasma reduce the risk of hyponatremia when com-
pared with hypotonic intravenous fluids.226,227 Therefore to 
maintain homeostasis during the perioperative period, crystal-
loids should be administered in isotonic compositions.223,224 
Since the composition of the extracellular fluid is comparable 
between all age groups from newborns to the elderly, the same 
solutions for infusion can be used in children as for adults (see 
also Chapter 47). It is, nevertheless, important to note that 
both hyponatremia and hypernatremia can still develop in 
children receiving isotonic saline solutions, and routine serial 
checking of serum sodium concentrations in children under-
going prolonged or extensive interventions is advised.225

The use of perioperative dextrose solutions for pediatric 
populations has undergone important changes over the 
past decades.223 Initially, administration of intraoperative 
dextrose administration was a common practice in pediatric 
anesthesia care in an attempt to avoid hypoglycemia and its 
related consequences. It is now, however, well established 
that the incidence of preoperative hypoglycemia is less than 
2.5% and is usually associated with fasting periods well 
exceeding currently recommended fasting guidelines.228 
On the other hand, the use of 5% dextrose-containing fluid 
during surgery in pediatric patients has led to hypergly-
cemia which, in turn, can also lead to increased morbid-
ity and mortality.228,229 Therefore a growing consensus 
is that routine administration of dextrose is not necessary 
in otherwise healthy children receiving anesthesia.223 
The addition of dextrose is important for selected patient 
populations. Those at highest risk of hypoglycemia include 
children receiving hyperalimentation as well as those with 
endocrine/metabolic diseases. In these individuals, adjust-
ing the rate of glucose infusion based on routine blood glu-
cose monitoring is recommended. Neonates and infants 
also need dextrose supplementation during anesthesia sur-
gery albeit at a lower rate than their normal maintenance 
requirements.228,229 The use of 1% to 2.5% dextrose-con-
taining isotonic solutions for intraoperative maintenance 
in neonates and infants appears to be the best option while 
serial blood glucose measurements are needed to maintain 
blood glucose levels in the optimal range.224,229
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In the absence of well-controlled studies with clearly defined 
endpoints, there is currently no evidence supporting the role of 
crystalloids versus colloids in perioperative fluid loss replace-
ment and volume expansion in neonatal and pediatric popu-
lations.223,230 Historically, albumin has been considered as 
the gold standard for maintenance of colloid osmotic pressure 
in infants and neonates, and is still the most frequently used 
plasma expander in these populations. Nevertheless, data sup-
porting the continued use of albumin for general fluid resus-
citation in children are lacking. Nonprotein synthetic colloids 
such as hydroxyethyl starch (HES), gelatin, and dextrans have 
also been used as plasma expanders in children. While a pro-
spective observational drug safety trial using a third-genera-
tion HES revealed no serious adverse drug reactions, such as 
anaphylaxis, renal failure, or clotting disorder in children with 
normal renal and clotting function, further studies are needed 
before presuming safety in patients with renal failure or those 
at increased risk of bleeding.223,231 Both the efficacy, in terms 
of intravascular volume expansion, and the safety profile of 
HES has been reported comparable to albumin in the setting 
of pediatric cardiac surgery.232 Gelatins are polypeptides pro-
duced by degradation of bovine collagen. Although the ini-
tial formulations of this product induced a high incidence of 
hypersensitivity reactions, a more recent trial was unable to 
show evidence of any short- or long-term adverse effects.233,234 
Dextrans are water-soluble glucose polymers. Although these 
molecules have excellent colloid oncotic powers, they prob-
ably should not be used because of their negative coagulation 
effects and high anaphylactic potential.223

Transfusion guidelines for nonneonatal pediatric 
patients are similar to those for adults.235 Some precau-
tions, however, should be considered, especially in case 
of massive transfusion. When caring for children, the 
emphasis should be on blood volume and percentage loss 
of blood volume, rather than specific units of blood, since 
a unit of blood may constitute several blood volumes in a 
preterm infant, but only a fraction of the blood volume of a 
robust teenager. These considerations govern the calcula-
tion of the maximal allowable blood loss (MABL) result-
ing in an acceptable hematocrit. MABL takes into account 
the effect of patient age, weight, and starting hematocrit 
on blood volume. In general, blood volume is approxi-
mately 100 to 120 mL/kg for a preterm infant, 90 mL/kg 
for a full-term infant, 70 to 80 mL/kg for a child 3 to 12 
months old, and 70 mL/kg for a child older than 1 year of 
age. These volumes are merely estimates of blood volume. 
The individual child’s blood volume is calculated by simple 
proportion by multiplying the child’s weight by the esti-
mated blood volume (EBV) per kilogram. Although several 
formulas are available, a simple relationship is easiest to 
remember:
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Thus if a 3-year-old child weighs 15 kg and has a starting 
hematocrit of 38% and if clinical judgment estimates the 
desired postoperative hematocrit to be 25%, then the calcu-
lation would be as follows:
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The MABL would be replaced with 3 mL of lactated Ringer 
solution per milliliter of blood loss; that is, 3 mL of lactated 
Ringer solution times the 360 mL of blood loss equals 
approximately 1080 mL of lactated Ringer solution. If blood 
loss is less than or equal to the MABL and no further signifi-
cant blood loss occurs or is anticipated in the postoperative 
period, then there is no need for transfusion of packed red 
blood cells (PRBCs). If, however, significant postoperative 
bleeding occurs or is anticipated, then a discussion with the 
surgeon can be very helpful in defining and preparing for 
the potential transfusion needs. Normally, a child who has 
had adequate replacement of intravascular volume deficits 
will tolerate anemia very well. In most cases, there is suf-
ficient time to make the decision to transfuse by observing 
postoperative urinary output, heart rate, respiratory rate, 
and overall cardiovascular stability. Unfortunately, no one 
formula permits a definitive decision. The development of 
lactic acidosis is a late sign of inadequate oxygen-carrying 
capacity.

If the child has reached the MABL and significantly 
more blood loss is expected during surgery, then the child 
should receive PRBCs in sufficient quantity to maintain 
the hematocrit in the 20% to 25% range. The entire loss 
of red cell mass should not be replaced unless clinically 
indicated if these additional PRBCs would expose the child 
to additional units of blood products. Hematocrit val-
ues in the low 20% range are generally well tolerated by 
most children, the exception being preterm infants, term 
newborns, and children with cyanotic congenital heart 
disease or those with respiratory failure in need of high 
oxygen-carrying capacity. Older children with a history 
of sickle cell disease may require preoperative transfusion 
and should be managed in conjunction with their attend-
ing hematologist.

