
1216

ANATOMY AND PHYSIOLOGY

Airway

Cardiovascular

Central Nervous System

PHARMACOLOGY

Developmental Pharmacology

Inhalational Anesthetics

Intravenous

PREOPERATIVE ASSESSMENT

Fasting Guidelines

Laboratory Testing

Medical Conditions

Preoperative History

Preoperative Physical Examination

Anesthetic Risks; Consent/Assent

Allergies

INDUCTION OF ANESTHESIA

Equipment

Full Stomach and Rapid Sequence Induction

Emergency Drugs

Monitors

PREOPERATIVE PREPARATION

Anxiolysis

Induction Techniques

PROBLEMS DURING INDUCTION OF ANESTHESIA

Oxygen Desaturation

Laryngospasm

Bradycardia

MAINTENANCE OF ANESTHESIA

Techniques

Fluid Management

Prophylaxis for Postoperative Vomiting

Regional Anesthesia and Pain Management

EMERGENCE AND RECOVERY FROM ANESTHESIA

TRANSPORT TO PACU

PACU COMPLICATIONS

Laryngospasm, Postoperative Stridor, and Negative Pressure 

Pulmonary Edema

Oxygen Desaturation

Emergence Agitation

Vomiting

Postoperative Pain

Pediatric Anesthesia
JERROLD LERMAN

42

Ke y Points
 1 The airway in neonates and infants presents unique features that 

require a clear understanding of the anatomy and physiology 
of airway structures. Laryngospasm and airway obstruction 
increase perioperative morbidity and mortality. Treatment of 
laryngospasm includes continuous positive airway pressure 
with 100% oxygen, jaw thrust applied at the condyles of the 
mandible, and early administration of atropine and propofol 
and/or succinylcholine to prevent serious desaturations and 
relax the vocal cords.

 2 Laboratory evidence has raised concerns regarding the neurocog-
nitive sequelae after general anesthetics in young animals. Recent 
laboratory evidence; however, suggests that exercising animals 
after an anesthetic mitigates the neurocognitive  dysfunction. 
Clinical evidence in humans; however, has not directly linked 
anesthesia and sedation with long-term  neurocognitive dysfunc-
tion. Outcome studies in humans are conlicting.

 3 Drug dosing in children is complex. Several factors must be 
considered when choosing drug doses including developmental 

maturation of the cytochrome enzyme system, organ 
homeostasis (cardiopulmonary, renal, and hepatic functions), 
coexisting diseases, and obesity. Unusual drug responses 
or resistance may be the result of single nucleotide 
polymorphisms.

 4 Understanding the pharmacokinetics and pharmacodynamics 
of inhaled anesthetics, the most commonly used anesthetics in 
children, helps to anticipate unexpected responses such as an 
anesthetic overdose during controlled ventilation or awareness 
after sub-MAC dosing during stimulation.

 5 Upper respiratory tract infections are the most common 
comorbidity in children who present for surgery. Caution 
should be exercised when anesthetizing infants (<1 year of 
age) with recent colds (respiratory syncytial and other viruses 
may be latent) and children with colds in the preceding 
2 weeks as the rate of perioperative complications is increased. 
Surgery should be rescheduled if any one of the following 
signs complicates a current infection: Fever (>38.5°C); the 
child has not been behaving normally (e.g., lack of appetite); 
purulent, green secretions; and lower respiratory tract signs 
(e.g., wheezing that does not clear with a deep cough).

 6 Obstructive sleep apnea in children differs from adults in that 
large tonsils and adenoids are the primary cause of sleep apnea 
in the former. Perioperative respiratory complications in these 

C H A P T E R 

Portions of this chapter may appear in Lerman J, Sampathi V, Watt S. 
Induction, maintenance, and emergence from anesthesia. In: Andropoulos 
D, Gregory G, eds. Pediatric Anesthesia. 2012:330–360; Chapter 15. Wiley-
Blackwell, Oxford, UK
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  1 Single Breath Inhalational Induction

children are linked to the severity of intermittent nocturnal 
desaturation (threshold is oxygen saturation (SaO2) <85%) 
as they upregulate genes responsible for opioid sensitivity. 
Emerging evidence suggests that sleep apnea in obese child is 
complicated by a systemic inlammatory response, resulting in 
less favorable outcomes after adenotonsillar surgery.

 7 Obesity is the most rapidly growing challenge in pediatric 
anesthesia. Although laryngoscopy and tracheal intubation has 
been considered challenging, a 25-degree head-up position and 
exaggerated snifing position such that the tragus lies above a 
horizontal line through the sternal notch facilitates tracheal 
intubation. Drug dosing must be adjusted to ideal or lean body 
weight in many instances to preclude relative drug overdoses. 
Perioperative respiratory complications and postoperative 
admission after surgery are more common in this population 
of children.

 8 Allergies and anaphylaxis during anesthesia in children are 
most commonly due to latex in children. Epinephrine is the  
deinitive treatment. Propofol allergy is extraordinarily rare 
in children, occurring only in those with documented egg 
anaphylaxis (not allergy). Although a common cause of anaphy-
laxis in Europe, anaphylaxis to muscle relaxants in children in 

North America is rare because of the absence of sensitizing 
agents (such as pholcodine).

 9 The philosophical shift in luid management strategy for most 
children ≥6 months of age in perioperative volumes has been 
from hypotonic glucose-containing solutions in 4–2–1 mL/
kg/hr to use balanced salt solutions of 10 to 30 mL/kg. The 
underlying strategy is to downregulate antidiuretic hormone 
secretion to avoid perioperative hyponatremia. In neonates and 
young infants, the previous luid strategy remains appropriate.

 10 Impediments to ambulatory surgery in children include per-
ioperative pain and vomiting. Pain should be prophylacti-
cally treated with local anesthetics and/or systemic analgesics 
 during anesthesia to limit the need for postoperative analgesics. 
 Continuous regional blocks are most effective in appropriate 
 surgery. Prophylactic strategies to prevent postoperative vomiting 
are most effectively managed with a combination of aggressive 
perioperative IV luid hydration, intravenous dexamethasone, 
and serotonin-receptor antagonists and avoiding forcing post-
operative luids. Ex-premature infants and full-term neonates 
should be monitored postoperatively in hospital until the risk 
of a perioperative apnea is no longer signiicant (up to 24 hours 
apnea-free).

AnAtomy And Physiology

Airway

Understanding the anatomical differences between the infant and 
adult upper airways is key to managing the infant’s airway safely. 
Table 42-1 summarizes these differences. As a result of these ana-
tomical features, the head in the child is naturally in the “sniff-
ing” or lexed position. The large tongue/mouth ratio presents 
dificulty if the mouth is closed during mask ventilation, particu-
larly with the narrowed nares. Hence, mask ventilation requires 
particular skill to avoid airway obstruction. Ensuring safe mask 
anesthesia and a patent airway requires proper application of the 
“jaw thrust” as described below while avoiding pressure on the 
soft tissues in the submental triangle.

The most common airway problem in infants and young 
children is upper airway obstruction due to laryngomalacia. In 
this condition, the supraglottic structures converge on the glottic 
opening during inspiration preventing most, if not all, air entry 
through the glottis. The net effect is airway obstruction that is 
characterized by suprasternal and supraclavicular retractions, 
paradoxical collapse of the chest wall and/or sternum, and exag-
gerated diaphragmatic excursions especially if the child becomes 
distressed. Positive airway pressure usually resolves the acute 
condition. This condition resolves itself as the children grow and 
the oropharyngeal structures develop although in some instances 
surgery may be required.

A number of airway anomalies may present problems dur-
ing anesthesia. Some anomalies improve with age (e.g., Pierre 
Robin sequence deined as micrognathia, airway distress in the 
irst 24 hours after birth, and glossoptosis) generally becoming 
easy laryngoscopies around 2 years of age whereas others (such 

tAble 42-1.  AnAtomicAl FeAtures oF 

the upper AirwAy in inFAnts 

compAred with Adults

Head •  Larger occiput in the infant naturally 
positions the head in the “snifing” 
position

•  Stabilize the head against lateral 
rotation

•  Obligate nose breathers for the irst 
few months

Mouth •  Relative larger tongue volume in 
the mouth in the infant reduces the 
available space for instrumentation

•  Edentulous

Neck •  Larynx is more cephalad in the neck 
(C3–C4) in the infant

•  Epiglottis is omega shaped and longer
•  Vocal cords slant caudally at their 

insertion in the arytenoids
•  Narrowest part of the upper airway 

is the cricoid ring (a solid, conically 
shaped, cartilaginous structure); 
pseudostratiied columnar epithelium 
covers the ring

•  Trachea is shorter (4–5 cm)

Tracheobronchial 
tree

•  Acute angle of the right mainstem 
bronchus at the carina

•  Turbulent gas low until the ifth 
bronchial division (resistance is related 
inversely to the radius to the ifth power)

1
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as Treacher Collins syndrome, mucopolysaccharidoses) become 
progressively more dificult mask anesthetics and laryngoscopies 
with age. Several disorders present primarily with dificult mask 
anesthetics and ventilation while tracheal intubation is usually 
straightforward (e.g., Crouzon’s and Apert’s diseases and Down 
syndrome). Most airway problems in children present dificul-
ties with tracheal intubation. It is rare to face a “cannot ventilate, 
cannot intubate” airway in a child. Nonetheless, it is essential to 
identify a child’s syndrome and determine whether the airway is 
involved.

The cricoid ring represents the only solid cartilaginous struc-
ture in the upper airway because it is covered with pseudostrati-
ied columnar epithelium. This epithelium is subject to swelling if 
irritated, swelling into the lumen and reducing the radius of the 
airway. Because airlow in the upper airway is turbulent ( Reynolds 
number >4,000), pressure decrease across the cricoid ring increases 
with changes in the radius to the ifth power. Hence, a 50% reduc-
tion in the radius of the cricoid ring increases the pressure drop 
by 32-fold. This increases the work of breathing, which cannot be 
sustained for long, resulting in respiratory failure.

The short trachea in the infant and child facilitates accidental 
endobronchial intubation. Careful assessment of the position of 
the tracheal tube in the airway is crucial to avoid this problem. 
Persistent hemoglobin desaturation (SaO2 <85%) should suggest 
an endobronchial intubation.

The increased alveolar ventilation to functional residual capac-
ity in the child increases the risk of hemoglobin desaturation. The 
increased alveolar ventilation arises from the increased oxygen 
consumption per kilogram required by the child compared with 
the adult. This fact along with the increased compliance of the rib 
cage (due to both anatomical and physiologic features), reduced 
compliance of the lungs (due to the relative lack of elastin in 
the infant), and reduced percent of type 1 ibers (slow-twitch, 
high oxidative muscle ibers) in the diaphragm predisposes the 
basal segments of the lungs to atelectasis under the weight of the 
abdomen. Together, these factors predispose the infant to rapid 
desaturation and respiratory failure when faced with respiratory 
dificulties. Additional details of the physiology of the pulmonary 
system may be found in Chapter 41.

Cardiovascular

Once the neonatal heart completes the transition to postnatal life, 
the changes in the cardiovascular system are less dramatic. In the 
early years, the heart has limited ability to increase stroke volume, 
rendering cardiac output more dependent on heart rate than in 
the adult. A corollary of this relationship is that hypotension in 
the child with a normal or increased heart rate is due to hypovo-
lemia and should be treated with volume expansion rather than 
vasopressors (except in children with congenital heart disease). 
Systemic vascular tone is low in children up to 8 years of age, as 
evidenced by the lack of change in blood pressure when caudal/
epidural blocks are administered.

Both heart rate and blood pressure increase with increasing 
age in childhood (see Table 42-2)1 and these provide a framework 
from which the deinitions of bradycardia and hypotension were 
developed.

Central Nervous System

Physiology

Oxygen consumption in the brain of children (5.5 mL/100 g/min) 
is 50% greater than that in adults (3.5 mL/100 g/min).2 As a 

result, cerebral blood low differs substantially from adults. In 
children 6 months to 3 years of age, the cerebral blood low is 
50% to 70% greater than in adults (50 mL/min/100 g vs. 70 to 
110 mL/min/100 g). More cerebral blood low is directed to the 
gray matter in children, reaching a distribution similar to that in 
adults by adolescence.

Apoptosis

That alcohol and NMDA receptor antagonists caused apoptosis 
(programmed cell death) in newborn rodents led investigators to 
discover that most general anesthetics and sedatives, which also 
act on NMDA and GABAA receptors, cause apoptosis in new-
born rodents and nonhuman primates. Most anesthetics, with 
the exception of xenon, dexmedetomidine, and opioids, cause 
apoptosis in newborn rodents and primates after relatively pro-
longed exposure (>4–5 hours) and when administered in combi-
nation.3 Brief anesthesia with ketamine (≤3 hours) or isolurane 
(<2 hours) does not induce neurocognitive dysfunction.3,4 More-
over, several drugs appear to protect or reverse the effects of anes-
thetics including melatonin, lithium, hypothermia, and exercise.3

Whether the rodent and nonhuman primate evidence 
of anesthetic-induced neurotoxicity is applicable to humans 
remains hotly debated. Since most anesthetics in young children 
last less than 3 hours, these data may have limited external valid-
ity, at least in terms of humans. Second, the doses of intrave-
nous anesthetics and sedatives in rodents and primates are up to 
10-fold greater than in humans4; such large doses may explain, 
in part, the neurocognitive dysfunction observed after intrave-
nous anesthetics. Third, studies in humans who received anes-
thesia at a young age suggested that cognitive disability in those 
who received anesthesia before the age of 3 years may be more 
prevalent than in those who did not.3 However, most of those 
studies were seriously lawed in terms of their design (retrospec-
tive), limited external validity (no pulse oximetry or capnogra-
phy), different anesthetics (halothane), nonstandardized metrics 
(learning disability tests were not applied equally to all children), 
and confounding variables (complex pregnancy, drugs such as 
magnesium) that were not standardized. However, a large cohort 
of identical twins who were discordant for general anesthesia at 
<3 years of age in one study, when tested for intellectual aptitude 
10 years later, were similar.5 Prospective studies that are cur-
rently underway may clarify this issue. It is intriguing to know 

tAble 42-2.  normAl rAnge oF resting 

heArt rAtes And Blood  

pressure in children

Age

Heart Rate 

(beats/min)

Blood Pressure 

(mm Hg)

0–3 mos 100–150 65–85/45–55

3–6 mos 90–120 70–90/50–65

6–12 mos 80–120 80–100/55–65

1–3 yrs 70–110 90–105/55–70

3–6 yrs 65–110 95–110/60–75

6–12 yrs 60–95 100–120/60–75

>12 yrs 55–85 110–135/65–85

Adapted from: Bernstein D. History and physical examination. In: Kliegman RM,  
et al., eds. Nelson Textbook of Pediatrics. 19th ed. Philadelphia, PA: Saunders 
Elsevier; 2011:1529–1536.
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that rodents that have received a cerebral insult from ischemia, 
trauma or sevolurane anesthesia have less cognitive dysfunction 
if they are exercised after the insult.6,6a

PhArmAcology

Developmental Pharmacology

Understanding the pharmacology of medications in children is a 
large undertaking and a complex subject that is briely addressed 
below.

For medications to be effective, they must reach their effect 
site. The steps involved in that process include absorption of the 
medication into the blood, transfer from the blood to the effect 
site, and termination of its action by redistribution, metabolism, 
and excretion.

The bioavailability of medications that are not administered 
intravenously depends on several factors including the route of 
administration, pKa, and solubility of the drug and local perfu-
sion. Some medications such as midazolam are poorly absorbed 
from the stomach at clinical doses (15% bioavailability)7 but are 
well absorbed via the nares8 whereas others such as acetamino-
phen are well absorbed from the stomach but are poorly and 
erratically absorbed from the rectum.9 Age may have a substan-
tial effect on the absorption of these drugs for example, gastric 
juice is closer to neutral pH (pH ∼6) at birth and does not reach 
adult levels of acidity until ∼3 years of age.10 Since drugs may be 
administered by any of these routes, it is critical to evaluate the 
bioavailability of the medication via each route to determine the 
appropriate dose required to achieve an adequate blood concen-
tration. The route of administration also affects whether the drug 
undergoes irst-pass metabolism through the liver. Rectal venous 
drainage from the superior hemorrhoidal veins drains into the 
portal venous system, whereas blood from the middle and infe-
rior hemorrhoidal veins bypasses the liver lowing directly into 

the iliac veins and on to the heart. Hence medications that are 
administered rectally may undergo irst-pass hepatic metabolism 
if they are absorbed via the superior rectal veins.

Once in the blood, intravenous medications partition between 
the protein-bound fraction and the free or active fraction. Two 
major proteins bind medications: Albumin and α1-acid glyco-
protein. Both are synthesized in the liver. Albumin concentration 
is reduced in children with many diseases (cancer, nephropathy) 
and malnourishment. It binds acidic medications. α1-acid glyco-
protein concentration is also reduced at birth but increases slowly 
with increasing age as well as during periods of stress.11 It binds 
basic compounds. Hence, the free fraction of medications such 
as lidocaine is greater in young infants than in older children 
because the concentration of α1-acid glycoprotein in the former is 
reduced.11 As the free fraction of medications increases, a greater 
dose will reach the effect site and exert physiologic or, in the case 
of an overdose, adverse events.