The indications and contraindications for the transfu-
sion of fresh frozen plasma (FFP) are essentially the same 
for children as for adults. FFP is administered to replenish 
clotting factors lost during massive blood transfusion (usu-
ally defined as blood loss exceeding one blood volume), for 
disseminated intravascular coagulopathy, or for congeni-
tal clotting factor deficit. The anesthesiologist initiates and 
guides therapy with FFP during massive blood loss, whereas 
the hematologist’s advice is sought when either of the other 
two conditions exists.

Children with known clotting factor deficits, such as 
those with massive thermal injury or coagulopathy, 
may require transfusion of FFP before blood loss exceeds 
1 blood volume. In contrast, healthy children who do 
not have coagulation factor deficits at the beginning 
of surgery do not need FFP until blood loss exceeds 1 
blood volume.236,237 Despite the loss of 1 blood volume, 
prolongation of the prothrombin time (PT) and the par-
tial thromboplastin time (PTT) will only be minor. This 
generalization applies to children given PRBCs; children 
given whole blood will not need FFP, even when blood loss 
exceeds several blood volumes.

No studies in children have definitively defined values of 
PT and PTT that are associated with pathologic bleeding 
for which FFP should be administered. Usually an inter-
national normalized ratio (INR) < 2 does not warrant cor-
rection. In general, if the clotting factor deficit is associated 
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with abnormal oozing, then a PT exceeding 15 seconds 
(INR > 1.4) or a PTT greater than 60 seconds (>1.5 times 
baseline) warrants close observation. If these abnormali-
ties exist but there is limited bleeding in the surgical field, 
it seems appropriate to observe the child and withhold the 
transfusion of FFP.

The volume of FFP required to correct prolongation of 
the PT and PTT values depends on the severity of the clot-
ting factor deficit and the presence or absence of consump-
tive coagulopathy. In general, FFP therapy may require 
replacement of 30% or more of the child’s blood volume. 
Transfusion of FFP at rates exceeding 1 mL/kg/min is some-
times followed by severe ionized hypocalcemia and cardiac 
depression with hypotension, especially if FFP is adminis-
tered during anesthesia with a potent inhaled anesthetic 
(Fig. 77.14).238,239 Therefore exogenous calcium chloride 
(2.5-5 mg/kg) or calcium gluconate (7.5-15 mg/kg) should 
be administered, preferably through a separate IV, during 
rapid transfusion of FFP.240 Ionized hypocalcemia occurs 
very frequently in neonates given FFP, possibly because of 
their decreased ability to mobilize calcium and metabolize 
citrate. Children undergoing liver transplantation or those 
with compromised hepatic function or perfusion may also 
be at increased risk because of a decreased ability to metab-
olize citrate.

Massive blood transfusion (MBT) in children has been 
recently defined as transfusion of greater than 50% of 
total blood volume (TBV) in 3 hours, transfusion of greater 
than 100% of TBV in 24 hours, or transfusion support 
to replace ongoing blood loss of greater than 10% of TBV 
per minute.241 The management of massive transfusion 
requires that circulating blood volume is restored and com-
ponents are given such that hemostasis is maintained or 
returned to normal.242,243 A major concept in hemostatic 
resuscitation is the construction of a balanced transfusion 
strategy delivering PRBCs, FFP, platelets, coagulation fac-
tors, and antifibrinolytics. Adult MBT strategies suggest a 
PRBC:FFP:platelet ratio of 1:1:1 with early consideration of 

fibrinogen replacement and the potential use of tranexamic 
acid. Laboratory evaluation of massive bleeding in pediat-
ric patients is challenging and acute management cannot 
rely on waiting for the results of these relatively time-con-
suming examinations. Thromboelastometry and rotational 
thromboelastometry can be useful monitoring methods, 
providing more timely assessment than standard labora-
tory investigations during MBT. Once bleeding has been 
controlled, appropriate targets after massive transfusion 
are suggested as Hb 80 g/L, fibrinogen greater than 1 g/L, 
PT ratio greater than 1.5, platelet count greater than 75 ! 
109/L (100 ! 109/L in traumatic head injury).243 Permis-
sive hypotension during MBT is an often used strategy in 
adult trauma setting until definite management of bleeding 
can be achieved. This approach may not be an appropriate 
strategy in pediatric populations since children compensate 
for blood loss with minimal change in vital signs until sig-
nificant compromise. Complications of MBT are similar to 
those in adults.241

A fluid and blood warmer is essential for any child who 
might require rapid correction of intravascular volume. 
Using such devices for maintenance intravenous fluid ther-
apy, however, provides no benefit because the rate of infu-
sion is so slow that the intravenous fluid returns to room 
temperature between the times that it exits the warmer and 
enters the child. Administration of large volumes of blood 
products also requires adequate vascular access. During 
pediatric trauma, when massive hemorrhage is suspected, if 
no intravenous access is established after 90 seconds or two 
attempts, intraosseous access should be utilized.243 The anes-
thesiologist should be familiar with the maximal flow rates 
that can be delivered via intravenous and intraosseous can-
nulas of different sizes (Table 77.7).244

Regional Anesthesia and Analgesia
Most regional anesthesia techniques used in adults can 
be safely administered to children as long as strict atten-
tion is paid to the dose of the local anesthetic, the dose of 

1098765

†*

* *

†*

*
*
*

*†

43210
0.6

0.8

1.0

1.2

1.4

1.6

Time (minutes)

Infusion off

Io
ni

ze
d 

ca
lc

iu
m

 (m
m

ol
/L

)

Mean±S.E.

Fresh frozen plasma
mL/kg/min

(n=7) 1.0
(n=8) 1.5

(n=6) 2.0
(n=6) 2.5
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epinephrine, and the use of proper equipment. Perhaps 
the greatest advance in regional pediatric anesthesia has 
been the development of methods producing postopera-
tive analgesia. Caudal anesthesia, caudal opioids, regional 
blocks, and child-parent-nurse–controlled analgesia have 
all been accepted by anesthesiologists and children. Recent 
advances in ultrasound equipment and techniques have 
further improved the accuracy of nerve blocks and reduced 
the dose of drug needed to provide a successful block.

Regional nerve blocks and direct local infiltration of sur-
gical wounds with long-acting local anesthetics are simple 
yet very effective and safe methods of providing pain relief 
for all children.245,246 This practice has been especially help-
ful in the outpatient population; parents are encouraged to 
start analgesics when they observe their child becoming 
irritable but before the complete dissipation of the block. 
This approach usually provides a smooth transition from 
general anesthesia and a pain-free child.!

Important Pediatric Anesthesia 
Scenarios

Some patient groups or surgical procedures in children 
require particular attention when determining optimal 
anesthesia management.

NEONATAL ANESTHESIA

The neonate has unique requirements for equipment, fluid 
and drug therapy, anesthetic dosage, and environmen-
tal control. Children younger than 1 year of age have a 
more frequent incidence of complications than older chil-
dren.55,247-251 These complications primarily relate to oxy-
genation, ventilation, airway management, and response 
to anesthetic medications. An understanding of the basic 
differences in physiology and pharmacology, and an under-
standing of the common comorbidities and the underlying 
pathologic surgical problem is essential for the development 
of a safe anesthesia plan. Neonates generally have limited 
cardiovascular and respiratory reserve resulting in a nar-
row margin for error and the need for meticulous atten-
tion to details in all aspects of anesthesia care. Neonates 
are more likely to have a sudden deterioration in function 
and thus require careful monitoring and being prepared 
for rapid and appropriate interventions. Neonates may also 
have a transitional circulation or undiagnosed congenital 

malformations or genetic conditions that may become 
apparent during anesthesia.

As is true for other patient populations, when anesthe-
siologists are to deliver optimal neonatal anesthesia care, 
they must always ensure there is thorough preoperative 
preparation, appropriate monitoring, the proper size and 
variety of equipment available, and obtain the most intense 
level of support, both in the operating room and in the ICU. 
If the anesthesiologist only occasionally cares for infants, 
then the likelihood of a problem (often unanticipated) dra-
matically increases. As one example, when caring for the 
neonate, access to the child may be difficult after the patient 
is positioned for the surgical procedure, so it is critical that 
when managing these patients, the airway, intravenous 
access, and all monitoring should be checked and secure 
before surgery starts.

The anesthesiologist must devote particular care to the 
calculation of drug dose and preparation of drugs. Careful 
attention to the administration of all medications is essen-
tial. Prevention of paradoxical air emboli is critical for the 
pediatric patient. A volume of air that is clinically unim-
portant in an adult may prove catastrophic in an infant. To 
reduce the risk of air emboli requires that all air be vented 
from intravenous devices and syringes before use; each 
intravenous injection port is aspirated to remove air trapped 
at these junctions, and some drug is ejected before intrave-
nous administration to clear air from the dead space of the 
needle. Intravenous fluids should be administered with vol-
ume-limiting devices; infusion pumps are particularly help-
ful in preventing over administration of intravenous fluids. 
The composition and infusion rate of flush solutions should 
be noted and calculated into maintenance fluid therapy. In 
neonates and small infants, a basal infusion rate of balanced 
salt solution with a pump is most useful, with other fluid or 
blood product boluses given via piggyback or a three-way 
stopcock.

Every effort must be made to maintain the infant’s tem-
perature to minimize thermal stress. The surgical environ-
ment should be warmed and exposure of the neonate kept 
to a minimum. Forced air warming is particularly useful for 
maintaining temperature. Fluids should be warmed, and 
heated mattresses and overhead radiant heaters may also 
be used.

Monitoring expired concentrations of carbon dioxide 
can be less accurate in small infants, but is still extremely 
useful for diagnosing changes over time and for issues 
such as bronchospasm, a kinked endotracheal tube, or 

TABLE 77.7 Flow Rates of Intravenous and Intraosseous Cannulas

Intravenous Catheter Maximum Rate of Flow With Gravity (mL/min) Maximum Rate of Flow With Pressure (mL/min)

14 G 50 mm cannula 236.1 384.2

16 G 50 mm cannula 154.7 334.4

18 G 45 mm cannula 98.1 153.1

20 G 33 mm cannula 64.4 105.1

22 G 25 mm cannula 35.7 71.4

15 G 25 mm intraosseous needle (tibial) 68.2 204.6

From Reddick AD, Ronald J, Morrison WG. Intravenous fluid resuscitation: was Poiseuille right? Emerg Med J. 2011;28(3):201–202.
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endobronchial intubation. Transcutaneous carbon dioxide 
monitoring may also be used, although it requires care-
ful calibration and management. Hypocarbia should be 
avoided due to the risk of cerebral vasoconstriction.

Pulse oximetry is mandatory to detect hypoxia, and also 
helps avoid hyperoxia. The optimal oxygen saturation for 
neonates is controversial. High oxygen saturations in pre-
mature infants increase the risk of retinopathy of prema-
turity; however some randomized trials have found that 
aiming for low (85%-89%) saturations in extremely pre-
term infants may increase the risk of other neurologic mor-
bidity.252 During stable situations it is reasonable to aim for 
an oxygen saturation between 93% and 95% in preterm 
infants. However, because these infants have the highest 
oxygen consumption, oxygen saturation in the 93% to 95% 
range can change to severe hypoxemia within seconds. 
When managing such a delicate balance and in view of the 
slight inaccuracies of these monitors, the anesthesiologist 
must be extremely vigilant and prepared to respond rapidly 
to changes in oxygen saturation.

The newborn goes through a transitional circulation and 
it takes some days for the pulmonary circulation to adjust. 
Hypoxia or acidosis in the newborn can lead to significant 
pulmonary vasoconstriction and resultant pulmonary 
hypertension. This may lead to right to left shunting, exac-
erbating arterial hypoxia and thus leading to a vicious cycle 
of worsening pulmonary hypertension, acidosis, hypoxia, 
and eventual cardiovascular collapse.

The neonatal lung is fragile and particularly prone to 
injury from excessive tidal volumes. In contrast, careful 
attention to ventilation is required to maintain functional 
residual capacity and avoid atelectasis. Positive end expi-
ratory pressures should be used. Even brief disconnection 
of the airway circuit or mechanical ventilator can lead to 
significant alveolar collapse and should thus be avoided if 
possible. In the operating room neonates should only be 
anesthetized with ventilators that are designed to include 
neonatal use, and it is optimal to have monitoring equip-
ment that can accurately measure tidal volumes in a 
neonate. It is also increasingly recognized that intubated 
neonates should be transferred to and from the operating 
room with appropriate neonatal transport ventilator equip-
ment rather than simply a bag and t-piece. For some criti-
cally ill children, it may be safer to perform the surgery in 
the neonatal intensive care unit (NICU) using NICU ventila-
tors rather than transfer the child to the operating room. 
Transferring a child that is on an oscillator is particularly 
challenging. In these cases, however, the NICU staff and 
surgeons must be prepared to perform the procedure, have 
all necessary equipment and a process to ensure sterility, 
and a safe environment for the procedure.