Termination of the action of most intravenous agents depends 
on their metabolism by the liver through phase 1 reactions (e.g., 
hydroxylation and oxidation) and/or phase 2 reactions (e.g., gluc-
uronidation). The rates at which these enzyme systems mature 
vary widely among and within individuals depending on a host 
of factors. Apart from a few enzyme systems that hold impor-
tance in fetal life (e.g., CYP450 3A7),12 the activities of the vast 
majority of CYP450 enzyme systems (e.g., CYP450 3A4, 2E1, 
and 2D6) increase with age from birth, but at divergent rates  
(Fig. 42-1).12 Moreover, genetic polymorphisms of several fami-
lies of enzymes (e.g., 2D6) may dramatically affect the activity 
of that enzyme system resulting in a wide range of activity from 
none to rapid and excessive (see Codeine below).13

Phase 1 reactions are responsible for the majority of drug 
metabolism in the liver acting via the cytochrome P450 enzyme 
system. Several enzymes are responsible for the metabolism of the 
vast majority of medications we administer: 3A4 (50% of medica-
tions), 2D6 (10% to 20% of medications),13 1A2, 2E1, and 2C9. 
These isozyme systems mature from birth, at which time most 
have limited activity (Fig. 42-1). Most of these enzyme systems 
mature to adult activity levels by 1 to 5 years of age. Phase 2  

Figure 42-1. Developmental changes in common cyto-
chromes of interest in pediatric anesthesia. Adapted from: 
Kearns GL, Abdel-Rahman SM, Alander SW, et al. Develop-
mental pharmacology – drug disposition, action, and therapy 
in infants and children. N Engl J Med. 2003;349:1157–1167 
and Alcorn J, McNamara PJ. Pharmacokinetics in the new-
born. Adv Drug Deliv Rev. 2003;55:675.

3
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systems are also immature at birth, giving rise to concerns about 
bilirubin toxicity. However, these systems also mature quickly 
with age.

Termination of the action of many medications in anesthe-
sia depends on either redistribution of the active compound 
from the effect site to other vessel-rich organs (see Inhalational 
section) or muscle, or metabolism in the liver and excretion or 
direct excretion by the kidneys. Elimination of the metabolic by-
products and residual active parent compounds depends on renal 
perfusion and elimination. The glomerular iltration rate is mark-
edly reduced in the neonate but matures throughout childhood 
reaching adult rates by 5 to 15 years of age.14

Inhalational Anesthetics

The widespread appeal of the current inhalational anesthetics 
may be attributed to their physicochemical properties (Table 
42-3), which provide a rapid onset and offset of action, cardio-
respiratory homeostasis, and limited metabolism and toxicity. 
Halothane has all but disappeared in North American pediatric 
anesthetic clinical practice, having been replaced by sevolurane 
as the induction agent of choice in infants and children. Enlu-
rane has been supplanted by its optical isomer, isolurane. Des-
lurane offers the most favorable pharmacokinetic and in vivo 
metabolic characteristics in terms of its minimal blood and tissue 
solubilities and resistance to metabolism, although its use as an 
induction agent in children is proscribed because it irritates the 
upper airway. Most recently, the noble gas xenon has generated 
much interest as an anesthetic because it is safe for the environ-
ment, lacks cardiovascular toxicity, and has no serious toxicity 
either in vivo or in vitro. However, xenon is very expensive, its 
minimum alveolar concentration (MAC) is 70%, and it causes 
nausea and vomiting.

All of the currently used inhalational anesthetics are methyl 
ethyl ether compounds except for sevolurane, which is a methyl 
isopropyl ether (Table 42-3).

Pharmacokinetics

The rate of increase in alveolar to inspired anesthetic partial 
pressures (fraction in the alveolus (FA) to the fraction in the 
inspired gas (FI), known as the washin ratio, FA/FI) for inhala-
tional anesthetics depends on six factors. The irst three deter-
mine the delivery of anesthetic to the lungs and the second three 
determine the removal of anesthetic from the lung. The washin 
ratio increases from 0 toward 1 in the shape of an exponential 
curve for all inhalational anesthetics. The order of washin of the 
anesthetics is inversely related to the solubility of the anesthetics 
in blood; that is, the smaller the solubility in blood, the more 
rapid the washin.18

tAble 42-3. PhArmAcology oF inhAled Anesthetics

Halothane Enflurane Isoflurane Sevoflurane Desflurane

Odor Mild, pleasant Etheric Etheric Pleasant, tolerated Etheric

solubility

λb/g adults 2.4 1.9 1.4 0.66 0.42

λb/g neonatesa 2.14 1.78 1.19 0.66 –

λbrain/b adultsb 1.9 1.3 1.6 1.7 1.2

λbrain/b neonatesc 1.5 0.9 1.3 – –

λfat/b adultsb 51.1 – 45 48 27

mAc

MACadults 0.75 1.7 1.2 2.05 7

MACneonates 0.87 – 1.60 3.2 9.2

metabolism

In vivo (%) 15–20 2.4 1.4 <5 0.2

λ is the partition coeficient; b/g is blood/gas; brain/b is brain/blood; fat/b is fat/blood; MAC is the minimum alveolar concentra-
tion (%).
aData from: Lerman J, Schmitt-Bantel BI, Gregory GA, et al. Effect of age on the solubility of volatile anesthetics in human tissues. 
Anesthesiology. 1986;65:307–311 and Malviya S, Lerman J. The blood/gas solubilities of sevolurane, isolurane, halothane, and 
serum constituent concentrations in neonates and adults. Anesthesiology. 1990;72:793–796.
bData from Yasuda N, Targ AG, Eger EI II. Solubility of I-653, sevolurane, isolurane, and halothane in human tissues. Anesth 
Analg. 1989;69:370–373.
cData from: Lerman J, Gregory GA, Willis MM, et al. Age and solubility of volatile anesthetics in blood. Anesthesiology. 1984;61:
139–143.

tAble 42-4.  FActors increAsing the 

wAshin oF inhAlAtionAl 

Anesthetics in children 

compAred with Adults

1. Alveolar ventilation:FRC ratio (5:1 in infants vs. 1.5:1 in 
adults)

2. Greater distribution of cardiac output to the vessel-rich 
group in infants (vessel-rich group comprises 18% of the 
body weight in infants compared with 8% in adults)

3. Reduced tissue solubility in infants15

4. Reduced blood solubility in infants16,17

4
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The washin curve for inhalational anesthetics is characterized 
by the simple exponential equation

 FA/FI = 1 – e–kt   (1)

where k is a constant (k = 1/time constant (τ)) and t is time in 
minutes. τ is the ratio of the volume of the organ to the blood low 
to that organ. The smaller the time constant, the more rapidly 
FA/FI equilibrates. In children, the time constants for most organs 
are less than those in adults and this explains in part, the rapid 
equilibration of halothane in children compared with adults  
(Fig. 42-2).

In the case of infants and children, four factors explain the 
more rapid washin of halothane compared with adults. These fac-
tors are listed in order of importance from the greatest to the least 
in Table 42-4.

The greater alveolar ventilation: (VA) functional residual 
capacity (FRC) ratio in infants and children compared with 
adults may be attributed to the greater metabolic rate and oxy-
gen demand in children. Increases in alveolar ventilation speed 
the equilibration of inspired to alveolar anesthetic partial pres-
sures.19 The net effect of a greater VA: FRC ratio is a reduction 
in the time constant, from 0.7 in adults to 0.2 in infants, which 
explains the speed of equilibration. Although a greater car-
diac output should slow the rate of increase in FA/FI, it actually 
speeds the equilibration in neonates and infants. This paradoxi-
cal effect may be attributed to the greater cardiac output perfus-
ing the vessel-rich group (VRG) (comprised of heart, brain, gas-
trointestinal organs, kidneys, and endocrine glands) in infants 
which comprises 18% of the body’s weight compared with 8% 
in adults. Hence, the greater cardiac output in infants speeds 
the equilibration of FA/FI in the VRG, which takes up most of 
the anesthetic during the irst couple of hours of anesthesia. The 
third most important factor in the rapid washin of anesthetics in 

infants is their reduced tissue solubility compared with that in 
adults.15 The solubility of all inhalational anesthetics is reduced 
in tissues in infants compared with adults including the brain, 
muscle, and heart. Lastly, the reduced solubility of anesthetic in 
blood in infants speeds the washin of inhalational anesthetics 
in infants.17

To understand the relevance of differences in the tissue solu-
bility among age groups, the τ is deined by

τ  = (Brain volume (mL) × λbrain/blood)/
 Brain blood low (mL/100 g/min) (2)

In the brain, the brain blood low is 50 mL/100 g/min or 50 
mL/100 mL/min brain. In adults, λbrain/blood is ∼2, whereas in the 
infant it is 1. Substituting these values into Eq. 2 yields 100 × 2 
(or 1)/50 or 4 minutes in adults or 2 minutes in children. Since 
4τ are required to achieve 98% equilibration of FA/FI, the par-
tial pressure of brain reaches alveolar pressures by 16 minutes in 
adults and 8 minutes in children (excluding the time to equili-
brate anesthetic throughout the anesthesia workstation [AWS] 
and lungs). Hence, we can explain, in part, the sudden and rapid 
responses to inhalational anesthetic in infants and children com-
pared with adults.

In contrast to the more soluble anesthetics of the past, the cur-
rent inhalational anesthetics are less soluble in both blood and 
tissues. Since changes in alveolar ventilation and cardiac output 
affect the washin of less soluble anesthetics to a lesser extent than 
more soluble anesthetics, the irst two factors in Table 42-4 have 
attenuated effects on the washin of sevolurane and deslurane 
in young children. Therefore, the washin in this age group may 
not be substantively greater than it is in adults. Furthermore, the 
solubilities of these agents in blood in infants are similar to those 
in adults16; the tissue solubilities in infants compared with adults 
have not been reported. Hence, we expect the washin of sevolu-
rane and deslurane in infants to be marginally more rapid than 
in adults.

Estimates of the effect site equilibration half-life (t1/2keo) for 
sevolurane in adults and children have been reported using the 
bispectral index (BIS) to be 3.2 and 1.2 minutes, respectively.20,21

Two additional aspects of the pharmacokinetics of inhala-
tional anesthetics merit consideration in infants and children. 
The irst is the mode of ventilation. The washin of inhalational 
anesthetics increases rapidly during induction of anesthesia. In 
dogs, the washin of halothane was well tolerated during sponta-
neous respiration whether the inspired concentration was 0.4% 
or 4%.22 The FA/FI plateaued in all instances at 0.6 to 0.7. As the 
anesthetic depth increased, ventilation was reduced, decreas-
ing the intake of anesthetic. When the depth of anesthesia was 
reduced, ventilation increased and the intake and depth of anes-
thesia increased. This is a negative feedback control loop. How-
ever, when ventilation was controlled, 85% and 100% of the dogs 
that received 4% and 6% inspired halothane concentrations, 
respectively, did not survive.22 Controlled ventilation is a positive 
feedback control loop where the delivery of inhalational anesthe-
sia continues unabated without the negative feedback effect of 
respiratory depression. Ultimately, as cardiac output decreases, 
the uptake of anesthetic decreases and the partial pressure in the 
lungs increases steadily. These greater partial pressures in the 
lungs equilibrate with the reduced cardiac output, which circu-
lates to the VRG to further depress them, ultimately resulting in 
a cardiac arrest. This study illustrates the beneits of the negative 
feedback control of spontaneous ventilation during inhalational 
anesthesia that protects against an anesthetic overdose and the 
risks associated with controlled ventilation. In the past, since 
more than one vaporizer could be used simultaneously during 
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controlled respiration, interlocking devices were developed to 
prevent an inadvertent anesthetic overdose when the children 
could not protect themselves during controlled ventilation.

The second issue relates to shunts and their effects on the 
uptake and distribution of anesthetics. Left to right shunts have 
limited effects on the uptake and distribution of inhalational 
anesthetics provided the cardiac output is maintained.23 How-
ever, right to left shunts present an entirely different and far more 
complex clinical problem. Whether these shunts are intrapulmo-
nary or intracardiac or both, the washin of less soluble anesthetics 
are far more substantively affected in the presence of these shunts 
than more soluble anesthetics.23 That is, it is much more difi-
cult to maintain an adequate depth of anesthesia with sevolu-
rane in infants with signiicant right to left shunts. To maintain 
 anesthesia, supplemental intravenous anesthesia is often used. 
Understanding this differential effect of shunts on the washin of 
inhalational anesthetics is beyond the scope of this chapter, but 
the basis may be summarized by the differential effect of ventila-
tion on the washin of less and more soluble anesthetics.23

The speed of washout of inhalational anesthetics follows an 
exponential decay, with the speed inversely parallel to the solubil-
ity of the anesthetics in blood. That is, the washout is more rapid 
for anesthetics that are less soluble: Deslurane > sevolurane > 
isolurane ≥ halothane.18 The only exception to this rule is the 
washout of halothane, which overlaps that of isolurane in part, 
because the former is metabolized 15% to 25% in vivo (Table 
42-3). Simulation demonstrated greater differences in recovery 
among the anesthetics after prolonged anesthesia and to >90% 
decrement in the anesthetic  concentration.24

Substituting a less soluble anesthetic for a more soluble one 
has been proposed as a technique to accelerate the washout of 
anesthetics and recovery from anesthesia. However, switching 
from isolurane to sevolurane 30 minutes before the end of sur-
gery did not speed the recovery in one report.25 More recently, 
charcoal ilters have been used to adsorb anesthetics and, when 
combined with hypercapnic hyperventilation in adults, were 
shown to rapidly remove anesthetics and speed recovery.26,27

Pharmacodynamics

The MAC is that concentration of inhalational anesthetic to 
which 50% of the patients move in response to a skin incision. In 
children, the MAC is known to depend to a great extent on age. 
That is, as the fetus matures and reaches term, the MAC increases 
peaking in infants 1 to 6 months of age for halothane28,29 and iso-
lurane30,31 and then decreases steadily thereafter with increasing 
age (Fig. 42-3). In the case of sevolurane, the MAC is 3.3% in 
neonates and 3.2% in infants 1 to 6 months of age.32 For children 
6 months to 12 years, the MAC is constant at 2.4%.32 In the case 
of deslurane, the MAC increases throughout infancy peaking 
in infants 6 to 12 months of age and decreases thereafter with 
increasing age.33 The reason for the age-dependent differences in 
the MAC is unclear.

The MAC values of inhalational anesthetics in children have 
shown several other peculiarities. The MAC of halothane is 25% 
less in children with cognitive dysfunction, especially those 
taking antiseizure medications.34 The MAC of deslurane in 
adult redheads is 20% greater than in nonredheads35; the same 
response would be expected in children of similar genetic pre-
disposition. The MAC values for halothane and isolurane show 
simple additivity with N2O in adults and children; however, 
the MAC values for sevolurane and deslurane in children are 
only reduced 20% to 25% in the presence of 60% N2O.32,36 The 
reason for this effect of sevolurane and deslurane is unknown.  
The MAC also varies with the child’s temperature. In children 

4 to 10 years of age, the MAC of isolurane decreases 5%/°C 
decrease in temperature.37

In addition to determining the MAC responses to skin inci-
sion, the ED50 to a number of other maneuvers including inser-
tion and removal of laryngeal mask airways (LMAs), tracheal 
extubation, and others have been determined.38

Respiration

When administered in the absence of surgical stimulation, all 
anesthetics depress respiration and minute ventilation in a dose-
dependent manner, by decreasing tidal volume and increasing 
respiratory rate.39,40 Inhalational anesthetics relax intercostal 
muscles before the diaphragm, resulting primarily in diaphrag-
matic respiration. Respiratory rate increases during anesthesia, 
which offsets in part the reduced tidal volume. These effects are 
most pronounced with halothane; at concentrations ≥1.4 MAC, 
sevolurane depresses respiration to a greater extent than halo-
thane in adults,41 although the evidence is less clear in children.40 
As the concentration of sevolurane increases, respiratory rate 
also diminishes ultimately resulting in apnea. This effect is aug-
mented in the presence of a midazolam premedication. This cen-
tral effect is offset by manually assisting ventilation. In the case of 
deslurane, concentrations >1 MAC depress respiration in infants 
and children, an effect that exceeds the depression by other inha-
lational anesthetics.42

Inhalational anesthetics also depress the response to carbon 
dioxide and hypoxia in a dose-dependent manner.

Airway resistance increases during deslurane anesthesia,43 
and decreases during sevolurane anesthesia.43,44 Hence, in chil-
dren with asthma, the former is best avoided and the latter is pre-
ferred. In both children and adults in the intensive care unit with 
refractory status asthmaticus, inhalational anesthetics have been 
effective.45,46

Upper airway responses to inhalational anesthesia (by mask) 
depend on both the concentration and the particular anes-
thetic administered. Halothane and sevolurane do not trigger 
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these relex responses39,47 whereas isolurane and deslurane are 
most irritating to the airway, particularly at >1 MAC concen-
trations.48,49 The package insert for deslurane cautions against 
using it for inhalational inductions in children. The mechanism 
by which inhalational anesthetics trigger upper airway relex 
responses remains unclear.