The optimal blood pressure during neonatal anesthesia is 
unknown. Traditionally an acceptable mean arterial pres-
sure in mm Hg was judged to be roughly the same as the 
postmenstrual age of the child in weeks; however there is 
little if any evidence to support this. Recent studies have 
suggested that the neonatal brain may be particularly sus-
ceptible to hypotension.253

Little doubt exists that neonates, even extremely preterm 
infants, are capable of feeling pain and will respond to pain-
ful stimuli; indeed preterm infants may be even more sen-
sitive to painful stimuli.254 Neonates cannot form explicit 

memories, but there is evidence for implicit memory for-
mation. The differentiation between conscious and uncon-
scious can also be problematic in neonates. No child should 
be denied analgesia or anesthesia because of size or age. 
However, what exactly constitutes a state of adequate anes-
thesia in the neonate is unclear.255,256 Similarly, difficulty 
in measuring appropriate endpoints of adequate anesthesia 
makes it very difficult to determine the optimal dose of anes-
thetic agents.

Propofol and inhaled anesthetics can result in profound 
cardiovascular depression in the neonate. In contrast, 
the synthetic opioids (e.g., fentanyl, sufentanil, alfentanil, 
remifentanil) are usually well tolerated, even in critically 
ill infants. When used, these potent opioids must be care-
fully titrated to a defined response. Anesthesiologists must 
be particularly cautious about opioid-induced bradycardia 
and its consequences on cardiac output. Low concentra-
tions of potent inhaled anesthetics can be used with opioids 
to provide a means of controlling hemodynamic responses 
without significantly depressing the myocardium. The rela-
tive merits of one anesthetic technique over another are not 
well defined.

Regional anesthesia can be highly effective in neonates. 
Caudal and spinal anesthesia are relatively straightfor-
ward; however the safe placement of a lumbar or thoracic 
epidural block requires considerable skill. Epidural local 
anesthetic infusions can result in systemic toxicity due to 
immature metabolism.!

ANESTHESIA FOR SPECIFIC NEONATAL 
SURGICAL PROCEDURES
Meningomyelocele
Meningomyelocele, the hernial protrusion of a part of the 
meninges and spinal cord through a defect in the vertebral 
column, is becoming less common in developed countries 
due to improvements in maternal folic acid intake and 
antenatal screening. The following should be considered in 
addition to the usual concerns for the management of neo-
nates: (1) special positioning for tracheal intubation (i.e., 
the defect is placed on a “doughnut” and towels are placed 
under the head); (2) possibility of underestimating fluid and 
blood loss; (3) high association of meningomyelocele with 
hydrocephalus; (4) possibility of cranial nerve (vocal cord) 
palsy, resulting in inspiratory stridor; and (5) potential for 
brainstem herniation. The anesthesiologist must establish 
adequate intravenous access to replace all fluid deficits, 
including loss from the defect (usually with normal saline), 
and ensure that cross-matched blood is available (especially 
if rotational skin flaps are planned). Latex allergy precau-
tions should be used with these children for their first and 
all subsequent anesthetics.!
Omphalocele and Gastroschisis
Omphalocele and gastroschisis are major defects in the 
closure of the abdominal wall that result in exposure 
of viscera that are either covered (omphalocele) or not 
covered (gastroschisis) by peritoneum (Fig. 77.15; Table 
77.8). The major anesthesia-related problems with these 
defects include the following: (1) severe dehydration and 
potential massive fluid loss from the exposed visceral sur-
faces and due to partial bowel obstruction; (2) heat loss; 

Downloaded for Damon dr68 (damondr68@gmail.com) at Hacettepe University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



77 • Pediatric Anesthesia 2451

(3) raised abdominal pressure with closure; and (4) high 
association of these conditions with prematurity and 
other congenital defects, including cardiac abnormalities 
(with omphalocele, $20%). These children must have an 
adequate preoperative work-up that includes an echocar-
diogram to assess both anatomy and myocardial function. 
Postoperative ventilation is usually required for these 

patients as a result of a tight abdominal wall closure. In 
some cases, a staged approach is needed to complete the 
repair.

Infants with omphalocele or gastroschisis require 
careful management preoperatively to minimize the 
likelihood of infection or compromise of bowel function. 
For all children, adequate fluid resuscitation should be 
provided and electrolyte imbalances corrected prior to 
surgery. Adequate intravenous access is essential. Inva-
sive monitoring is occasionally necessary, particularly 
if the child has an associated cardiac defect. The liberal 
use of muscle relaxants provides optimal surgical con-
ditions for closure of the defect. Hypotension during 
closure may occur due to tension on the liver or caval 
compression. Similarly raised abdominal pressure during 
closure may impede adequate ventilation. Postoperative 
ventilation may be necessary until the abdominal wall 
has had time to stretch to accommodate the viscera. It 
should be noted that increased abdominal pressure after 
a tight closure (abdominal compartment syndrome) may 
compromise hepatic and renal function and significantly 
alter drug metabolism. Staged closure with a premade 
spring-loaded silastic silo is being used with increasing 
frequency, thus minimizing repeat trips to the operat-
ing room. A small percentage of children with ompha-
locele will also have Beckwith-Wiedemann syndrome, 
a condition characterized by profound hypoglycemia, 
hyperviscosity syndrome, congenital heart disease, and 
associated visceromegaly.!
Tracheoesophageal Fistula
A tracheoesophageal fistula can have five or more configu-
rations, most of which are diagnosed after an inability to 
swallow because of an associated esophageal atresia (the 
esophagus ends in a blind pouch). In these cases the char-
acteristic diagnostic test is an inability to pass a suction 
catheter into the stomach. Neonates may have aspiration 
pneumonitis from a distal fistula connecting the stomach to 
the trachea through the esophagus or from a proximal con-
nection of the esophagus with the trachea. Neonates with 
the rarer H-type fistulae have a fistula between esophagus 
and trachea; however the esophagus is patent with no atre-
sia. These children present later, typically with respiratory 
distress and chest infections.

The tracheoesophageal fistula may be part of a larger con-
stellation of anomalies known as the VATER association (V, 

A

B

Fig. 77.15 (A) Gastroschisis malformation. The viscera have herniated 
outside the peritoneum. (B) Omphalocele malformation. The viscera 
are still covered by peritoneum.

TABLE 77.8 Comparison of Gastroschisis and Omphalocele Malformations

Gastroschisis Omphalocele

Pathophysiologic characteristics Occlusion of the omphalomesenteric artery Failure of gut migration from the yolk sac into 
the abdomen

Incidence $1 in 15,000 births $1 in 6000 births

Incidence of associated anomalies $10%-15% $40%-60%

Location of defect Periumbilical Within the umbilical cord

Problems associated with defect Inflammation of exposed gut
Edema
Dilated and foreshortened gut (chemical peritonitis)

Congenital heart disease ($20%)
Exstrophy of the bladder
Beckwith-Wiedemann syndrome (macroglossia, 

gigantism, hypoglycemia, hyperviscosity)

From Coté CJ, Lerman J, Anderson, BA, eds. A Practice of Anesthesia for Infants and Children. 5th ed. Philadelphia: Saunders; 2013.

Downloaded for Damon dr68 (damondr68@gmail.com) at Hacettepe University from ClinicalKey.com by Elsevier on October 21, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.



SECTION V • Pediatric Anesthesia2452

vertebral; A, anal; TE, tracheoesophageal; R, renal) or the 
VACTERL association (VATER and C, cardiac; and L, limb). 
Any child with a tracheoesophageal fistula or esophageal 
atresia should be suspected of having the other anomalies. 
An echocardiogram to examine for a right-sided aortic arch 
and the presence of congenital heart disease should be per-
formed before anesthesia.257 Abdominal ultrasound should 
also be performed to detect major renal abnormalities.

The major anesthetic issues include: (1) already compro-
mised respiratory function due to aspiration pneumonia; (2) 
overdistention of the stomach from entry of air directly into 
the stomach through the fistula, particularly after adminis-
tration of positive pressure ventilation by mask; (3) inabil-
ity to ventilate the child’s lungs because of the large size of 
the fistula; (4) problems associated with other anomalies, 
particularly a patent ductus arteriosus and other forms 
of congenital heart disease.258 Prior to anesthesia, the 
infant’s feedings should be withheld, a catheter placed in 
the esophagus to drain saliva, and the infant placed prone 
in a head-up position. Anesthesia evaluation centers on the 
pulmonary and cardiovascular systems.

A major aim of anesthesia is to ensure adequate ven-
tilation despite the presence of the fistula. Since positive 
pressure ventilation may inflate the stomach through the 
fistula and cause distension of the stomach, it should be 
avoided until an endotracheal tube is placed distal to the 
fistula and/or the fistula is occluded or ligated. The risk 
of abdominal distension and hypoventilation is greatest 
when the fistula is large or the lung compliance is poor. 
The distended stomach will further compromise ventila-
tion of the lungs, exacerbating the situation. Several dif-
ferent strategies for anesthesia have been described.259 
Usually an inhalational induction is preferred and sponta-
neous ventilation is maintained until the fistula is ligated. 
This is not always possible. Coordination with the surgeon 
is critical to defining the optimal way to ensure adequate 
ventilation until the fistula is occluded. Bronchoscopy is 
usually performed after induction to assess the size and 
location of the fistula. At bronchoscopy a Fogarty catheter 
or similar device may be placed directly in the fistula to 
occlude it. The endotracheal tube is ideally placed in the 
trachea distal to the origin of the fistula. This may be done 
blindly by advancing the tube into a main bronchus and 
then carefully pulling it back until equal air entry is heard. 
The endotracheal tube may be inadvertently placed into 
the fistula resulting in rapid gastric distension and arte-
rial oxygen desaturation. If this occurs the tube should be 
withdrawn. Urgent transcutaneous gastric decompres-
sion may be needed or intraabdominal clamping of the 
distal esophagus through an abdominal incision.

Most repairs are now done thoracoscopically. Invasive 
blood pressure monitoring is recommended since intra-
operative arterial desaturation or hypotension may occur 
with manipulation of mediastinal structures. A preductal 
and postductal pulse oximeter can be useful in diagnosing 
an intracardiac shunting. Some surgeons prefer that the 
infant remain intubated postoperatively, whereas others 
prefer an attempt at extubation of the trachea. Postopera-
tive pain may be managed with a local anesthetic infusion, 
or intermittent bolus, via a caudal catheter threaded up to 
the thoracic level, or with a paravertebral catheter placed 
by the surgeon.!

Congenital Diaphragmatic Hernia
A congenital diaphragmatic hernia (CDH) consists of her-
niation of the abdominal viscera through a defect in the dia-
phragm, most commonly the foramen of Bochdalek on the 
left side. Many of the abdominal viscera, including the liver 
and spleen, may be above the diaphragm. Approximately 
half the cases are diagnosed antenatally. More than half of 
CDH cases are associated with other congenital anomalies 
and therefore a full evaluation of all systems should be per-
formed prior to surgery. The primary concern with respect 
to anesthesia management is pulmonary hypoplasia and 
associated pulmonary hypertension. It is important to note 
that surgery does not directly correct the pulmonary hyper-
tension and respiratory status may acutely deteriorate post-
surgery. Thus surgery should not be rushed, but planned 
for when the child is in optimal condition. Preoperatively 
extracorporeal membrane oxygenation (ECMO) and the use 
of nitric oxide have become important aspects to the man-
agement of CDH; however there is mixed evidence that they 
improve outcome and ECMO should only be used in the most 
severe cases.260,261 Sildenafil and prostacyclin may also be 
used to manage pulmonary hypertension. High-frequency 
oscillatory ventilation is often required and permissive ven-
tilation is also advocated (limiting peak inspiratory pressures 
and PEEP with resultant permissive hypercapnia).262

The surgery may be open via a subcostal incision or done 
thoracoscopically. It is often performed in the ICU to avoid 
transferring the child to the operating room. Anesthetic 
management of children with a diaphragmatic hernia 
includes the following: (1) preventing any exacerbation of 
pulmonary hypertension through avoiding hypoxemia and 
excessive hypercapnia, and blunting the stress response 
(e.g., with high-dose fentanyl, 25 µg/kg or more); (2) 
avoiding bag and mask ventilation prior to intubation of 
the trachea as this may result in gastric distension within 
the chest; (3) avoiding nitrous oxide to prevent any risk of 
expansion of viscera in the chest; (4) awareness of the risk 
for the development of barotrauma-induced pneumothorax 
on the ipsilateral or contralateral side; and (5) meticulous 
fluid management and inotopic support of the circulation 
if needed. Other methods to address the CDH have been 
attempted, including fetoscopic endoluminal tracheal 
occlusion. This approach, while successful in selected cases, 
is still regarded as an experimental approach to managing 
CDH.263!