When a tracheal tube is used, neither deslurane nor isolurane 
triggers airway relexes either during anesthesia or emergence.49 
When an LMA is used, extubation during deep deslurane anes-
thesia may increase the incidence of airway relex responses when 
compared with extubation awake after deslurane or isolurane.50

Cardiovascular

Inhalational anesthetics depress the heart in a dose-dependent 
manner. Direct effects of these anesthetics depress the heart rate, 
contractility, and peripheral vascular tone. Halothane depresses 
heart rate the most of these anesthetics, often sensitizing the myo-
cardium to catecholamines and inducing ventricular dysrhyth-
mias. In the past, anticholinergics were commonly used to pre-
vent bradycardia and arrhythmias in children given halothane; 
however, this practice is no longer necessary with the newer ether 
anesthetics that infrequently cause arrhythmias. In contrast, sevo-
lurane and the remaining ether anesthetics exert no substantial 
effect on the cardiac conduction system. Sevolurane maintains 
or increases heart rate during induction of anesthesia in most 
instances32 likely due to withdrawal of vagal tone,51 although on 
occasion nodal bradycardia has been reported during sevolurane. 
Deslurane and isolurane tend to increase the heart rate. Deslu-
rane to a greater extent than isolurane causes a sympathetic dis-
charge when the inspired concentration increases  rapidly and in 
a stepwise manner, without pretreatment with opioids52; similar 
responses in children have not been forthcoming. This effect is 
mediated through the right and left lungs.53 Sevolurane and the 
other inhalational anesthetics prolong the QT interval, but sevo-
lurane does not increase the dispersion of repolarization, making 
arrhythmias very rare.54 Arrhythmias can occur in children with 
congenital long QT interval particularly during emergence from 
anesthesia.55

Halothane depresses myocardial contractility to the great-
est extent; sevolurane and the remaining ether anesthetics 
exert a much more attenuated effect in children. Hemodynamic 
responses to 1 × MAC of ether anesthetics suggest that they all 
decrease systolic blood pressure ∼20% to 30% from awake values, 
an effect that is usually reversed with surgical stimulation.30,32,33 
Sevolurane and halothane decrease cardiac index in children 
similarly, ∼10% at 1 × MAC and 20% to 30% at 2 × MAC, 
although sevolurane may depress cardiac index in infants less 
than after halothane.56,57

Early studies showed the dependency of cardiac output in 
young children on heart rate. An increase in heart rate reversed 
halothane-dependent decreases in cardiac output.58 More recent 
evidence suggests that children can increase their stroke volume 
if needed to augment their cardiac output. Peripheral vascular 
resistance is very low in children as evidenced by the absence 
of a change in blood pressure when a caudal/epidural block is 
 administered.

Sevolurane is superior to halothane in children with congeni-
tal heart disease. It causes fewer arrhythmias and less hypotension 
than halothane.59

Most anesthetic medications prolonged the QT interval, but 
when the QT interval exceeds 500 milliseconds, the QT inter-
val is considered prolonged.60 When a prolonged QT interval 
occurs in the presence of a dispersion of repolarization, there is a 
substantial risk for the occurrence of torsades de pointes. In the 

presence of drugs that prolong the QT interval (e.g., most anes-
thetics), the risk of torsades de pointes is increased in the pres-
ence of congenital long QT interval (Romano–Ward and Jervell 
and Lange-Nielson syndrome), nonanesthetic medications, sev-
eral medical conditions (hypomagnesemia, hypokalemia, hypo-
calcemia, cardiac disease, hypothyroidism), bradycardia, and the 
female gender.60,61

Central Nervous System

All inhalational anesthetics decrease cerebral vascular resistance 
and cerebral metabolic rate for oxygen. The decrease in vascular 
resistance increases cerebral blood low in the following order: 
Halothane > deslurane > isolurane > sevolurane.2 Sevolurane 
and isolurane decrease oxygen consumption to greater extents 
than halothane. Hence, the most favorable ratio of cerebral 
blood low to oxygen consumption follows the reverse order: 
Sevolurane > isolurane > deslurane > halothane.

The effects of changes in blood pressure as well as carbon 
dioxide and oxygen tensions on cerebral blood low during anes-
thesia in children have not been fully elucidated. Autoregulation 
of cerebral blood low in children of all ages is similar to that in 
adults, although it occurs at greater blood low rates.2 The lower 
limit of autoregulation in children of all ages appears to be simi-
lar, 60 mm Hg mean arterial pressure. All inhalational anesthet-
ics impair autoregulation, although sevolurane does not impair 
autoregulation in children ≤1.5 MAC.2 As in adults, hyperven-
tilation restores autoregulation with isolurane and sevolurane. 
Cerebrovasodilatation to increasing carbon dioxide tension in 
children appears to be maintained up to ∼50 mm Hg, but beyond 
that level maximum vasodilatation prevents any further response. 
Changes in cerebral blood low in response to changes in pCO2 
during isolurane anesthesia are greater than during sevolurane. 
Hence, hyperventilation may be more effective in attenuating 
increased intracranial pressure during isolurane anesthesia than 
during sevolurane.

The electroencephalogram during sevolurane is character-
ized by sharp, slow waves in the lower frequency range. This 
pattern differs substantially from that of the other anesthetics, 
resulting in some dificulties in interpreting BIS readings in chil-
dren. That is, BIS readings are imprecise in children <5 years. 
They increase at sevolurane concentrations >3%, are associated 
with marked variability, and are generally less than those of halo-
thane but similar to isolurane and deslurane at equipotent con-
centrations and reduced in cognitively challenged children by 
∼25%.62–66 Myoclonic movement as well as EEG spike and wave 
activity (epileptiform) has been reported in a small number of 
children during inhalational inductions with sevolurane, at con-
centrations 5% to 7%.67 In patients with seizures, epileptiform 
EEG activity was suggested in 58% of those anesthetized with 1 
to 2 MAC sevolurane and 25% of those with 1 to 2 MAC iso-
lurane, with the addition of hyperventilation actually reducing 
the epileptiform activity.68 With sevolurane, these occurred not 
only in several patients with a history of seizures, but also in the 
presence of hyperventilation. Indeed, at sevolurane concentra-
tions approaching 8% during induction of anesthesia, ventila-
tion should be assisted, not controlled with hyperventilation, if 
apnea occurs.

Renal

Inhalational anesthetics do not exert substantive effects on the 
kidneys in children except through their metabolism: The kid-
ney is a site of degradation of inhalational anesthetics. Ether 
anesthetics, most notably methoxylurane and to a lesser extent 
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sevolurane, are susceptible to CYP450 2E1 metabolism69 releas-
ing inorganic luoride in similar concentrations, although only 
the former is known to be nephrotoxic. In part, this has been 
attributed to the presence of CYP450 2E1 in the kidneys and to 
the local release of inorganic luoride, which is toxic to the renal 
tubules and in the case of methoxylurane, caused high output 
renal failure and its withdrawal from the market.70 The differ-
ence in nephrotoxicity between the two anesthetics has been 
attributed to two factors: The irst is that the afinity of methoxy-
lurane for 2E1 is several folds greater than that for sevolurane. 
The second is that methoxylurane is the only anesthetic to 
undergo O-demethylation, which produces dichloroacetic acid, 
a putative cofactor in the pathogenesis of anesthetic-induced 
nephrotoxicity.71

Isolurane and deslurane are metabolized to small extents. 
The risk of nephrotoxicity from inorganic luoride from either 
anesthetic is remote. Indeed, very small inorganic luoride con-
centrations (mean value 11 µM) have been detected after 131 
MAC-hours isolurane in children.72

Hepatic

There are few data regarding the effects of inhalational anesthet-
ics on hepatic function in children. However, isolated cases of 
hepatic dysfunction in children have been reported after every 
inhalational anesthetic.73,74 Most children who develop hepatic 
dysfunction recover without proceeding to liver transplanta-
tion. In the case of halothane hepatitis, serologic markers in the 
form of antibodies to hepatic cell membrane antigens have been 
detected.75 Similar immunologic markers have been detected 
after isolurane and deslurane, although none have been identi-
ied for sevolurane to date. Although it has been suggested that 
repeated anesthetics with halothane cause hepatitis, this author 
asserts there is insuficient evidence to avoid repeated inhala-
tional anesthetics in children.

In Vitro Metabolism

Degradation of inhalational anesthetics in the presence of carbon 
dioxide absorbents has been the subject of intense research and 
concern in both adults and children.

Sevolurane may be degraded via the Cannizzaro reaction 
in carbon dioxide absorbents. The reaction is accelerated in the 
presence of increased temperature and Baralyme, very low fresh 
gas low, high sevolurane concentration, and used absorbent. 
The reaction releases ive compounds, of which compound A, 
luoromethyl-2,2-diluoro-1-(triluoromethyl) vinyl ether, is 
the most common.76 Nephrotoxic concentrations of compound 
A are believed to be >100 ppm; in children 1 MAC sevolurane 
reaches 16 ppm after 5.6 MAC-hours in a circle circuit with a 
2 L/min fresh gas low.76 To date, there have been no instances of 
compound A–induced nephrotoxicity in children.

Inhalational anesthetics may also be degraded in the pres-
ence of desiccated carbon dioxide absorbent yielding carbon 
monoxide. Desiccation occurs when a large fresh gas lows 
through a carbon dioxide absorber for an extended period (>48 
hours) without a reservoir bag attached. When a potent inha-
lational anesthetic contacts the desiccated absorbent, carbon 
monoxide is produced. The rate of production of carbon mon-
oxide follows the order: Deslurane ≥ enlurane > isolurane >> 
halothane = sevolurane.77 This problem can be avoided if the 
AWS is turned off or the fresh gas is discontinued after each 
day or if the reservoir bag remains attached. Recently, carbon 
monoxide (≤18 ppm) was detected in the anesthesia breathing 
circuit in children although the source was unclear.78

Intravenous

Intravenous drugs are distributed irst to the VRG, just as inhala-
tional anesthetics are, and then to the muscle, vessel-poor group, 
and fat groups. The primary anesthetic effect occurs when the 
anesthetic reaches an adequate brain concentration; it is then 
redistributed to other tissues and metabolized to terminate its 
action. The pharmacokinetics of intravenous anesthetics depend 
on the dose and rate of drug administered, the binding of the 
drug in blood, the cardiac output and the distribution of cardiac 
output, metabolism, and excretion pathways.

Propofol

Diisopropylphenol is the most commonly used intravenous 
induction agent in children. This highly lipophilic drug distrib-
utes rapidly to the VRG to affect its anesthetic action. The effect 
site equilibration half-life (t1/2keo) has been estimated at 0.8 or 1.2 
minutes, depending on the model.79 Its action is terminated by 
redistribution as well as hepatic and extrahepatic metabolism. 
Volume of distribution and clearance (to a lesser extent) decrease 
progressively during early childhood.80 However, clearance 
increases throughout gestation and the neonatal period, reach-
ing 90% of adult values by 3 months of age.81 To maintain the 
3 µg/mL blood concentration for anesthesia, a 50% greater induc-
tion and infusion dosing schedule is required in young children.82 
The net effect is a context-sensitive half-life that increases with 
time in children more rapidly than in adults.82

The ED50 for loss of the eyelash relex in children varies with 
the child’s age: 3 ± 0.2 mg/kg in infants 1 to 6 months; 1.3 to 
1.6 mg/kg in children 1 to 12 years; 2.4 ± 0.1 mg/kg in children 10 
to 16 years.83 The ED50 and ED90 of propofol to insert an LMA in 
children is 3.5 and 5.4 mg/kg (4.7 to 6.8 mg/kg 95% CI), respec-
tively.84,85 The dose of propofol to facilitate tracheal intubation in 
children during sevolurane anesthesia is 1 to 2 mg/kg.86,87

Propofol is an integral part of total intravenous anesthesia 
(TIVA) for maintenance of anesthesia in children undergoing 
medical/radiologic evaluations and surgery. For painless medical 
or radiologic (e.g., MRI) procedures in young children 2 to 6 years 
of age, an initial infusion rate of 15 mg/kg/hr (250 µg/kg/min) of 
propofol is recommended after either an inhalational induction 
or an IV induction.82,88,89 This dose may have to be increased to 
stop spontaneous movement, particularly if the children have 
neurocognitive impairment or are younger.90 Conversely, the 
infusion rate may be reduced in older children.

Based on pharmacokinetic modeling to maintain a blood con-
centration of 3 µg/mL, the infusion rate may be decreased  during 
prolonged surgery to facilitate rapid emergence. The recom-
mended stepwise reduction in the infusion rate in children 3 to 
11 years of age after an intravenous induction with 2.5 mg/kg pro-
pofol is 15 mg/kg/hr (250 µg/kg/min) for 15 minutes followed by 
13 mg/kg/hr (215 µg/kg/min) for 15 minutes, followed by 11 mg/
kg/hr (180 µg/kg/min) for 30 minutes, followed by 10 mg/kg/hr 
(166 µg/kg/min) for 60 minutes, followed by 9 mg/kg/hr (150 µg/
kg/min) for the next 2 hours.82 Target-controlled infusions (TCI) 
in children are available in Europe, but not in North America.91,92 
These devices use preset algorithms based on the pharmacokinet-
ics that use similar dosing algorithms with modest success.

Propofol causes pain in 70% or more of patients during intra-
venous induction of anesthesia93; the pain is greater when it is 
injected into a small vein (as in the hand) than in the arm.94 This 
pain is most reliably prevented by administering 70% nitrous 
oxide before propofol or by applying a mini-Bier block with 0.5 
to 1 mg/kg IV lidocaine for 60 seconds.93–95
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Propofol has profound effects on the airway. After a rapid 
induction dose, a transient apnea is followed by a return of spon-
taneous respiration. Propofol reduces the hypopharyngeal dimen-
sions although patency of the upper airway is preserved.96 A jaw 
thrust maneuver re-establishes a patent airway, should obstruc-
tion occur.97 An important and unique property of propofol is the 
ease by which an LMA can be inserted. Propofol relaxes the upper 
pharyngeal muscles to facilitate acceptance of the LMA. Although 
propofol induces apnea, atelectasis during spontaneous respira-
tion occurs less frequently than with tracheal intubation.98

Propofol is the only anesthetic that has antinausea properties 
that may be exploited for use in children with histories of nausea 
and vomiting or who are undergoing emetogenic surgery.99

Although propofol is used for both sedation and general anes-
thesia, long-term sedation in infants and children is not recom-
mended with propofol, after reports of unexpected death  during 
propofol sedation with >4 mg/kg/hr for >48 hours.100 In the 
United States, 21 children and 68 adults died in association with 
propofol administration over a 10-year period101 Whether these 
deaths were the result of the long-chain triglycerides or propofol 
or both has not been clariied. At least three reports of incipi-
ent propofol infusion syndrome (PRIS) have been reported in 
children after only a few hours of anesthesia.102–104 The smallest 
infusion rate reported to trigger PRIS was 1.9 to 2.6 mg/kg/hr.100 
Currently, long-term sedation with propofol is avoided in infants 
and children, especially in those with suspected inlammatory 
responses including sepsis.

The package insert suggests that caution should be exercised 
when propofol is administered to children with egg and soy aller-
gies. See section on Allergies for a full discussion.

Ketamine

Ketamine is a phencyclidine derivative that offers enormous lex-
ibility in the clinical care of children. This anesthetic can be used 
as a premedication (orally, nasally, rectally, or intramuscularly), 
a general anesthetic induction agent (intravenously or intramus-
cularly), and maintenance agent as an infusion, as a sedative 
(intravenously or intramuscularly), or as a neuroaxial analgesic 
(caudal/epidural).

Ketamine is available as a racemic mixture, in which the S 
enantiomer is four times more potent than the R enantiomer. 
Ketamine is extremely lipophilic with a rapid onset of action, 
within 30 seconds, and maximum effect by 1 minute; the half-
time to equilibrate in the effect site (brain) is 11 seconds.105 Effec-
tive blood concentration of ketamine for anesthesia is 3 µg/mL.106 
Clearance of ketamine is reduced in neonates, but reaches adult 
levels by 6 months of age.107 Context-sensitive half-life for ket-
amine in a 10-kg child increases from 30 minutes after 1 hour to 
55 minutes after 5 hours. Emergence after a prolonged infusion 
of ketamine, especially when combined with opioids and benzo-
diazepines, may be delayed. Ketamine is primarily metabolized 
via CYP450 3A4 to norketamine.

Oral ketamine may be used for premedication in a dose of 5 
to 6 mg/kg.108 It may cause nausea and vomiting postoperatively; 
nightmares are not common by this route. Ketamine may also be 
given intranasally, although the porous nature of the cribriform 
plate raises concern regarding the potential neurotoxicity of ket-
amine if it reaches the brain directly via this route. The dose of 
intranasal (IN) ketamine (racemic mixture) is 3 to 6 mg/kg and 
for S-ketamine 2 mg/kg.109 The rectal ketamine dose for premedi-
cation is 5 to 10 mg/kg, with recovery increasing substantially in 
duration with larger doses of ketamine. For intramuscular use, 
2 to 5 mg/kg ketamine sedates an uncooperative child in 3 to 
5 minutes with a duration of action of 30 to 40 minutes.

General anesthesia may be induced with 1 to 2 mg/kg intra-
venously, a technique that is useful in children with cyanotic 
heart disease, septic shock, and conditions in which spontaneous 
respiration should be preserved (as in a child with an anterior 
mediastinal mass [AMM]). Ketamine may also be given as a con-
tinuous infusion after a single bolus loading dose of 2 mg/kg IV.91 
The regimen consists of 11 mg/kg/hr for 20 minutes followed by 
7 and 5 mg/kg/hr for the same periods, then 4 mg/kg/hr for the 
next hour, and 3.5 mg/kg/hr thereafter. If midazolam and nitrous 
oxide were added, the same regimen without 20 minutes at  
11 mg/kg/hr would provide adequate sedation.91

Ketamine is used occasionally for perioperative analgesia and 
has made a small resurgence for this indication in children with 
obstructive sleep apnea (OSA).110 It is also used for neuroaxial 
analgesia. S-ketamine is the more potent and preferred enantio-
mer to administer. If ketamine is administered in a neuroaxial 
block, a preservative-free formulation should be used. Caution: 
The neurotoxic risk of the racemic mixture of ketamine in the epidu-
ral space has not been established.111

Side effects associated with ketamine include increased 
secretions, nystagmus, and nausea and vomiting. The last effect 
may occur in up to 33% of children. Nightmares and hallucina-
tions have been reported after ketamine but appear to be very 
infrequent. Coadministration of midazolam and awakening in 
a dark, quiet environment may reduce the risk of nightmares 
postoperatively.112

Ketamine may be contraindicated in children with increased 
intracranial pressure and in those at risk for seizures (although it 
has been administered to many children in whom their seizures 
were under control).

Etomidate

This hypnotic anesthetic is infrequently used in children as 
its pharmacology has not been understood until recently. It 
is reserved for those who are hemodynamically unstable (e.g., 
septic shock). The dose of etomidate is 0.2 to 0.3 mg/kg intrave-
nously in adults, with children requiring 0.3 mg/kg. The phar-
macokinetics have only recently been estimated: With greater 
clearance and volume of distribution in young children, larger 
doses are required in this age group than older children.113 
Although the elimination half-life or context-sensitive half-
life of etomidate has not been reported in children, repeated 
doses or infusions have delayed emergence which limits the use 
of this medication. Because etomidate causes pain at the site of 
injection, pretreatment with IV lidocaine and mini-Bier block is 
advised.

The major impediment to the use of etomidate and to its 
approval in many countries has been the suppression of adrenal 
glands, particularly in critically ill patients.114

Recent molecular engineering has yielded solutions to both 
the adrenal suppression and prolonged emergence after infusions 
of etomidate. Although there are no studies in humans, carbome-
thoxyetomidate does not substantively suppress the adrenal gland 
and is rapidly metabolized by tissue esterases, with an elimination 
half-life not unlike remifentanil.115 If this new molecule proves 
safe to use in humans, this new compound may be extremely use-
ful as an induction agent as well as a maintenance agent without 
suppressing the adrenal gland.

Neuromuscular Blocking Agents

With standard twitch devices readily available, every child who 
receives a muscle relaxant should be assessed for their twitch 
response before attempting to antagonize the neuromuscular  
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blockade. The role of neuromuscular agents in children has 
diminished in the past decade or more with the demise in routine 
use of succinylcholine and the adoption of propofol as the adjunc-
tive medication to facilitate tracheal intubation after induction of 
anesthesia with sevolurane.

In Europe, the most common cause of anaphylaxis dur-
ing anesthesia is muscle relaxants, with succinylcholine and 
rocuronium being the most common causes,116 although in 
children, latex was the most common cause (42%) followed by 
muscle relaxants (32%) and antibiotics (9%).116 The explana-
tion for the frequency of anaphylaxis to relaxants in Europe 
remained elusive, although regional differences in the use of 
pholcodine, an over-the-counter cough medicine, suggested 
that epitopes in pholcodine (and certain cosmetics) were struc-
turally similar to those in the aminosteroidal relaxants, which 
led to a cross- sensitivity and anaphylactic reactions, even upon 
irst exposure.117 Indeed, after pholcodine was banned in Nor-
way, the incidence of anaphylactic reactions to muscle relax-
ants in that country decreased dramatically suggesting that this 
over-the-counter cough medicine sensitized the population to 
the relaxants.

Succinylcholine

As the only depolarizing muscle relaxant in clinical practice, 
succinylcholine remains the agent that provides the most rapid 
onset and offset of paralysis, without additional medications 
to recover the normal twitch response. Succinylcholine com-
prises two acetylcholine molecules fused together; it acts by 
depolarizing the acetylcholine receptors of the neuromuscular 
endplate.

The intravenous dose of succinylcholine is 3 to 4 mg/kg in 
neonates and infants, 2 mg/kg in children, and 1 mg/kg in ado-
lescents.118 The larger dose requirement with decreasing age has 
been attributed to the larger volume of distribution in younger 
infants. Paralysis usually occurs within 30 to 60 seconds and 
lasts approximately 5 minutes.118 In contrast, an intramuscular 
dose of 4 mg/kg paralyzes 100% of children within 1 to 2 min-
utes, although the duration may be as great as 20 minutes.119 
Rarely is it necessary to administer succinylcholine intra- or 
sublingually, but this approach may be optimized with digital 
massage of the injection site.120 The speed of onset of paraly-
sis when 1.1 mg/kg is administered intralingually is intermedi-
ate between IV and IM rates, ∼75 seconds.121 It is imperative 
to avoid midline sublingual blood vessels to avoid a sublingual 
hematoma. To administer succinylcholine either IM or sublin-
gually, a small gauge (25G) needle should be used to minimize 
vascular trauma. This author routinely administers atropine 
20 µg/kg before succinylcholine given via any route to pre-
vent bradycardia and asystole after a single dose in infants and 
 children.122

The action of succinylcholine is terminated by pseudocho-
linesterase (or plasma cholinesterase) which is located on 3q26.1 
and 3q26.2.123 The residual products of metabolism have no neu-
romuscular activity. Pseudocholinesterase activity may be modi-
ied by a number of factors, inherited or acquired (Table 42-5). 
The inheritance pattern for pseudocholinesterase is autosomal 
recessive, which yields a host of phenotypes. Four alleles code for 
most of the genetic variants of pseudocholinesterase: “Usual” (U); 
“Atypical” (A); “Fluoride resistant” (F); and “Silent gene” (S).123 
Several minor variants (H, J, and K) have also been reported. A 
second gene locus that codes for pseudocholinesterase in only 
10% of Caucasians has been identiied. It produces a C5 band 
on electrophoresis that yields 30% more pseudocholinesterase 
enzyme than normal (Neitlich variant).124 In addition, another 

gene variant with increased activity named E Cynthiana has been 
identiied.125

The genetics of pseudocholinesterase activity variant follows 
simple Mendelian inheritance. Individuals may be homozygous 
or heterozygous for the gene. The vast majority of the population 
has normal responses to succinylcholine; that is, homozygous 
usual pseudocholinesterase, U/U. About 1:30 patients are hetero-
zygous atypical (U/A) with minimal clinical prolongation of the 
duration of action of succinylcholine (∼15 minutes). In contrast, 
1:3,000 to 1:10,000 patients are homozygous atypical (A/A) with 
a clinical phenotype manifesting a duration of action of 1 hour. 
In the case of luoride-resistant, the frequency of homozygous 
F/F is 1:150,000, with a modest prolongation of succinylcholine 
activity of 1 to 2 hours. For the homozygous silent gene variant, 
S/S, the frequency is 1:10,000 patients, with a clinical duration of 
6 to 8 hours. The other variants H, J, and K are associated with 
a 90%, 66%, and 30% reduction in pseudocholinesterase activ-
ity, respectively. The homozygous H variant yields the greatest 
duration of action of succinylcholine among these three 1 to 2 
hours. The K variant is thought to occur in 13% of the popula-
tion and the homozygous K variant occurs in 1:63, extending the 
duration of succinylcholine <1 hour. Interestingly, the K variant 
was present in 89% of A variants suggesting that more than one 
mutation is often present, for example, U/AK. The E Cynthiana 
and C5 variants destroy succinylcholine at an ultrarapid speed  
that may provide such a transient paralysis that the child recovers  

tAble 42-5.  PseudocholinesterAse 

VAriAnts

Decreased Activity Increased Activity

Congenital causes Congenital causes

 Gene defects  Gene defects

  Usual: Eu   Cynthiana or Neitlich: C5

  Atypical: Ea

  Fluoride resistant: Ef

  Silent gene: Es

 Rare defects

  H variant

  J variant

  K variant

Acquired causes Acquired causes

 Hepatic insuficiency  Thyroid disease

 Renal failure  Obesity

 Malnutrition  Nephrotic syndrome

 Severe burns  Cognitively challenged 

 Chronic infections   children

 Pregnancy

 Neonate

 Plasmapheresis

 Drug-induced

  Organophosphates

  Cyclophosphamide

  Echothiophate iodide

  Oral contraceptives

  Metoclopramide

  Glucocorticoids

  Esmolol

  Chlorpromazine
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before laryngoscopy is attempted. This variant was not widely 
considered during the era of succinylcholine-induced masseter 
muscle spasm. The management of prolonged response to suc-
cinylcholine is conservative. Sedation/anesthesia and ventilation 
should be maintained and blood sent for identiication of the 
gene defect.

Identiication of the speciic gene defect depends on the lab-
oratory analysis of pseudocholinesterase activity and gene iden-
tiication. The former involves incubating a sample of blood 
with dibucaine (an amide local anesthetic) that inhibits normal, 
but not abnormal pseudocholinesterase. When benzoylcholine 
is added to the blood, dibucaine suppresses the degradation 
of benzoylcholine by normal pseudocholinesterase by >71% 
(hence a dibucaine number of 71) whereas the degradation by 
A/A is only minimally depressed; that is, by 20%, hence the 
dibucaine number is 20. Intermediate inhibition is a dibucaine 
number of 60. A similar response occurs when luoride is added 
to blood with normal pseudocholinesterase inhibited, but atypi-
cal appears resistant to it. Hence, a small dibucaine number sug-
gests an abnormal pseudocholinesterase activity. Homozygote 
silent gene, S/S, conveyed no pseudocholinesterase activity, 
although variants of this defect also exist.123

SIDE EFFECTS. The salient side effects associated with succinyl-
choline include arrhythmias (most notably bradycardia), 
rhabdomyolysis (with hyperkalemia and myoglobinuria), 
raised intraocular pressure, fasciculations, and malignant hy-
perthermia (MH).

Succinylcholine causes arrhythmias by acetylcholine-associated  
activation of the vagal nerves. Sinus bradycardia is the most com-
mon arrhythmia, which may progress to transient asystole after a 
single intravenous dose of succinylcholine in a child.126 Bradycar-
dia can be prevented by administering an anticholinergic such as 
atropine (10 to 20 µg/kg) or glycopyrrolate (5 to 10 µg/kg) before 
succinylcholine.122

Rhabdomyolysis may occur when succinylcholine is admin-
istered to children with MH or a myopathy.127,128 The muscle 
breakdown releases massive concentrations of hyperkalemia  
as well as myoglobin, both resulting in potentially fatal 
 consequences.

Hyperkalemia may occur in response to IV succinylcholine 
in children with a variety of disorders: Myopathies, upper and 
lower motor neuron disorders, burns, severe sepsis, and chronic 
immobilization (e.g., drug-induced, trauma-induced) (usually 
for weeks).127 There is no evidence that succinylcholine pres-
ents additional risks when administered to patients with renal 
failure.129 Treatment for hyperkalemia after succinylcholine is 
intravenous calcium (calcium chloride 10 mg/kg) that should be 
repeated until the arrhythmias (ventricular wide complex) dis-
sipate and the rhythm returns to normal sinus rhythm.

Succinylcholine increases intraocular pressure 7 to 10 mm 
Hg reaching a peak pressure 1 to 2 minutes after IV administra-
tion and returns to the baseline in 5 to 7 minutes.130 This increase 
may be attenuated by pretreatment with anesthetics, although 
none provides 100% guarantee that the increase will not occur. 
In the presence of a lacerated globe, this increase in intraocu-
lar pressure may increase the extrusion of intraocular contents 
although greater increases in pressure may occur during crying 
and  coughing.130

Fasciculations occur immediately after administration of IV 
succinylcholine. They have not been associated with any clini-
cal sequelae. Some assert that fasciculations increase the risk of 
regurgitation by increasing the abdominal muscle tone. How-
ever, the crura of the diaphragm comprise skeletal muscle, which 
also fasciculates preventing any decrease in gastric barrier pres-

sure. Adolescents with muscular builds are at an increased risk of 
developing postoperative muscle pains after succinylcholine. To 
prevent these pains, which can be serious, consideration should 
be given to avoid succinylcholine in this age group.

MH is a pharmacogenetic disorder of calcium metabolism 
in skeletal muscle.128 The triggers (succinylcholine and/or inha-
lational anesthetics) induce an exaggerated release of intracellu-
lar calcium, which causes sustained muscle contractions. These 
sustained contractions generate heat and muscle breakdown with 
the release of intracellular potassium, myoglobin, and CPK. The 
earliest sign of an MH reaction is an increase in end-tidal pCO2 
that is accompanied by an increase in respiratory rate and hemo-
globin desaturation. Late signs include increases in body temper-
ature, disseminated intravascular coagulopathy, and sepsis. The 
deinitive treatment for MH is intravenous dantrolene 2.5 mg/kg, 
repeated as needed until the reaction subsides.131 (See below and 
Chapter 23 for further details on MH.)

Rocuronium

Rocuronium is a steroidal muscle relaxant that is an analogue of 
vecuronium but differs from the latter by a more rapid onset of 
action and reduced potency. It is eliminated almost exclusively 
by the liver; hence liver failure may prolong its duration of action 
of rocuronium.132 In contrast, renal failure should have minimal 
effect on its elimination. Sevolurane potentiates the action of 
rocuronium.

The potency of rocuronium is greatest in infants, least in chil-
dren, and intermediate in adults. The dose should be adjusted 
according to the child’s age: The ED95 in infants is 0.25 mg/kg and 
in children, 0.4 mg/kg.133,134 In healthy children during sevolu-
rane anesthesia, 0.3 to 0.4 mg/kg rocuronium provides suitable 
intubating conditions in 2 to 3 minutes and permits antagonism 
within 20 minutes. Twice the ED95 or 0.6 mg/kg IV rocuronium 
provides relaxation in 1 to 1.5 minutes. Sevolurane potentiates 
the effect of rocuronium compared with balanced anesthesia, a 
pharmacodynamic, not pharmacokinetic effect.135 The time to 
90% recovery of the twitch response after 0.6 mg/kg IV is 46 min-
utes in children. Recovery after rocuronium in infants is pro-
longed compared with that in children as a result of the reduced 
clearance and increased volume of distribution in the former.134 
At 3 to 4 × ED95, 0.9 to 1.2 mg/kg IV rocuronium yields similar 
intubating conditions to succinylcholine within 60 seconds and 
may be used for rapid sequence induction (RSI), although recov-
ery may be markedly prolonged.136–138

Intramuscular rocuronium (1.8 mg/kg) has been recom-
mended for emergency situations when an IV is not available. 
However, this dose and route provides poor intubating con-
ditions after 4 minutes and a duration of action of 80 min-
utes. The author does not recommend this route and dose of 
administration.

Atracurium

Atracurium is a benzylisoquinolinium muscle relaxant that 
undergoes spontaneous degradation in blood primarily by  
Hofmann elimination yielding the major metabolite, laudano-
sine, which is devoid of neuromuscular blocking properties.132 It 
comprises 10 isomers. A typical intubating dose in infants and 
children is 0.5 mg/kg IV (2 to 3 × ED95) with an onset of 2 minutes 
and a duration of action of 15 to 30 minutes. Complete recovery is 
usually achieved within 45 to 60 minutes. With its brief half-life, 
atracurium is suited for use as a continuous infusion in a dose of 
6 µg/kg/min during isolurane anesthesia and 9 µg/kg/min during 
a balanced intravenous anesthetic.139 Renal and hepatic failures 
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do not affect the duration of action of atracurium. Side effects 
associated with atracurium include cutaneous erythema, bron-
chospasm, and wheezing after a rapid large bolus administration; 
rarely has anaphylaxis been reported.

Cis-atracurium

Cis-atracurium is one of the 10 isomers of atracurium that has 
supplanted the use of atracurium. It has a potency that is three-
fold greater than atracurium resulting in more speciicity for the 
receptor and fewer side effects such as histamine release.132 It too 
is degraded by Hofmann elimination with a typical duration of 
action of 30 to 50 minutes. Suitable intubating conditions are 
achieved with 150 µg/kg (3 × ED95) by 2 minutes after the dose.140 
Renal and hepatic failures do not affect the duration of action of 
cis-atracurium. Side effects associated with the administration of 
cis-atracurium are minimal.

Neostigmine

This author strongly recommends antagonizing all neuromus-
cular blocking agents in infants and children when extubation 
is planned,141 provided the time interval from the last dose has 
not exceeded 2 hours (in most cases). The train-of-four should 
be ≥0.9 before the trachea is extubated.141 Any child who appears 
weak, as a “ish out of water,” requires antagonism or a repeat 
dose of antagonism of the neuromuscular blockade. In order 
to successfully antagonize the relaxant, vital signs including 
 temperature must be normal.