ANESTHESIA FOR SPECIFIC SURGICAL 
PROCEDURES IN INFANTS
Pyloric Stenosis
Pyloric stenosis is diagnosed from 1 week to 3 months of life, 
typically after persistent projectile vomiting. The child may 
be severely dehydrated with a profound hypochloremic, 
hypokalemic, metabolic alkalosis. This procedure is never 
a surgical emergency. Children should be carefully evalu-
ated, and any dehydration or metabolic imbalance should 
be corrected before surgery. The metabolic imbalance and 
dehydration can be corrected slowly, provided there is no 
cardiovascular instability and hypovolemic shock. A persis-
tent alkalosis increases the risk of postoperative apnea and 
it should be noted that correction of the CSF pH may lag sev-
eral hours behind plasma pH correction.
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Increasingly the myotomy is performed laparoscopi-
cally. Nasogastric tubes are not always used preoperatively 
as they may worsen the electrolyte imbalance. Aspiration 
of gastric contents during induction is a primary concern. 
Even if the child arrives with a nasogastric tube in place the 
stomach should still be immediately suctioned with a wide-
bore vented catheter in the supine and the right and left lat-
eral positions immediately before induction of anesthesia. 
This suctioning technique will generally remove 98% of the 
gastric contents.264 A wide variety of techniques have been 
described for the induction of children with pyloric stenosis. 
Awake-intubation has been frequently used; however this 
approach is becoming less common. One study demonstrated 
fewer attempts and one half the time for successful intuba-
tion of the trachea when a muscle relaxant was used.265 The 
classically described rapid sequence technique (preoxygen-
ation, cricoid pressure, and avoiding mask ventilation) may 
not be appropriate for an infant with pyloric stenosis. Cri-
coid pressure can easily distort the anatomy making laryn-
goscopy difficult. If it is applied and there is no clear view of 
the larynx then the pressure should be relaxed. It may also 
not be appropriate to avoid mask ventilation. Infants rap-
idly desaturate with apnea so it is often necessary to gently 
ventilate the child with 100% oxygen prior to laryngoscopy 
to avoid hypoxemia and bradycardia. A variety of different 
intravenous anesthetic agents and neuromuscular blocking 
agents have been described in this situation. Atropine (0.02 
mg/kg) should be given to prevent bradycardia if succinyl-
choline (2 mg/kg) is used. Postoperative analgesia is gen-
erally provided by local infiltration of the skin incision and 
acetaminophen. Rectus sheaf and transversus abdominis 
plane blocks have also been described in this setting.

Reports of apnea events after pyloromyotomy have been 
reported.266 Children who undergo this procedure should 
be closely monitored with both apnea monitors and pulse 
oximetry postoperatively.!
Infant Inguinal Hernia Repair
Inguinal hernia repair is one of the most common surgeries 
performed in infants. Inguinal hernia is often bilateral and 
is more common in males and in ex-premature infants. The 
optimal timing of surgery is controversial. Waiting until 
the child is older may reduce anesthesia risk; however, an 
unrepaired asymptomatic hernia is still at risk of incarcera-
tion, which may be a life-threatening complication. The 
repair may be performed laparoscopically or open. Anes-
thesia may be with an awake-regional technique or general 
anesthesia. The awake-regional technique is usually with 
a spinal anesthetic. Awake-caudal anesthesia has been 
described but usually requires substantial additional seda-
tion. Spinal anesthesia has fewer complications in PACU 
and shorter PACU stay but fails in approximately 10% to 
20% of cases.267-269 This may be due to inability to find the 
subarachnoid space or the child failing to adequately settle 
even with an effective block. The spinal anesthetic usually 
provides 60 to 90 minutes of anesthesia and thus may not 
be appropriate for hernia repair that is anticipated to be 
complex. The spinal block may be augmented with a cau-
dal local anesthetic block. General anesthesia for inguinal 
hernia repair may be with an endotracheal tube or LMA. 
A caudal local anesthetic block, ilioinguinal block, or local 
infiltration of local anesthetic by the surgeon can all provide 
adequate analgesia and obviate the need for opioids.

The major anesthesia concern around infant inguinal 
hernia repair is the risk of postoperative apnea. The major-
ity of infants who develop postanesthesia apnea are former 
preterm infants (gestational age <37 weeks) and younger 
than 44 weeks postmenstrual age (PMA); however, apnea 
can occur at up to 60 weeks PMA.270 Studies evaluating 
postoperative apnea are difficult to interpret or compare 
due to widely varying definitions of apnea and methods to 
detect apnea. In one combined analysis the risk of postop-
erative apnea increases with lower PMA and lower gesta-
tional age.271 Anemia (hematocrit <30%) was also found 
to be an independent risk factor associated with apnea in 
former preterm infants. Apnea still occurs even with sevo-
flurane or desflurane anesthesia; therefore the newer vola-
tile anesthetics have not eliminated this concern.272 The 
risk of early apnea is less with awake-regional anesthesia; 
however, the risk of late apnea may be similar.267,273 There 
is also some evidence that those who required sedation with 
spinal anesthesia have increased risk of apnea compared to 
those who had no sedation.274

A Cochrane review found some evidence that pro-
phylactic methylxanthine (caffeine) reduces the risk of 
postoperative apnea; however, it was cautious about rec-
ommendations for its routine use.275 Caffeine may not 
reduce the risk of late apnea. Recommendations vary, but 
in general, all former preterm infants younger than 56 to 
60 weeks’ PMA should be admitted after inguinal hernia 
repair for apnea monitoring.271,276,277 The risk for term 
infants is poorly defined; however, apnea is still considered 
a risk up to 44 weeks’ PMA.!
Cleft Lip and Palate
Cleft lip and palate are relatively common congenital mal-
formations. Approximately one third are associated with a 
wide range of other syndromes so careful and thorough pre-
operative assessment is required. Cleft lip is usually repaired 
at 3 to 6 months of age whereas the palate is repaired at 9 to 
12 months of age. Difficult airway may occur but is unusual 
unless there is also retrognathia. In children with large or 
bilateral clefts, the tongue may impinge in the cleft obstruct-
ing the airway, or the laryngoscope blade may fall into the 
cleft. Correction of the lip is usually a straightforward pro-
cedure. Cleft palate repair may be complicated by postop-
erative obstruction. The child should be extubated awake. 
Postoperative analgesia is based on regular acetaminophen 
and the judicious use of opioids. Infraorbital nerve blocks 
also provide effective analgesia for cleft lip repair.278!