Neostigmine is an anticholinesterase compound that antago-
nizes neuromuscular blockade by preventing the degradation 
of acetylcholine. The acetylcholine competitively displaces the 
muscle relaxant from the neuromuscular junction. The dose of 
neostigmine in infants and children is 30% to 40% less than that 
in adults, or 20 to 40 µg/kg, which should be administered when 
at least one twitch is present in the train-of-four. If the recovery of 
neuromuscular blockade is incomplete, repeat doses of neostig-
mine may be administered up to 70 µg/kg. Care must be taken to 
avoid exceeding 100 µg/kg as acetylcholine-associated weakness 
may occur.

Neostigmine should be preceded by an anticholinergic, atro-
pine 20 µg/kg or glycopyrrolate 10 µg/kg, to minimize the effect 
of neostigmine on the nicotinic receptors. Atropine causes a 
greater increase in heart rate but has a shorter duration of action 
than glycopyrrolate.

Sugammadex

This γ-cyclodextrin compound is a cylindrical oligosaccharide that 
uniquely binds rocuronium (and to a lesser extent vecuronium) 
to eliminate its activity.142 When administered in the presence 
of moderate to profound rocuronium-induced neuromuscu-
lar blockade, sugammadex restored the twitch response thereby 
providing a direct intervention for a “cannot ventilate, cannot 
intubate” situation. The rocuronium/sugammadex complex is 
excreted unchanged in the kidney. Sugammadex has been used 
extensively in Europe but is not approved in North America due to 
several episodes of hypersensitivity in preclinical trials. In children 
and adolescents, a single dose of ≥2 mg/kg sugammadex after par-
tial recovery (two twitches of the train-of-four) from neuromus-
cular blockade with rocuronium yielded a train-of-four of 0.9 in 
approximately 2 minutes.143 Dose response studies in children are 
required. Most recently, two reports of sugammadex reversal of 
rocuronium-induced anaphylaxis refractory to vasopressors sug-
gest another important clinical role for sugammadex.144

Opioids

Morphine

Opioid use in infants and children has increased dramatically 
in the past few decades, in response to recognition that children 
experience pain and that pain adversely affects the speed and 
quality of recovery.

In children, perioperative analgesia is accomplished with intra-
operative IV doses of 50 to 100 µg/kg and postoperative doses of 
50 µg/kg morphine.145 Perioperative infusions of morphine may 
also be administered by diluting morphine (1 mg/kg of the child’s 
weight) in 100 mL lactated Ringer (LR) solution and infusing at 1 
to 4 mL/hr. This provides analgesic blood concentrations of mor-
phine, 10 to 40 ng/mL.145 Morphine may also be administered via 
the caudal/epidural route. Doses of 25 to 50 µg/kg provide pro-
longed analgesia with a small incidence of side effects (vomiting, 
pruritus).145 Oral morphine has also been administered, although 
its bioavailability is only 35% due to the irst-pass effect.

Side effects after morphine include dose-dependent respi-
ratory depression and incidence of vomiting (particularly at 
>100 µg/kg). Histamine release and urticaria at the site of injec-
tion are local, nonimmunologic reactions.

Fentanyl

This semi-synthetic opioid is the most widely used intraoperative 
analgesic in children. This very lipid soluble opioid, which is bound 
primarily to α1-acid glycoprotein in blood, has a very rapid onset of 
action, hemodynamic stability, and brief duration of action after a 
single dose.146 It may be used via the IV, IM, oral, IN, and caudal/
epidural routes. It is 50 to 100 times more potent than morphine, 
with doses 1 to 3 µg/kg IV attenuating the sympathetic responses 
to minor surgical procedures, up to doses of 12 to 50 µg/kg for 
neonatal surgery.147 Fentanyl is infrequently administered IM; oral 
fentanyl, 10 to 20 µg/kg, is used in breakthrough cancer pain. IN 
fentanyl (1 to 2 µg/kg) has been used as a premedication and to 
reduce agitation in children undergoing myringotomy and tube 
surgery.109,146 Epidural fentanyl has been administered to children 
via the epidural space in a dose of 1 to 2 µg/mL to supplement lo-
cal anesthetics. Although there is very little evidence that fentanyl 
augments the analgesia provided by a lumbar epidural block in a 
child with an effective local anesthetic concentration (e.g., 0.125% 
bupivacaine or 0.0625% levobupivacaine),148 it is commonly added 
resulting in pruritus, nausea/vomiting, and urinary retention.

The action of clinical doses of fentanyl is terminated by redis-
tribution and, secondarily, by clearance in the liver.146 The initial 
redistribution is rapid; however, once tissue binding sites become 
saturated, the elimination half-life of fentanyl increases.149 metab-
olized extensively by CYP450 3A4 to inactive metabolites. The 
context-sensitive half-life of fentanyl in adults after a brief infu-
sion for 1 hour, 20 minutes, increases dramatically to 4 hours after 
an 8-hour infusion.149 Elimination half-life may exceed 20 hours 
after a chronic infusion. To offset this increasing context-sensitive 
half-life, the dose of fentanyl must be adjusted. After a prolonged 
infusion of fentanyl, it is necessary to slowly taper the dose and 
monitor for opioid withdrawal.

Meperidine

Meperidine is no longer recommended as an analgesic because of 
the risk of seizures (from normeperidine) and the accumulation of 
normeperidine after repeated doses of meperidine. It is currently 
recommended only for shivering.146 The dose of meperidine for 
analgesia is 1 to 2 mg/kg and for shivering 25% to 50% of that dose. 
The elimination half-life of meperidine in children is 3 hours.146
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Remifentanil

Remifentanil is a unique µ-receptor opioid that undergoes spon-
taneous degradation in blood by tissue esterases, with an elimina-
tion half-life of approximately 5 minutes that is independent of 
the duration of infusion.150 With this brief half-life, remifentanil 
is usually administered as a continuous infusion. The context-
sensitive half-life (the time to decrease the blood concentration 
by 50%) of remifentanil is 3 to 8 minutes. Metabolites of remifen-
tanil are effectively nontherapeutic.

Remifentanil is 10- to 60-fold more potent than alfent-
anil.150,151 The infusion rate for remifentanil ranges from 0.05 to 
0.25 µg/kg/min (although larger doses have been administered), 
with the dose adjusted according to the presence of concomitant 
medications (e.g., inhalational anesthetics). A loading dose (0.1 
to 0.2 µg/kg) is usually not required as the infusion rapidly estab-
lishes an effective target organ concentration and hypotension is 
a real possibility.

When administered in large doses, remifentanil may cause 
hypotension, bradycardia, and chest wall rigidity, although the 
latter may be more likely vocal cord closure rather than chest 
rigidity.151 Prolonged administration has resulted in tachyphy-
laxis. Recent evidence suggests that nitrous oxide may attenuate 
the risk of tachyphylaxis.152

Hydromorphone

Hydromorphone (or Dilaudid) is a long-acting opioid analgesic 
that is infrequently used in children. This µ-opioid receptor ago-
nist is 5- to 10-fold more potent than morphine, with a recom-
mended dose of 10 to 20 µg/kg/dose IV or IM and 1 µg/kg/hr 
IV or epidural continuous infusions.146,153 Hydromorphone has 
an elimination half-life of 2.5 hours, similar to that of mor-
phine. Metabolism is extensively (95%) via a single pathway to 
 hydromorphone-3-glucuronide.

Codeine

This old, indirect acting opioid has been the mainstay of postop-
erative analgesia in children for decades. The analgesic effect of 
codeine; however, depends on its conversion to morphine (10%) 
and possibly to hydrocodone (11%).154,155 Because this conversion 
depends on CYP450 2D6, polymorphisms of this enzyme for which 
more than 50 have been identiied to date, may produce enormous 
variability in the analgesia from this drug ranging from no analge-
sia (e.g., no conversion to active analgesics in nonresponders) to 
an opioid overdose (in an ultrarapid metabolizer) which has been 
implicated in brain damage in one case and death in a second case 
postoperatively.156,157 This popular analgesic is under increasing 
scrutiny currently because of these polymorphisms and the poten-
tial extreme responses to it in many jurisdictions that has resulted 
in its withdrarwal in some.

Codeine may be administered IM, PO, and rectal.146,154 IV 
codeine is not used as it causes cardiovascular depression and sei-
zures. The dosing range for IM, PO, and rectal routes is similar, 
0.5 to 1.5 mg/kg. Oral codeine reaches a peak blood level after 
1 hour and an elimination half-life of 3 hours. When adminis-
tered by the IM and rectal routes, the onset of action is more rapid 
and the elimination half-life less.

CYP450 2D6 is a noninducible enzyme that increases in 
activity from birth, reaching 20% of adult activity by 1 month 
of age (see Figure 42-1). It is mapped onto chromosome 22. 2D6 
metabolizes 25% of medications in clinical use. Polymorphisms 
of this enzyme are responsible for normal rates of metabolism, 
poor metabolizers, extensive metabolizers, and ultra-extensive 

metabolizers as a result of gene polymorphisms and duplica-
tion.158,159 These vary along ethnic lines (e.g., 10% of Caucasians 
and 30% of Hong Kong Chinese are poor metabolizers whereas 
29% of Ethiopians are ultra-extensive metabolizers) resulting 
in an unpredictable and varied response in children. This has 
prompted some to substitute alternative analgesics although few 
have been investigated in children. Care must be taken to pre-
scribe the appropriate dose based on lean body weight (LBW) 
and whether the child’s opioid receptors have been upregulated 
as a result of intermittent nocturnal desaturation.160

Acetaminophen

This nonsteroidal analgesic/antipyretic has been an effective sup-
plement in children. Acetaminophen has no anti-inlammatory  
properties and is also free of platelet-inhibiting properties. 
Although its mechanism of action is not completely understood, 
it is believed to act on the peroxidase receptors of prostaglandin 
H2 or via p-aminophenol.161

Oral doses of 10 to 15 mg/kg or rectal doses of 30 to 40 mg/kg 
yield adequate blood concentrations. Postoperative rectal dosing 
20 mg/kg every 6 hours maintains blood concentrations after a 
rectal loading dose. Absorption after oral administration is rapid 
(∼10 to 15 minutes) whereas after rectal administration it is slow 
and variable (1 to 2 hours).162 Rectal suppositories should be 
lubricated to avoid mucosal tears. Repeated doses every 6 hours 
while maintaining the maximum 24-hour dose at <100 mg/kg 
confer both analgesia and antipyresis.

Two intravenous formulations of acetaminophen, paracetamol  
and propacetamol, are now available for use in children.161 Pro-
pacetamol is a water-soluble prodrug that is rapidly metabo-
lized to paracetamol once administered. The equivalent dosing 
of paracetamol (15 mg/kg) is one-half that of propacetamol 
(30 mg/kg).163,164

Careful attention must be paid to the dosing of IV acetamin-
ophen as three overdoses have been reported in infants who 
received 10- and 20-fold overdoses of the IV formulation, with 
one requiring treatment with intravenous N-acetylcysteine.165,166

Ketorolac

Ketorolac is the only parenteral nonsteroidal anti-inlammatory 
(NSAID) medication available for use in children. It possesses 
anti-inlammatory and analgesic properties for mild to moder-
ate perioperative pain,167 and like other NSAIDs, it also inhibits 
platelet adhesion by reducing the synthesis of thromboxane.

Ketorolac may be administered in doses of 0.5 to 2 mg/kg, with 
0.5 mg/kg being the common dose administered to children.168,169 
The elimination half-life in infants and children is quite variable, 
2 to 6 hours, and varies with whether the racemate (standard 
preparation) or stereoisomers are administered.168,169

The side effects of ketorolac have raised concerns. Many sur-
geons avoid ketorolac during tonsillectomy and adenoidectomy 
because of the risk of bleeding from COX-2 inhibition of platelet 
aggregation. Evidence is conlicting whether ketorolac affects the 
incidence of bleeding after tonsillectomy.170–172 It seems prudent 
to withhold administration of ketorolac until after achieving sur-
gical hemostasis. There is evidence that ketorolac inhibits bone 
healing in animals; a decision regarding its use during orthope-
dic surgery will depend on the surgeon’s view. All NSAIDs may 
trigger severe bronchoconstriction in asthmatics, and ketorolac 
is relatively contraindicated in this population, although some 
prescribe ketorolac in children with mild asthma.173 Lastly idio-
syncratic renal failure has been reported, which in most instances 
resolves spontaneously.
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Diclofenac

This NSAID is also a cyclooxygenase inhibitor but with a 20-fold 
greater afinity for COX-2 rather than COX-1 receptors. Diclofenac  
may be administered IV, IM, PO, and rectally. It is a potent anal-
gesic, almost twice as effective for acute pain than acetaminophen 
for the treatment of acute pain during and after surgery.174 The 
intravenous dose is 0.3 mg/kg and the oral dose is 1 mg/kg.175,176 
Its bioavailability rectally is twice that orally, hence the rectal dose 
is half the oral dose, 0.5 mg/kg. Side effects are infrequent, 0.24% 
of children, with postoperative bleeding being the most frequent. 
Because of its limited afinity for COX-1 receptors, it is not a 
potent platelet inhibitor and causes far less risk of bleeding than 
the other NSAIDs. As with other NSAIDs, it is relatively contrain-
dicated in children with asthma.

Sedatives

Midazolam

This benzodiazepine is the most widely used anxiolytic in chil-
dren in North America. It is water soluble, with a rapid onset of 
action when administered orally and a brief elimination half-
life.177 Unlike diazepam, it does not cause pain upon parenteral 
administration. Midazolam has been administered via the oral, 
sublingual, nasal, IV, IM, and rectal routes.7,177 The oral and nasal 
doses are discussed under “Anxiety” below. Sublingual mid-
azolam is dificult for many children to hold without swallowing. 
The dose for this route is the same as for the nasal route, 0.2 to 
0.3 mg/kg.8 IV midazolam in children is warranted during TIVA 
or when nitrous oxide is administered to assist with amnesia. 
Empirical IV dosing of 0.1 to 0.2 mg/kg should be administered, 
with larger doses being required in adolescence. IM midazolam is 
infrequently used in children because of the risk of sterile abscess 
and pain. Rectal dose of midazolam is 0.5 mg/kg, although this 
route is limited to children <5 years of age.8

Midazolam is metabolized by CYP450 3A4 enzyme system; 
this enzyme reaches 30% to 40% of adult levels by 1 month and 
adult levels by 1 year (see Figure 42-1).178 Approximately 50% of 
glucuronidated metabolite of midazolam is excreted via the kid-
neys.178 Metabolism of midazolam is affected by renal and hepatic 
failures as well as enzyme systems that interfere with 3A4.

Dexmedetomidine

Dexmedetomidine is an α2-agonist sedative whose relative afin-
ity for α2:α1 receptors is eightfold greater than clonidine. It is 
available in an intravenous formulation that may be administered 
by the oral, nasal, IV, IM, and rectal routes.179

The oral dose, which requires 30 to 60 minutes to provide seda-
tion, is 2.6 to 4 µg/kg with increasing doses being more effective 
but at the cost of a prolonged recovery.179 The IN dose is 1 to 2 µg/
kg with 1 µg/kg sedating ∼60% of children within 1 hour.179 IV 
dexmedetomidine may or may not include a loading dose: 1 µg/kg 
over 10 minutes, followed by an infusion of 0.3 to 0.7 µg/kg/hr, is 
required.179 This infusion rate must be carefully transcribed because 
unlike other medications, the infusion rate is in µg/kg/hr, not µg/kg/
min. When a loading dose is administered before the infusion, the 
risk of hypotension in the peri-induction period increases.

The pharmacokinetics of dexmedetomidine show a rapid early 
redistribution phase (half-life of 7 minutes) but a slow terminal 
elimination half-life, approximately 2 hours in children.180,181 It is 
metabolized in the liver primarily via uridine glucuronyltransfer-
ase to inactive metabolites.

Unlike other sedative/anxiolytics, dexmedetomidine exerts its 
clinical effects via α2 receptors with sedation in the locus coeruleus, 

hemodynamic manifestations via direct and indirect action on 
the sympathetic nervous system, and a host of miscellaneous side 
effects.179 The unique feature of this sedative/anxiolytic is the 
absence of substantial respiratory depression.182

Dexmedetomidine is not a complete anesthetic. It decreases 
the MAC of inhalational anesthetics approximately 30% depend-
ing on the dose, provides suitable sedation for radiologic investi-
gations (although a dose of 0.1 mg/kg IV midazolam is required 
to prevent movement unless large doses of dexmedetomidine 
are used),88,183 facilitates awake iberoptic intubation and awake 
craniotomy, provides sedation that is closest to natural sleep, pro-
vides analgesia, reduces emergence delirium (ED)179 and facili-
tates motor- and sensory-evoked monitoring for spine surgery.184

Side effects of dexmedetomidine relate primarily to its hemo-
dynamic effects. Bradycardia has been reported with larger dose 
infusions (up to 2 to 3 µg/kg/hr) and in younger age infants with 
an incidence as great as 16%.183 When the bradycardia (heart 
rates as low as 30/min) was treated with glycopyrrolate, pro-
found hypertension occurred.185 This author cautions against 
treating bradycardia with an anticholinergic. Rapid administra-
tion of dexmedetomidine has been reported to cause transient 
hypertension although this is uncommon in children. However, 
hypotension (>20% decrease from baseline) has occurred during 
dexmedetomidine infusions.180,183 The frequency of hypotension 
increases with an increasing dose and younger age: The greatest 
incidence occurs in infants, 8%. IV luid loading may attenuate 
the hypotension but awaits additional studies.