ANESTHESIA FOR SPECIFIC PROCEDURES AND 
CONDITIONS IN OLDER CHILDREN
Anterior Mediastinal Mass
In children, anterior mediastinal masses may be due to a 
range of pathology with lymphoma being the most com-
mon. They may cause airway and/or vascular compres-
sion. This may be asymptomatic or result in dyspnea, 
orthopnea, pain, cough, or superior vena cava syndrome. 
These children frequently present for a biopsy of the lesion 
or other lymph node which, for accurate diagnosis and 
appropriate management, must be obtained prior to any 
chemotherapy or radiotherapy. The major anesthesia con-
cern is profound cardiorespiratory collapse and death on 
induction of anesthesia. Such collapse can occur in a child 
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that is asymptomatic preoperatively. The exact etiology of 
this collapse is uncertain, but probably relates to increasing 
compression of major vessels, heart, and/or the airway. The 
collapse may be triggered by paralysis or positive pressure 
ventilation. As a result, some pediatric anesthesiologists 
advocate avoiding neuromuscular blocking agents and 
maintaining spontaneous respiration. Preoperative assess-
ment should include a careful history and examination to 
determine if positioning has any impact on symptoms and 
chest computed tomography (CT) and echocardiography. 
Occlusion of greater than 50% of the airway on CT is asso-
ciated with increased risk of significant obstruction under 
anesthesia. Echocardiography can be helpful to determine 
if positioning might have any impact on compression of ves-
sels and cardiac function. If collapse does occur on induc-
tion, changing the child’s position to lateral or prone may 
be life saving. In severe cases, every effort should be made 
to obtain the biopsy without general anesthesia so that fur-
ther management options can be determined.!
Inhaled Foreign Body
Inhalation of foreign bodies is a major source of morbidity 
and mortally in young children, occurring most frequently 
in children ages 1 to 2 years. The airway obstruction 
may be acute, causing significant respiratory distress and 
require urgent management; however, often the diagno-
sis is delayed. Partial obstruction may be undiagnosed for 
days or even weeks. The acute choking episode may not 
have been witnessed and the child may present late with 
signs of pneumonia. The urgency of removal depends on 
the degree of respiratory symptoms and the likely location 
of the obstruction. Ideally the child should be fasting. Sev-
eral anesthetic techniques have been described. Clear, effec-
tive, and ongoing communication with the surgeon before 
and throughout the procedure is paramount. Often anti-
cholinergic agents are given prior to induction to reduce 
secretions and steroids given to reduce airway swelling. Ide-
ally, spontaneous ventilation is maintained to reduce the 
risk of positive ventilation pushing the object further dis-
tally, which makes extraction more technically challeng-
ing. Once the child is deeply anesthetized, local anesthetic 
should be directly applied to the glottis and trachea. Anes-
thesia may be maintained with volatile agents through the 
bronchoscope or with a propofol infusion. Propofol infusion 
may provide a more reliable delivery. It also avoids the issue 
of volatile agent exposure to the surgeon. Remifentanil 
infusion may also be used to help obtund airway reflexes 
but should be used judiciously to avoid unwanted apnea. 
Muscle relaxation may be required in some situations but 
relaxants should never be given before establishing that 
positive pressure ventilation is safe.!
Tonsillectomy and Obstructive Sleep Apnea
Tonsillectomy and/or adenoidectomy are some of the 
more common surgical procedures in children. While 
not performed as often as they were in the past, the most 
common indications include recurrent infection and air-
way obstruction, including obstructive sleep apnea. A 
wide variety of techniques have been described for tonsil-
lectomy/adenoidectomy. For maintenance of anesthesia, 
inhalational and TIVA can be used. A flexible laryngeal 
mask airway or a preformed Ring-Adair-Elwyn (RAE) 
endotracheal tube may be used for the airway. Kinking or 

displacement of the LMA or RAE tube is not uncommon 
when the surgeon inserts the mouth gag. Children may 
be extubated awake or deep. Deep extubation may avoid 
bleeding associated with coughing during emergence 
but there is an increased risk of airway obstruction after 
the airway is removed. If children are extubated deep it is 
essential that they are subsequently managed in an envi-
ronment that can rapidly and effectively detect and man-
age any airway obstruction. Postoperative nausea and 
vomiting is common after this surgery and prophylactic 
antiemetics should be used. Dexamethasone is often given 
to reduce swelling and emesis; however, dexamethasone 
should never be given if lymphoma is a likely cause of 
tonsillar hypertrophy as dexamethasone may produce 
lethal hyperkalemia from tumor lysis. Effective analge-
sia is a challenge after tonsillectomy/adenoidectomy. 
Acetaminophen alone is insufficient. Nonsteroidal anti-
inflammatory drugs (NSAIDs) are used in many centers; 
however some surgeons avoid their use due to concerns 
over bleeding even though there is good evidence that 
bleeding is not increased.279 Local anesthetic infiltration 
to the tonsillar bed may provide some analgesia and some 
surgeons infiltrate with epinephrine to reduce bleeding. 
Such infiltration must be done cautiously as injection into 
the major vessels beneath the tonsillar bed may result  
in seizures or cerebral infarction. Tonsillectomy is asso-
ciated with significant pain for up to 10 days or more  
postoperatively.280 Opioids are often required for tonsil-
lectomy, both in the immediate recovery and early days 
after the child goes home. They should be used carefully 
in the presence of obstructive sleep apnea. Bleeding after 
tonsillectomy may occur immediately postoperatively 
or in the early days after discharge. Minor bleeding may 
be managed conservatively but active ongoing bleeding 
requires anesthesia for surgical management. Anesthesia 
for a bleeding tonsil requires consideration of: (1) acute 
hypovolemia associated with massive blood loss—these 
children must always be adequately resuscitated before 
anesthesia; (2) presence of a full stomach—the child may 
have swallowed a large amount of blood; and (3) a poten-
tially difficult airway management and laryngoscopy due 
to active bleeding and airway swelling.

Children scheduled for tonsillectomy/adenoidectomy 
frequently have a degree of obstructive sleep apnea. 
Obstructive sleep apnea (OSA) is defined as a “disorder of 
breathing during sleep characterized by prolonged upper 
airway obstruction and/or intermittent complete obstruc-
tion (obstructive apnea) that disrupts normal ventilation 
during sleep.” These children also have an altered response 
to carbon dioxide.281 The gold standard to diagnose sever-
ity of OSA is the formal polysomnogram.282 The apnea-
hypopnea index (AHI) and the respiratory disturbance 
index (RDI) are measurements of the presence and sever-
ity of OSA syndrome. The AHI is the number of discrete 
obstructive events per hour while the RDI includes central 
apnea as well as apnea due to obstruction. OSA is regarded 
as severe if the AHI is greater than 10 and the oxygen satu-
ration nadir is less than 80%. Most children, however, will 
have surgery for obstructive symptoms without having had 
a formal polysomnogram. Thus a variety of other scores 
based on overnight oximetry, child factors, and degree of 
symptoms have been developed to assess degree of obstruc-
tion and hence perioperative risk.283
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The main problems that anesthesiologists must consider 
include when it is safe to send a child with OSA home after 
tonsillectomy/adenoidectomy and how best to provide 
postoperative analgesia. There is considerable variation in 
practice surrounding postoperative management of chil-
dren with and without OSA. The ASA has published a set 
of guidelines.284 Some day-surgery centers routinely send 
children who do not have OSA home after tonsillectomy; 
others hold the children for at least 4 hours (the interval 
during which bleeding or respiratory compromise will most 
likely occur), and then an additional 7 hours if there have 
been any obstructive events. Children with known or sus-
pected severe OSA should be monitored overnight. Children 
with comorbidities such as Down syndrome, or craniofacial 
abnormalities, younger age (>3 years), or obesity should 
also be considered for overnight admission and monitoring.

Pain management can be challenging for these patients. 
Usually opioids are required for analgesia; however some 
centers avoid opioids and supplement acetaminophen with 
NSAIDs. If opioids are used, some suggest that children 
with OSA should have reduced doses. Codeine is no longer 
recommended for analgesia after tonsillectomy/adenoid-
ectomy as there have been reports of deaths after tonsillec-
tomy related to altered conversion of the prodrug codeine to 
morphine.90,285 A small proportion of children have geneti-
cally determined rapid conversion to morphine.286 Thus 
the combination of OSA-induced opioid sensitivity and 
rapid metabolism can lead to fatal outcomes. The FDA has 
issued a warning strongly recommending that codeine not 
be administered to children for post-tonsillectomy analge-
sia, particularly to those with obstructive sleep apnea.!
Muscle Biopsy
Children may require muscle biopsy to assist the diagno-
sis of a myopathy or other neurodegenerative condition. 
There are a broad range of myopathies that present a range 
of issues for anesthesia (see Chapter 35). These include 
existing compromised cardiac or respiratory function, 
developmental delay, poor nutritional status, and risks for 
malignant hyperthermia, rhabdomyolysis, and propofol 
infusion syndrome. Thorough preoperative assessment is 
essential, including an assessment of respiratory and car-
diac function.287 There must also be clear communication 
with the referring physician to identify and discuss the most 
likely diagnosis, and which tests will be performed on the 
biopsy. The optimal anesthetic technique is dependent on 
knowing this information.288

Awake-regional anesthesia would be the ideal option for 
cooperative older children but is rarely feasible in younger 
children.289 When choosing the optimal anesthetic agents, 
the following patient-related factors should be considered:
  

 "  Succinylcholine is contraindicated in children with mus-
cular dystrophy due to risk of acute rhabdomyolysis.

 "  Halogenated volatile anesthetics have been associated with 
rhabdomyolysis with muscular dystrophy, particularly 
Duchenne and Becker muscular dystrophy, younger chil-
dren, and children with an elevated creatinine kinase.290,291

 "  Some children with mitochondrial disorders may be more 
susceptible to adverse metabolic and cardiac events after 
propofol.292,293 This may be linked to propofol infusion 
syndrome.

The impact of anesthesia on the biopsy specimen also 
needs consideration:
  

 "  If a contracture test is planned then a “nontriggering” 
anesthetic is required. Care should also be taken that no 
local anesthetic contaminates the specimen.

 "  Some metabolic clinicians prefer propofol to be avoided if 
a mitochondrial enzyme analysis is planned.

  

In summary, there is no single, optimal anesthetic for 
children having the muscle biopsy. The choice of anesthetic 
agents requires a clear understanding of (1) the likely diag-
nosis and hence balance of risks, (2) any anesthesia-related 
requirements stipulated by the laboratory analyzing the sam-
ple, and (3) tailoring the plan to the child’s particular cardio-
respiratory status and ability to tolerate an awake procedure.!
Child With Developmental Disability
Children with developmental disability are more likely to 
require anesthesia for surgery and a range of other pro-
cedures. They are however often neglected in terms of 
systematic research. For example, most studies looking at 
premedication exclude children with developmental dis-
ability, in spite of the fact that they may need it, and benefit 
from it more than other children.

A key aspect in the perioperative care of these children is 
to appreciate that they represent a heterogeneous group with 
a wide range of disabilities and varying clinical needs. These 
children often have multiple diagnoses and several comor-
bidities. Even those with a single diagnosis, such as autism 
spectrum disorder (ASD), may present with a wide range of 
behavioral issues. No two children with ASD are the same and 
care must be tailored to each child.294,295 Another key element 
is to engage the parents or caregivers early in planning. They 
are best placed to give advice on what aspects of management 
will be challenging and what strategies are likely to work best.

Children with ASD often have fixed routines. Similarly chil-
dren with ASD may find particular actions, environments, 
noises, or smells distressing. Knowing and accommodating 
these will reduce distress. Children with ASD also may find 
communication easier if things are explained with pictures.

Cerebral palsy describes a broad spectrum of movement and 
posture disorders with varying severity. Anesthesia challenges 
include poor nutrition, concurrent poor respiratory status, 
poor cough reflex, reflux of gastric contents, difficulty with posi-
tioning, susceptibility to pressure injuries, hypothermia, and 
difficult venous access.296,297 Muscle spasm after surgery may 
result in significant pain. Spasm may be effectively reduced 
with regional analgesia techniques and/or diazepam. Opioids 
are often required and must be used carefully to avoid respira-
tory depression. Titrating analgesia to effect may be difficult in 
children with cognitive impairment. Often parents or caregiv-
ers are the best judges of whether or not their child is in pain.
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