PreoPerAtive Assessment

Fasting Guidelines

The American Society of Anesthesiologists framed the fasting 
guidelines for infants and children in 2006.186 The guidelines, 
which were based on a consensus panel and a review of the litera-
ture, concluded that the fasting intervals before elective anesthe-
sia could be summarized as 2, 4, 6, and 8 hours as delineated in  
Table 42-6.186 It is important to note that these are not age-
adjusted guidelines; they apply to infants and children of all ages. 
Equally important is to recognize the limitations of these guide-
lines. Gastric emptying times after breast milk and formula have 
only been evaluated in infants187; there are no data for compa-
rable emptying times in children (≥1 year of age).

The child who presents chewing gum requires careful consid-
eration. First, the characteristics of gastric luid in children who 
chew sugar or sugarless gum include a doubling of the gastric 
luid volume, with approximately 50% showing a gastric luid 
volume >0.8 mL/kg, and a trivial increase in the gastric luid 

tAble 42-6.  fAsting guidelines For 

children reQuiring electiVe 

AnesthesiA186

Clear luidsa 2 h

Breast milk 4 h

Infant formula 6 h

Solids 8 h

aIncludes clear tea. If milk is added, we recommend a 6-hour fast.
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pH.188 Hence, the gastric luid characteristics in the child who 
is chewing gum are not substantially different from those in the 
fasted child. The child must expectorate the gum before proceed-
ing with general anesthesia. Second, if the child swallows the gum, 
then the child is at risk for aspiration of gum at body tempera-
ture, which would be very dificult to extricate from the airway. 
Thus, anesthesia must be cancelled if the child swallows the gum. 
With the rarity of aspiration (∼1:10,000 to 1:1,100)189 and in the 
absence of coexisting medical conditions, chewing gum does not 
appear to increase the risk of aspiration pneumonitis in children 
undergoing elective surgery, provided the gum is expectorated 
before anesthesia.

The risk of regurgitation and aspiration is far more dificult to 
determine in children who present for emergency surgery after a 
trauma. Many factors relate to this risk including the severity and 
nature of the trauma, existing medical conditions, medications 
that were administered, and the timing and nature of the foods 
ingested. Very little evidence exists upon which to assess the risk 
of a full stomach. One study determined that the risk of regurgita-
tion may be related to the interval between the last food ingested 
and the trauma or injury.190 Since gastroparesis and intestinal sta-
sis occur after acute pain, an inlammatory response, and opioid 
medications, it is likely that gastrointestinal peristalsis stops after 
a trauma. There is no evidence in children that administration of 
a prokinetic medication empties the stomach after trauma. Aus-
cultation of bowel sounds in the abdomen does not ensure gastric 
emptying, although passing gas does imply peristalsis of the small 
and large bowels is present but does not ensure return of gastric 
motility. We consider children who ingested solid foods within 
8 hours of a trauma to be at risk for regurgitation and aspiration 
and take appropriate precautions for managing the airway.

Certain medical conditions may affect gastric emptying. 
Although diabetes mellitus delays gastric emptying, this may 
require years to fully develop. Recent evidence suggests that gas-
troparesis may be multifactorial.191,192 Indeed, hyperglycemia 
alone can delay gastric emptying in both diabetics and nondiabet-
ics. Obesity is thought to delay gastric emptying and increase the 
risk of regurgitation and aspiration in children although recent 
evidence suggests that these children are at no greater risk for 
pneumonitis should aspiration occur.193

Laboratory Testing

Preoperative laboratory testing is infrequently ordered in healthy 
children without preexisting medical disease. Although preopera-
tive hemoglobin and urinalysis were mandated in some jurisdic-
tions in the past as screening tools for nutritional deiciencies, 
hemoglobinopathies, and diabetes mellitus, abnormal hemoglo-
bin results failed to affect changes in the management of the chil-
dren and hence it was discarded as a preoperative test. Children 
in whom a preoperative hemoglobin is indicated include those 
at risk for massive bleeding, those with chronic anemia in whom 
bleeding is highly probable, those with chronic nutritional dei-
ciency, and those with sickle disease (see below).

A preoperative pregnancy test is required before anesthesia 
and sedation in most children of childbearing years in most juris-
dictions. The reason for this test is the risk that some medica-
tions that are administered in the perioperative period may cause 
a miscarriage or, less likely, teratogenicity of an unborn fetus. The 
incidence of unexpected and unknown pregnancies is approxi-
mately 0.3%.194 Evidence suggests that history alone may not reli-
ably predict the existence of a fetus in utero. Two pregnancy tests 
are available: Urine and blood. The former test yields more rapid 
results, but both tests have a known false-positive rate. There is 

debate regarding the threshold age to begin pregnancy testing. 
Many institutions and states require preoperative pregnancy test-
ing in females who have reached menarche; some require test-
ing in all females who are older than a speciic age, that is, 11 
years. If the pregnancy test is positive and the surgery is elective, 
the results must be conveyed to the patient. Due consideration 
should be given to the risk that anesthesia and surgery might pose 
to the unborn fetus if surgery proceeds. If, however, the surgery is 
emergent, then the risk beneit ratio of proceeding must be care-
fully assessed.

Medical Conditions

Upper Respiratory Tract Infection (URTI)

Approximately 65% of children with URTIs have viruses as 
the cause of their infection; the remaining 34% have bacterial 
infections. Children who have had a recent URTI should not 
undergo elective anesthesia for at least 4 weeks after the infec-
tion to ensure resolution of the pathologic effects in the small 
airways. Because young children have 6 to 7 URTIs per year, 
most clinicians proceed with anesthesia 2 to 4 weeks after the 
original infection.195

When children present for elective surgery with a URTI, the 
author recommends canceling the anesthetic if any one of the four 
criteria listed in Table 42-7 is present.196 The presence of each of 
these increases the risk of perioperative airway events. Additional 
factors that increase the risk of adverse airway events include ciga-
rette smoking in the house, atopy, asthma, prematurity, young 
age, and secretions.195,197 If an infant (<1 year of age) presents for 
surgery with a URTI, the chest should be examined very carefully 
and a low threshold maintained for cancellation as perioperative 
respiratory complications in these infants are substantive.198 This 
age group is at risk for serious lower respiratory tract infections 
such as respiratory syncytial virus that may rapidly lead to pneu-
monia and a protracted recovery possibly involving prolonged 
tracheal intubation in the intensive care unit.199

Children who present with clear rhinorrhea, whether due to a 
mild URI or allergic rhinitis, should be treated with 1 to 2 drops 
of oxymetazoline or neosynephrine (0.25%) nose drops per nos-
tril to dry up the nasopharyngeal secretions during anesthesia. 
Care must be taken to use a dilute solution of neosynephrine, as 
concentrated solutions may cause an unexpected hypertensive 
crisis. We prefer to manage these children with a face mask if at all 
possible, in order to minimize the risk of triggering airway relex 
responses. However, if the airway must be manipulated, a supra-
glottic airway is less likely to trigger airway relex responses than 
a tracheal tube.

tAble 42-7.  criteriA to cAncel AnesthesiA 

with An upper respirAtory 

trAct inFection196

1. Fever >38.5°C
2. Altered behavior (not playing as usual) and habits (not 

feeding as usual)
3. Purulent, productive discharge from the upper airway
4. Lower respiratory tract signs (wheezing, rhonchi) that do 

not clear with coughing

5
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Asthma

Up to 20% of children have asthma or an asthmatic history, but 
many fewer present with severe asthma that may complicate 
anesthesia.200

Children with a history of asthma should have their pulmo-
nary condition optimized before surgery and be stable from their 
chest perspective, without a recent exacerbation or recent hos-
pitalization. In the preoperative assessment, the age of onset of 
asthma, number and date of the most recent hospital admissions 
for asthma, treatment (β2-agonists or steroids by inhalation), 
and current state of asthma should be recorded. Most children 
with asthma have never been admitted to hospital because of 
their asthma. However, if they have, the asthma should be con-
sidered severe. If oral steroids have been prescribed recently for 
an acute exacerbation of asthma, careful preoperative examina-
tion of the chest must be performed to ensure that there is no 
lingering reactive airway component. On the morning of the sur-
gery, the child’s lungs should be examined to check for wheezing. 
If wheezing is present, the child should be instructed to cough 
deeply to clear any airway secretions present, and bronchodilator 
therapy should be initiated. Preoperative bronchodilator therapy 
should be administered to children with mild to moderate asthma 
even if they are not wheezing, as this reduces airway resistance 
by approximately 25% during sevolurane anesthesia and tracheal 
intubation.201 If wheezing persists, the child should be referred to 
their pulmonologist for reassessment and the anesthetic deferred.

Preoperative bronchodilator therapy should be administered 
to children who are wheezing and present for emergency or 
urgent nonairway surgery. If tracheal intubation can be avoided, a 
face mask or LMA should be used. Equipment should be prepared 
to administer intraoperative bronchodilator therapy should the 
need arise.

Obstructive Sleep Apnea

OSA is the most serious form of sleep-disordered breathing in 
children.202 Children have obstructed airways during sleep that 
are associated commonly with hypercapnia and intermittent 
hypoxia. The gold standard for the diagnosis is a polysomno-
gram, although many children present for surgery with a diag-
nosis of OSA but without a polysomnogram. In these cases, the 
diagnosis is made “clinically” by the presence of loud snoring, 
witnessed apneas, nocturnal enuresis, attention deicit disorder 
and behavioral problems, and inability to concentrate in school 
or poor school performance. OSA occurs equally in boys and girls 
and in asthenic and obese children. Daytime somnolence is not a 
common feature in children with OSA.

Two important considerations are to assess whether the 
child requires admission and overnight monitoring postopera-
tively/160/ and whether they are at risk for increased opioid sensi-
tivity, that is those whose minimum nocturnal SaOx is <85%.203,204 
Although children with OSA may be premedicated with very small 
risk, those with persistent minimum nocturnal SaO2 <85% are at 
increased risk for perioperative desaturation and airway events 
when the usual doses of opioids are administered. Alternative 
analgesic strategies including local anesthetic, NSAID agents,  
ketamine, and α2-agonists should be considered.205

Ex-premature Infants (See Chapter 41)

Infants who were born prematurely (<37 weeks gestational age) 
and are <60 weeks postconceptional age (deined as the sum of 
the gestational and postnatal ages) require 12 to 24 hours of post-
anesthesia monitoring for apnea and hemoglobin oxygen desatu-

ration, irrespective of the type of surgery.206 Factors that increase 
the risk of perioperative apnea in ex-premature infants include 
age (<60 weeks postconceptual age), anemia (<12 g% Hb), and 
secondary diagnoses (e.g., intraventricular hemorrhage).206,207 
Opioids are best avoided in these infants; local anesthetic blocks 
are preferred. Caffeine 10 mg/kg IV may be administered intra-
operatively to reduce the frequency of perioperative apneas, but it 
will not completely eliminate the risk of apnea.208 Once the infant 
has been 12 hours apnea-free, he/she may be discharged home.

In contrast to general anesthesia, regional anesthesia does 
not increase the risk of perioperative apnea and does not require 
perioperative monitoring, unless the infant also received seda-
tion, has multisystem disease, or has a history of perioperative 
apneas.209 Spinal or caudal anesthesia will provide suficient anes-
thesia to perform hernia surgery, the most common surgery in 
ex-premature infants. If the parents have an apnea monitor at 
home and have been trained to manage apnea, the child may be 
discharged home in the parents’ care.

Malignant Hyperthermia128

Most children who present with an MH diagnosis are offspring of 
a blood relative with an MH reaction or positive muscle biopsy. 
The irst task in such a case is to verify, as best as possible, the 
credibility of the past MH reaction from history or records. These 
children should be scheduled as the irst case of the day to mini-
mize their exposure to inhaled anesthetics in both the operating 
room and the postanesthetic care unit (PACU). If the child is anx-
ious, he/she should be premedicated with oral midazolam (see 
below) in a dose appropriate for the child’s age.

To prepare the AWS for an MH-susceptible child, either a des-
ignated inhaled anesthetic-free AWS should be used or a contami-
nated AWS should be lushed to reduce the anesthetic concentration 
to <10 ppm. In the latter situation, after removing the vaporizers 
from the AWS, the anesthetic breathing circuit and carbon diox-
ide canisters should be replaced with new equipment. The fresh gas 
low should be set to 10 L/min oxygen/air mixture while the ventila-
tor ventilates an artiicial lung or reservoir bag to reduce the concen-
tration of anesthetics in the machine to ≤10 ppm, considered to be 
the anesthetic threshold to trigger MH reactions. The time required 
to achieve ≤10 ppm varies amongst the current AWSs (Table 42-8), 
although there is no way of verifying in any single instance that the 
threshold was reached. Some have proposed replacing components 
of the AWS to expedite and ensure the washout process while others 
recommend using charcoal absorbent in the inspiratory limb of the 
breathing circuit (for elective cases).210 Once the breathing circuit 

tAble 42-8.  wAshout times For AnesthesiA 

worKstAtions

Ohmeda Machines (min) Other Machines (min)

Modulus 1 5–15 Narkomed GS 20

Excel 210 7 Drager Primus 70

AS/3 30 Drager Fabius GS 104

Aestiva (sevo) 22 Kion >25

Aisys (sevo) 25

Data from: Kim TW, Nemergut ME. Preparation of modern anesthesia worksta-
tions for malignant hyperthermia-susceptible patients; a review of past and pres-
ent practice. Anesthesiology. 2011;114:205–212; data for Aestiva and Aisys from: 
Sabouri S, Lerman J, Heard C. Residual sevolurane may be present after lush-
ing the GE Anesthesia workstation for MH susceptible patients. Anesthesiology. 
2011:A1276.
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has been lushed, the fresh gas low should NOT be reduced below 
the 10 L/min low rate if a charcoal ilter is not used, lest a rebound 
in the anesthetic concentration occurs.211 Interestingly, MH reac-
tions have not been reported after reducing the fresh gas low in a 
lushed AWS.

A trigger-free anesthetic includes propofol, opioids, benzodiaze-
pines, nondepolarizing muscle relaxants, nitrous oxide, and regional 
anesthesia.128 Of the standard monitors, end-tidal CO2 (the earliest 
indicator of an MH reaction) and temperature (preferably axillary 
temperature since it will relect temperature in the largest muscle 
bulk in the chest) are essential. IV dantrolene should be available in 
suficient quantity to treat a reaction should it occur (2.4 mg/kg IV 
as an initial dose, and repeated as necessary). The initial dose should 
maintain blood concentrations of dantrolene (>3 µg/mL) for 6 
hours, after which its elimination half-life is 10 hours.131 There is no 
longer any role for prophylactic preoperative dantrolene in children 
with MH. If dantrolene is administered, a urinary catheter should be 
inserted because dantrolene contains mannitol.

There is a host of additional strategies that may be utilized to 
stabilize the child including cooling strategies, antiarrhythmics. 
For further information on management of an MH reaction, 
please refer to Chapter 23.128

Children who are MH susceptible may undergo surgery as 
outpatients provided an MH reaction does not occur and the par-
ents receive detailed instructions regarding how to monitor for 
possible MH reactions and who to call and where to go if such a 
reaction occurs.

Myopathies

The anesthetic for children with common myopathies, includ-
ing Duchenne muscular dystrophy (DMD), Becker’s muscular 
dystrophy, and Emery–Dreifuss syndrome, should avoid medi-
cations that are known to disrupt skeletal muscle membranes 
in children <8 years of age and excessive cardiac depressants in 
children ≥10 years with cardiomyopathy.128 DMD is an X-linked 
recessive gene in which the underlying defect is the lack of dystro-
phin (<3% of normal) in skeletal and cardiac muscles. The onset 
of the disease is 2 to 6 years of age. Becker’s dystrophy is a milder 
form of the disease with an onset in the second decade of life. 
Emery–Dreifuss syndrome is also a milder form of the disease 
often presenting with cardiac conduction defects, with syncope 
as the presenting inding.

The dystrophin protein complex is essential for the stability 
of the cytoskeleton of the muscles. Muscle contractions, whether 
natural or drug induced, may tear the muscle membrane and 
release intracellular contents including high concentrations of 
potassium, myoglobin, and CPK. The administration of an inha-
lational anesthetic (halothane >> sevolurane ∼ isolurane) with 
or without succinylcholine may cause skeletal muscle contrac-
tions, releasing intracellular contents.212 Although inhalational 
anesthetics have been administered to these children without 
untoward events, the author recommends propofol in defer-
ence to inhalational anesthesia.128 As the children reach adoles-
cence, the muscle wasting in DMD abates and the predominant 
anesthetic concern is a progressive cardiomyopathy. In the case 
of Emery–Dreifuss, heart block may be a complicating inding. 
Hence, preoperative echocardiogram and electrocardiogram are 
warranted before anesthetizing adolescents with DMD or Emery–
Dreifuss syndrome.

Mitochondrial myopathies are a complex group of disorders 
that result from defects in the protein complexes of the respiratory 
chain in mitochondria.128,213 The protein complexes in the chain 
are under bigenomic control: 85% arise from nuclear DNA and 
15% from mitochondrial DNA. In children, most mitochondrial 

myopathies result from defects in the nuclear DNA. The distribu-
tion of defective DNA in tissues in utero determines the spectrum 
of the disease.128 Children with a history of lactic acidosis during 
infancy should be fasted for brief periods, not receive LR solution, 
and receive an infusion of glucose intraoperatively. Both intrave-
nous and inhalational anesthetics have been administered to chil-
dren with mitochondrial myopathies without untoward events.213

Sickle Cell Disease

Sickle Cell Disease (SCD) or sickle cell anemia occurs primarily 
in children of sub-Sahara descent, with a frequency of sickle cell 
trait in African-Americans of 8% and a form of SCD of 1:600.214 
A point genetic mutation results in the replacement of the Hb AA 
(where A is the normal hemoglobin) with Hb SS (S is the sickle 
hemoglobin) in every red blood cell.214 Thus, 100% of the cells in 
children with Hb SS are at risk for sickling; these children chroni-
cally have low hemoglobin concentrations (6 to 8 g%), may have 
had acute vasoocclusive crises, and may have received multiple 
red cell transfusions in the past. Vasoocclusive crises may involve 
a number of organs including bone, chest, and brain. Some chil-
dren suffer from repeated vasoocclusive crises whereas others 
never experience them. These crises are not related to hypoxia, 
hypovolemia, or hypothermia, but rather to a systemic inlamma-
tory response, the nature of which remains unclear. Evidence sug-
gests that those with SCD and vasoocclusive crises have markers of 
a systemic inlammatory response to the disease that upregulates 
endogenous factors, including an adhesive factor that traps sickle 
red cells in arterioles and precipitates occlusive crises.215 Whether 
the traditional factors of hypoxia, hypovolemia, and hypother-
mia exacerbate the initial process or compound the underlying 
inlammatory process has not been clearly established.

Two other forms of SCD, Hb SC and Hb SD, occur much less 
frequently than Hb SS, have an equal risk of sickling as Hb SS but 
have hemoglobin concentrations that are closer to normal values, 
approximately 10 to 11 g%. These children should be managed in 
a manner similar to those with Hb SS disease.214

Sickle cell may also present in a heterozygote form known as 
sickle trait, Hb AS. This disorder presents few problems during 
routine general and regional anesthesia and surgery provided 
extreme conditions, such as hypothermia and cardiopulmonary 
bypass, are not employed. Children with Hb AS have normal 
hemoglobin concentrations.

Preoperatively, a history of the frequency, severity, and pre-
cipitating triggers of sickle and vasoocclusive crises in the child 
should be elicited. Consultation with the treating hematologist 
should provide insight into the current local strategies for manag-
ing this patient. However, if the child’s sickle status has not been 
clearly established, a sickledex test may be used to diagnose SCD 
in infants >6 months of age and in children. This test can be per-
formed rapidly, inexpensively, and reliably. The sickledex test is 
unreliable in infants <6 months of age because Hb F interferes 
with the sickling process and renders the test nonconirmatory. 
In fact, infants <6 months of age rarely sickle because of the pres-
ence of Hb F, which gradually wanes in concentration beyond  
3 months of age. If the test is negative, the child may still have 
sickle trait. If the test is positive or if the child is suspected of hav-
ing sickle hemoglobin from history, then a hemoglobin electro-
phoresis should be performed to determine the precise hemoglo-
binopathy present. The deinitive diagnostic test for SCD is the 
hemoglobin electrophoresis or high-performance liquid chroma-
tography.

To attenuate the risk of a sickle cell crisis in children with SCD 
in the perioperative period, many hematologists transfuse the 
children with packed red cells to a total hemoglobin of 10 g%.216 
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Others believe that both prophylactic blood transfusions and the 
need for transfusions in all children undergoing minor surgery 
are without merit.217 The disadvantages of frequent transfusions 
in children who are at risk for sickle crises include sensitizing the 
recipient to minor antibodies (i.e., Kell and Duffy), iron overload, 
and transfusion reactions. It is important to consult local hema-
tologists regarding the institutional management of children with 
SCD before the day of surgery to avoid surgical delays and docu-
ment that discussion and management plan preoperatively with 
the parents and in the patient record. Optimal management of 
these children includes maintaining neutral thermoregulation 
and adequate hydration and oxygenation throughout the periop-
erative period.

Anterior Mediastinal Mass

Children with AMM require general anesthesia and/or sedation 
for a tissue (lymph node) biopsy, CT scan or MRI for diagno-
sis, or indwelling central line for chemotherapy.218 Children 
with these tumors present a signiicant risk for anesthesia, since 
cardiac arrest has been reported in the past. Understanding the 
pathophysiology of the disease enables the clinician to anticipate 
complications and prepare the anesthetic to avoid them.

Four tissues can be found in AMMs in children: Lymphomas, 
teratomas, thymomas, and thyroid.218 The most rapidly grow-
ing tumor in the anterior mediastinum is the lymphoblastic T 
cell lymphoma, a non-Hodgkin’s lymphoma, which has a dou-
bling time of only 12 to 24 hours. These children may present 
with minor indings (e.g., night sweats) that rapidly progress 
over 1 to 2 days to life-threatening problems (e.g., orthopnea, 
superior vena cava syndrome). In children, anesthesia is usually 
required to delimit the extent of and tumor effects on mediastinal 
structures in radiology as well as for tissue biopsy and chronic 
chemotherapy access in the operating room.

The decision to proceed with local, regional, or general anes-
thesia depends on the age and level of cooperation of the child, 
the extent of mediastinal organ compromise, and the accessibility 
of the node or tumor being biopsied. A multidisciplinary team 
that includes the surgeon, anesthesiologist, and oncologist should 
review all radiologic and preoperative data before embarking on 
the surgery.

Those children who can tolerate the surgery under local anes-
thesia and sedation are managed in this manner. However, the 
challenge is far greater in younger children, in children who can-
not tolerate local anesthesia and sedation, and in those whose 
tumor severely compromises the airway and/or pulmonary artery. 
In such instances, a 12- to 24-hour course of intravenous steroids 

should be considered and discussed with the oncologists to shrink 
the tumor (usually a lymphoblastic lymphoma) to facilitate an 
anesthetic and reduce the risk of cardiac arrest.219 The risks asso-
ciated with 12–24 hours of steroid therapy are infrequent but 
include widespread tumor necrosis that may both render the 
diagnosis of the cell type dificult and tumor lysis syndrome.220 
Some oncologists are reluctant to treat these children with ste-
roids because of the potential dificulty in establishing the tissue 
diagnosis should extensive tumor necrosis result. Establishing the 
tumor type is critical for determining the treatment regimen for 
the speciic tumor type.

For most children who require a radiologic investigation, 
tumor biopsy, or chemotherapy access, general anesthesia with 
spontaneous respiration is preferred. If the child cannot lie lat, 
anesthesia can be induced and the trachea intubated with the 
child positioned in the left lateral decubitus or. less desirably, in 
the sitting position. The trachea should be intubated at induc-
tion of anesthesia to ensure a patent airway should it become 
necessary to turn the child prone because circulatory collapse 
occurs. Tracheal intubation is performed without muscle 
relaxation to preserve spontaneous respiration. Spontaneous 
respiration best preserves the negative intrathoracic pressure 
gradient to suspend the tumor above the mediastinal structures 
and avoid pressure on the pulmonary artery and right atrium as 
well as the tracheobronchial tree. It is important to remember 
that the capnogram may be a very useful monitor to conirm 
the adequacy of the pulmonary circulation (and cardiac out-
put); the sudden loss of or reduction in the capnogram may 
herald compression of the pulmonary artery before systemic 
cardiovascular sequelae occur.

Endocarditis Prophylaxis

In 2007, the American Heart Association signiicantly revised 
the indications for bacterial endocarditis prophylaxis.221 The 
new recommendations were crafted for dental procedures and 
adopted by the American Dental Association. The American 
Heart Association no longer recommends endocarditis pro-
phylaxis for children undergoing gastrointestinal, urologic, 
and genitourinary surgeries, although many specialists in these 
areas continue to request endocarditis prophylaxis. Accord-
ingly, it is incumbent upon the anesthesiologist to inquire of 
the speciic specialist whether endocarditis prophylaxis should 
be administered.

For dental procedures, the indications for SBE prophylaxis are 
listed in Table 42-9.221 The antibiotic regimen for endocarditis 
prophylaxis has not changed since previously published.

tAble 42-9.  SBe prophylAXis recommendAtions By AmericAn 

heArt AssociAtion221

1. Prosthetic cardiac valve or material use to repair the cardiac valve
2. Previous infectious endocarditis
3. Congenital heart disease:
 a. Unrepaired cyanotic congenital heart disease, including palliative shunts and conduits
 b.  Completely repaired congenital heart defect with prosthetic material or device, whether placed 

by surgery or by catheter intervention, during the irst 6 mos after the procedure
 c.  Repaired congenital heart disease with residual defects at the site or adjacent to the site of a 

prosthetic patch or prosthetic device (which inhibits endothelialization)
4. Cardiac transplantation recipients who develop cardiac valvulopathy
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Obesity

Obesity in children is an epidemic worldwide. In children, deini-
tions are based on growth curves, not BMI, because height and 
weight change with age.222 The deinitions in children are as fol-
lows: Overweight is a BMI >85%, obesity is a BMI >95%, and 
super (morbid) obesity is a BMI >99%. Ideal body weight (IBW) 
in children 1 to 18 years of age may be estimated using the child’s 
height as Wt (kg) = Height (cm)2 × 1.65/100. An easy, quick, 
and simple approach to estimate the IBW based on a child’s  
age is

For children <8 years: Wt (kg) = 2 × Age (year) + 9

For children ≥8 years: Wt (kg) = 3 × Age (year)

Others have indicated that LBW (ideal) is 20% to 40% of total 
body weight (TBW), applicable also to obese children. LBW has 
also been estimated as IBW + 1/3(TBW – IBW).

Ninety-ive percent of obesity is attributable to environmental 
and lifestyle factors.222,223 Fewer than 5% of cases of obesity are 
attributable to diseases and genes such as Prader–Willi syndrome 
(Laurence–Moon–Biedl syndrome), inborn errors of metabo-
lism, Cushing’s disease, and immobility (DMD). The underlying 
mechanisms for these disorders include leptin mutations (recep-
tor and prohormone convertase 1), proopiomelanocortin muta-
tion, and MCR4 (melanocortin receptor).

Thirty percent of overweight children have restrictive pulmo-
nary pattern results from body fat encasing the pliable chest with 
decreased chest wall compliance, FRC, and vital capacity.222,223 
The increased work of breathing compounds the reduced lung 
volumes as the closing volume approaches the tidal volume and 
V/Q mismatch occurs. Nocturnal hypoxemia from the above 
factors combined with large tonsils (see below) sets the stage for 
the development of pulmonary hypertension. Sleep-disordered 
breathing occurs in 17% (up to 33% if BMI >150%) of obese 
children.

Cardiovascular effects include systemic hypertension, left ven-
tricular hypertrophy, and premature atherosclerosis. Intermittent 
hypoxia during sleep apnea may lead to pulmonary hypertension. 
Both blood volume and cardiac output are increased.

Insulin resistance and metabolic syndrome are present in 40% 
of moderately obese children and 50% of severely obese adoles-
cents. Increased abdominal weight predisposes to gastroesopha-
geal relux, which occurs in approximately 20% of children with 
severe obesity. Gastric emptying rates and aspiration in obese 
children do not differ from those in normal children. NPO inter-
vals are the same in obese and non-obese children. Glomerular 
iltration rate is increased. Fatty iniltration of the liver leads to 
nonalcoholic fatty liver disease, which leads to abnormal liver 
function tests and possibly hepatic ibrosis.

Drug dosing in obese children is complex, varying with several 
factors including lipid solubility, volume of distribution, and the 
route of elimination, hepatic or renal.223 The drug dosing for sev-
eral commonly used drugs in obese children may be estimated on 
the basis of their weight (Table 42-10).

These children should be positioned 25-degree head-up dur-
ing preoxygenation to reduce V/Q mismatch and to facilitate tra-
cheal intubation. The tragus should be positioned above the level 
of the sternal notch.224 IV access may be dificult. Deslurane is 
preferred for maintenance of anesthesia as it is the least fat soluble 
of the inhalational anesthetics. However, if the child has asthma 
or lives in a home with indoor smoking, deslurane may not be 
preferred. Compression devices should be applied to the legs to 
prevent stasis and deep vein thrombosis.

Perioperative respiratory events including dificult mask ven-
tilation, greater Mallampati airway class, bronchospasm, and 

rapid hemoglobin desaturation and prolonged PACU times are 
more common in obese children.223

Preoperative History

Medical, surgical, and family histories including complications 
should be recorded. The details of all allergies should be carefully 
elicited in terms of the clinical manifestations and severity. A sys-
tems approach should review each organ system including recent 
URTIs recorded.

Preoperative Physical Examination

The airway, respiratory, and cardiovascular systems should be 
examined preoperatively in every child. The airway examina-
tion should include visual inspection of the face in the anterior 
and proile views to detect any disproportions in facial features 
that might suggest a congenital facial or airway anomaly. The 
child should open their mouth fully, stick out their tongue, 
and extend their neck. Loose teeth should be identiied and any 
removable dental appliances stored. Piercings in and around 
the mouth should be removed as these may become dislodged 
and aspirated if they are intraoral. The respiratory examination 
includes auscultation of the chest (front and back) with full 
inspiration and expiration through the mouth. If rales or rhon-
chi are present, the child should be instructed to cough deeply 
to clear them. If coughing is ineffective, then further investiga-
tions may be required including chest X-ray and a pulmonary 
consultation. Cardiovascular examination includes auscultation 
of the heart and if the child has a murmur, then further inquiry 
regarding cardiac symptoms (syncope, arrhythmias, tachycar-
dia, heart failure, shortness of breath) should be solicited. If 
the murmur is heard during diastole, has not been diagnosed 
previously, or is associated with any cardiac symptomatology, 
then a cardiology consultation should be sought. If the child 
has a history of cardiac surgery, then a recent cardiology note 
together with an electrocardiogram and echocardiogram should 
be reviewed.

tAble 42-10.  drug dosing For oBese 

children

Drug

Induction 

Dose Based on

Maintenance 

Dose Based on

Thiopental4,41 LBW

Propofol46 LBW TBW

Synthetic opioids 
(fentanyl, alfentanil, 
and sufentanil)4

TBW LBW

Morphine47 IBW IBW

Remifentanil48 LBW LBW

Nondepolarizing 
neuromuscular 
blockers49

IBW IBW

Succinylcholine45 TBW

Sugammadex50,51 TBW

TBW, total body weight; LBW, lean body weight; IBW, ideal body weight.

7
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Anesthetic Risks; Consent/Assent

The mortality associated with anesthesia in healthy children 
is 1:10,000 or less.225 Perioperative cardiac arrest rate is greater 
in children who are young, whose age <1 year, with congenital 
heart disease, and undergoing emergency surgery. This author 
does not give a number for the risk of cardiac arrest to parents 
of healthy children undergoing elective anesthesia (unless specii-
cally requested to do so) but rather uses an analogy that the risk 
is greater that they would be hit by a car crossing the busy street 
outside the hospital than to have a serious adverse outcome dur-
ing general anesthesia. Perioperative morbidity may be greater 
than the incidence of cardiac arrest, but depends on the child’s 
comorbidities and the severity of the current diseases.

Speciic risks discussed preoperative include the most common 
complications pain, nausea, and vomiting. In addition, the author 
reviews the small risk of unforeseen complications that may result 
from as yet latent diseases, dental damage, corneal abrasion, aspi-
ration, awareness, allergic reactions, and cardiac arrest.

If asked about awareness, this author informs the parents/
guardians that there is a 1% incidence of awareness reported in 
children,226 which is 3- to 10-fold greater than that reported in 
adults. These reports, for the most part, are not consistent with 
those practicing pediatric anesthesia: Indeed, many of these 
episodes can be explained by light anesthesia during periods of 
stimulation.

If asked about cognitive dysfunction after anesthesia, the 
author informs the parents/guardians that apoptosis has been 
reported after almost every anesthetic in neonatal animals and 
some nonhuman primates.227 Most studies in children to date have 
not properly investigated the risk of anesthesia on the maturing 
human brain precluding drawing any conclusions regarding the 
possible harm that anesthesia might cause. Yet, in a Dutch study of 
identical twins who were discordant for receiving anesthesia, neu-
rocognitive capabilities in the twins were similar after a 10-year 
follow-up.5 Accordingly, this author advises parents that there is 
insuficient evidence to incriminate anesthesia in causing cogni-
tive dysfunction in young children based on the current evidence. 
In addition, the author suggests that when considering whether to 
proceed with surgery, all risks and beneits of performing anesthe-
sia and surgery in their child must be carefully evaluated.

Allergies

Most allergies that are reported in hospital records are of little rel-
evance to the conduct of anesthesia. All allergies reported to the 
admission nurses by patients or families are dutifully transcribed 
into the hospital record without censure and without regard for 
their relevance or authenticity. Examples of recognized side effects 
that do not constitute allergies include headaches after epineph-
rine, vomiting after opioids, and diarrhea after amoxicillin. Only 
true allergies that are recorded on the anesthetic record should 
include anaphylactic reactions and those diagnosed and con-
irmed by an allergist/immunologist. The remainder should be 
identiied as hypersensitivity or idiosyncratic reactions, although 
the latter is not commonly practiced. Cross-sensitivity is possible, 
rarely, between penicillin allergy and irst-generation cephalospo-
rins; there is no cross-reactivity with second or later generation of 
cephalosporins.228 If the parents report a possible penicillin allergy 
or sensitivity to cephalosporin that was more than 5 years ago and 
not conirmed by an immunologist, then this author offers to test 
the child using a small test dose of the intravenous antibiotic while 
monitoring the child and informs the parent of the outcome.

Few, if any, allergies to propofol have been reported. Although 
the package insert for propofol cautions against the use of pro-
pofol in children with egg allergy, evidence supports the use of 
propofol in children with egg allergy, provided the egg allergy was 
not anaphylaxis.229 Egg lecithin, a phospholipid in propofol, is 
not a protein and therefore cannot induce anaphylactic reactions. 
However, it may bring yolk proteins with it into the formulation. 
AstraZeneca state that no soy protein is present in their North 
American formulation of propofol. Hence, children with soy 
allergy (usually <5 years of age) may receive propofol.

Latex allergy is an important consideration when preparing 
the operating room for children.230 Numerous children with 
spina biida, congenital urologic surgery, and multiple surger-
ies (>5 exposures) were exposed to latex products by repeated 
bladder catheterizations or latex gloves multiple times and 
developed IgE-mediated latex anaphylaxis. Since latex products 
both in and out of hospital have been replaced with nonlatex 
products, the prevalence of latex allergy in this population is 
decreasing. It is imperative to avoid contaminating the surgi-
cal (and anesthetic) setup with latex in order to prevent latex 
anaphylaxis. Children who are latex allergic and who touch 
toy balloons to their lips or in whose mouths dentists insert a 
rubber dam, will react with lip or tongue swelling, respectively. 
Removing all latex products from the operating room has elimi-
nated latex anaphylactic reactions in one center.231 If the child 
has latex anaphylaxis, each door entering the operating room 
should have signage indicating a latex-allergic patient is in the 
operating room; all latex products should be removed from the 
operating room. In otherwise healthy children with latex ana-
phylaxis, epinephrine is indicated in a dose of 1 to 10 µg/kg, in 
which 1 to 2 µg/kg reverses isolated bronchospasm up to 10 µg/
kg for the very rare instance of cardiac arrest.

induction oF AnesthesiA

Equipment

To ensure that the anesthetizing location is properly and com-
pletely prepared, it is useful to refer to a checklist. Appropriately 
sized equipment should be available for each child. A range of 
face mask sizes, oral airways, laryngoscope blades, tracheal tubes, 
and LMAs should be present. The author prefers cushioned clear 
face masks that it the contour of the child’s face and permit rapid 
identiication of either luid or solid material within the mask. 
Reliance on oral airways in establishing a patent upper airway in 
children has been supplanted, in part, by an appropriately applied 
jaw thrust maneuver.97 The Miller and Wisconsin straight blades 
are preferred for tracheal intubation in infants and children 
because they align the axes of the mouth, pharynx, and larynx. A 
range of sizes of laryngoscope blades should be available in every 
anesthetizing location. For laryngoscopy the child should be posi-
tioned lat on the table, with the head stabilized to prevent lateral 
movement. The large occiput of the child puts the head in the 
snifing position naturally. In infants and children with limited 
oxygen reserve, or when performing tracheal intubation during 
sedation, the Oxyscope, a straight blade itted with a source of 
oxygen at the tip of the blade, may prevent oxygen desaturation. 
For older children and adolescents, either a Miller or Macintosh 
blade may be used.

The classic laryngeal mask airway (cLMA) was introduced to 
replace face masks in adults and has subsequently proven to be 
a versatile and useful airway device in children as well.232 To it 
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pediatric airways, the dimensions of the adult cLMA were scaled 
down in size, although the mask was otherwise unmodiied 
and made limited compensation for the difference in laryngeal 
anatomy. The cLMA has proven to be effective in circumstances 
other than elective anesthesia, including neonatal resuscitation 
and iberoptic intubation. A range of sizes of the cLMA should 
be available.

Although effective, the cLMA does not “protect” the airway 
from regurgitation and laryngospasm. Since the tone of the gas-
troesophageal sphincter is reduced in children, compared with 
adults, children may be at greater risk for regurgitation in the 
presence of a full stomach or positive pressure ventilation. Hence, 
it is best to avoid LMAs in these clinical situations. Modiications 
of the cLMA to include a vent for regurgitant gas or liquid from 
the esophagus, as in the ProSeal supraglottic airway, may better 
protect the airway against aspiration.

Complications associated with the cLMA in children are 
infrequent but may include gastric inlation, aspiration, airway 
obstruction, and laryngospasm.233 The frequency of complica-
tions with cLMA in infants <1 year of age is greater than that in 
older children and in infants managed with a face mask. Stud-
ies suggested that the epiglottis folds down into the bowl of the 
cLMA in a majority of children although the LMA is otherwise 
functioning properly; this inding may simply be moot.233

A range of diameters of tracheal tubes appropriate for the 
child’s age, as well as tubes 0.5 mm ID (internal diameter in mm) 
smaller and larger, should always be available. The appropriate 
size of the uncuffed tracheal tube is based on the ID of the tube. 
Guidelines for uncuffed tracheal tube sizes in infants and chil-
dren are as follows: Infant’s weight (<1,500 g, 2.5 mm ID; 1,500 g 
to full-term gestation, 3 mm ID); neonate to 6 months postnatal 
age, 3.5 mm ID; and 0.5 to 1.5 years, 4 mm ID. For children >2 
years of age, the size of uncuffed tubes may be estimated using the 
formula: Age (in years)/4 + 4 (or 4.5) mm ID. The size of cuffed 
tubes (mm ID) may be estimated using the formula: Age (in 
years)/4 + 3 (for children <2 years) or +3.5 (for those >2 years).

The length of a tube from the lips to midtrachea in infants 
<1,000 g in weight is 6 cm, 1,000 to 3,000 g is 7 to 9 cm, in term 
neonates 10 cm, and for infants and children, 10 + age (years) 
mm.

In the past, uncuffed tracheal tubes were commonly used to 
secure the airway of children <8 years of age. The circular shape of 
the tracheal tube was similar to the shape of the lumen within the 
cricoid ring, which allowed for a good seal without the need for 
a cuff on the tube. Cuffs were avoided in children out of the con-
cern that compression of the loosely adherent pseudostratiied 
columnar epithelium that lines the cricoid ring would swell and 
encroach on this narrowest portion of the upper airway and cause 
stridor. This increase in resistance would rapidly lead to respira-
tory distress, fatigue, and ultimately respiratory failure in young 
infants and children. To preclude this potentially serious airway 
complication in the perioperative period, the tracheal tube was 
carefully selected in children so that it either passed through the 
cricoid ring without resistance or did so with an audible leak at a 
peak inspiratory pressure 10 to 20 cm H2O. If an audible leak was 
present at a peak airway pressure ≤10 cm H2O, then the tracheal 
tube was changed to a half-size larger and the leak test repeated 
until the tube size is satisfactory. This resulted in repeat laryngos-
copies and tracheal intubations and OR pollution.

Recently, there has been a shift from uncuffed to cuffed tra-
cheal tubes in infants and children. This shift in practice has 
been accelerated by the introduction of the soft, high-compli-
ance cuffed Microcuff tube (Microcuff GMbH, Weinheim, Ger-
many).234 These tubes have no Murphy eye, the cuff is positioned 
closer to the tip of the tube (than standard cuffed tubes), the cuff 

material is polyurethane, and the cuff shape is cylindrical (rather 
than spherical as in low-compliance cuffed tubes), mimicking the 
shape of the larynx. Several small-size studies have reported few 
complications when high-compliant cuffed and uncuffed tubes 
were used in children. Microcuff tubes confer several additional 
advantages over traditional uncuffed tubes, including less contam-
ination of the OR with anesthetic gases, fewer laryngoscopies and 
reintubations, sealing the airway at lower pressures (∼10 cm H2O), 
and more consistent tidal volumes (as chest wall and abdominal 
compliance change during surgery).235 However, the cost of the 
Microcuff tube is several folds greater than the uncuffed tube. 
The additional cost may be offset by savings in anesthetic gases. 
The cuffs on these tubes do expand when nitrous oxide is used; 
however, the time interval before the cuff pressure reaches 25 cm 
H2O is greater with the Microcuff because they seal the airway at 
reduced pressures compared with other cuffed tubes for children. 
Overall, cuffed tracheal tubes in children substantially reduce the 
number of manipulations of the airway in children and operating 
room costs and pollution. It should be noted however, that the size 
of the Microcuff tubes differ from traditional tubes and no long-
term outcome studies have been published in children.

Optimizing ventilation during anesthesia and surgery in infants 
and children has been the subject of much interest.236 Traditional 
strategies held that volume-controlled pressure-limited ventila-
tors were effective for most infants and children. However, these 
ventilators accounted for neither the compliance of the breathing 
circuit nor the variable leak around the tracheal tube. Further con-
cerns focused on the shape of the pressure tracing during inspira-
tion and the risk of delivering excessive peak airway pressures. In 
the neonatal intensive care units, pressure-controlled ventilation 
has been used successfully, in part because the peak inspiratory 
pressure is restricted and the risk of barotrauma is decreased with 
the constant inspiratory pressure pattern. The inspiratory pressure 
pattern also more evenly distributes the inspiratory gas through-
out the lungs, reducing the risk of ventilation/perfusion (V/Q) 
mismatch. Despite the advantages of the pressure-controlled ven-
tilators, many anesthesia ventilators were simply unable to com-
pensate for decreases in abdominal and chest wall compliance 
that occurred during surgery. The new generation of anesthetic 
machines offers markedly improved ventilators and ventilation 
strategies that are hybrids of the best aspects of both volume- and 
pressure-regulated ventilation. These new ventilators may prove 
to be ideal for both preterm and term neonates. Ventilation strat-
egies, such as the hybrid pressure-regulated volume-controlled 
mode, maintain a ixed tidal volume by taking into account the 
compressible volume of the breathing circuit.236 This mode is used 
during controlled ventilation, and a pressure support mode is used 
once spontaneous respiration commences. For most children, the 
ventilation strategy will not impact on the outcome, but for those 
with lung disease, a poor ventilation strategy could result in a 
panoply of irreversible pulmonary problems. Whichever ventila-
tion mode or strategy is planned for a particular child, it is crucial 
that the limits on ventilation including peak inspiratory pressure, 
rate, and positive end-expiratory pressure are set before the child 
is connected to the ventilator.

Full Stomach and Rapid Sequence Induction

The term “full stomach” refers to the presence of residual solid or 
liquid foods in the stomach at induction of anesthesia, a condi-
tion that places the child at risk for regurgitation and aspiration. 
A full stomach should be assumed in children who present for 
emergency surgery, in those with gastric dysmotility syndromes, 
and in those with diabetes. In most cases of emergency surgery, 
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the time interval between ingestion of food and induction of gen-
eral anesthesia is too brief to ensure complete evacuation of the 
gastric contents.190 A full stomach may be caused by the “trauma,” 
pain, and stress of the injury as well as by the administration of 
opioids, which increase gastric and intestinal paresis and further 
delay emptying of food from the stomach.

There are three important principles to remember in such 
cases: (1) there is no safe time interval after an injury that guaran-
tees the stomach is empty of food; (2) there is no safe time interval 
after an injury that guarantees that there is no risk of regurgita-
tion of gastric contents; and (3) all children (even those treated 
with prokinetic motility medications) are at risk for regurgitation 
and aspiration during induction of, maintenance of, and emer-
gence from anesthesia.

To protect the airways of children who are at risk for regurgita-
tion and aspiration during induction of anesthesia, an RSI of anes-
thesia is widely practiced. Although there is no evidence that an 
RSI is the best strategy, it seems reasonable to induce anesthesia as 
quickly as possible and to insert a tracheal tube into the larynx as 
quickly as possible and inlate the cuff, if a cuff is used. To perform 
an RSI, a tracheal tube with a stylet as well as tubes 0.5 mm ID 
greater or less, a functioning laryngoscope, active suction, intrave-
nous access, and predetermined doses of anesthetic agents should 
be available. Induction of anesthesia may include propofol, the 
most common intravenous induction agent in children (2 to 4 mg/
kg), or ketamine (1 to 2 mg/kg) or etomidate (0.2 to 0.3 mg/kg), 
the latter two favored for those who are hemodynamically unsta-
ble. We recommend succinylcholine 2 mg/kg (preceded by atro-
pine 0.02 mg/kg) for paralysis, although rocuronium 0.8 to 1 mg/
kg has also been used. (Note: Recent concern regarding unexpected 
hyperkalemia and ventricular tachycardia in male children with 
undiagnosed muscle (wasting) diseases who received succinylcholine 
requires the immediate availability of intravenous calcium chloride 
(10 mg/kg IV, repeat as necessary) to restore normal sinus rhythm.) 
If the child has a muscle wasting disorder, rocuronium should 
be used to secure the airway. However, if the airway appears to 
be dificult or precarious, then alternative strategies to secure the 
airway should be considered, including an inhalational anesthetic 
or topical local anesthetic and TIVA sedation. If an inhalational 
induction is performed, unexpected regurgitation may necessitate 
rotating the child quickly into the left lateral decubitus position 
and pharyngeal suctioning to prevent aspiration.

There is much debate regarding the importance and relevance 
of cricoid pressure in an RSI.237 Currently, there is no evidence to 
support or refute the use of cricoid pressure during RSI. However, 
there are some concerns regarding the application of cricoid pres-
sure in infants. In both infants and children, the cricoid ring and 
trachea are mobile and deformable, and as little as 5 N force can 
compress the infant’s airway by 50%.238 This is one-fourth to one-
sixth the force recommended for cricoid pressure. Cricoid pres-
sure may also increase the level of dificulty of tracheal intubation 
by distorting tracheal anatomy or compressing the cricoid ring. 
Very few assistants are trained properly in the location of the cri-
coid ring and in the magnitude of the force required to occlude the 
esophagus. It remains this author’s view that cricoid pressure has not 
been shown to reduce regurgitation in children at risk for aspiration 
and is not required for RSI. The practitioner should understand the 
advantages and disadvantages of cricoid pressure in infants and chil-
dren in order to make an informed decision regarding its use.

Emergency Drugs

Emergency drugs should always be available before inducing 
anesthesia. Syringes with a small gauge (23G or 25G) needle that 

contain weight-appropriate doses of atropine and succinylcho-
line should be immediately available to facilitate intramuscular or 
sublingual drug injection in an emergency. A syringe of propofol 
(1 to 2 mg/kg) should also be available to facilitate tracheal intu-
bation or insert an LMA, as well as to break laryngospasm and 
increase the depth of anesthesia quickly.239 Inotropic drugs are 
not routinely prepared for children undergoing elective surgery, 
unless the child has congenital heart disease or is critically ill. In 
the latter situations, preloaded syringes of phenylephrine (10 µg/
mL) and epinephrine (10 µg/mL) should also be available.

Monitors

The ASA recommends basic patient monitoring during all anes-
thetics including electrocardiogram, arterial blood pressure, SaO2, 
capnogram, and temperature, as well as additional monitors spe-
ciic for the child’s medical or anesthetic condition, for example, 
depth of anesthesia monitor. Many infants and preschool-age 
children ight the application of monitors while awake. Although 
induction of anesthesia is usually well tolerated and safe in expert 
hands, every effort should be made to apply at least a pulse oxim-
eter before inducing anesthesia. The remaining monitors should 
be applied as soon as the child loses consciousness. Understand-
ing the role of these monitors in pediatric anesthesia requires a 
basic understanding of these instruments, although three spe-
ciic monitors merit mention: The capnogram, temperature, and 
depth of anesthesia monitoring.

Capnography

Two distinct approaches are used to analyze the end-tidal carbon 
dioxide tension in the breathing circuit by infrared analysis. In the 
irst, gas is aspirated continuously from the breathing circuit and 
the carbon dioxide tension is detected in a remote sensor. This is 
known as sidestream capnography. In the second, the carbon diox-
ide tension is directly analyzed by a sensor interposed within the 
breathing circuit. The latter is known as mainstream capnography.

The accuracy of sidestream capnometry improved dramati-
cally when circle system breathing circuits replaced t-piece cir-
cuits because there is less dilution of expiratory gas. Sidestream 
capnometry using gas obtained from the elbow of the circle 
breathing circuit provides accurate data, even in neonates who 
have small tidal volumes. On the other hand, mainstream cap-
nography is infrequently used and unpopular among pediatric 
anesthesiologists, particularly for infants and neonates, because 
it increases the dead space of the breathing circuit, must be itted 
at the tracheal tube/elbow and is heavy, thus increasing the risk 
of inadvertently bending the trachea tube and possibly kinking it.

The end-tidal pCO2 may also be accurately monitored while 
the child is sedated and breathing spontaneously through a face 
mask or through bafled nasal prongs. This noninvasive but 
accurate measure of capnometry allows continuous assessment 
of ventilation in remote sites such as the MRI and CT scanners 
amongst other locations.

Temperature

Thermoregulatory homeostasis requires an understanding of the 
physiology of heat transfer in the child as well as the effects of 
anesthesia. Children have large surface areas to body weight and 
as such are at risk for rapid and extensive heat loss to the environ-
ment. In children, heat loss follows the order: Radiation (39%) 
> convection (34%) > evaporation (24%) > conduction (3%).240 
When anesthesia is induced, heat is redistributed from the central 
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core to the periphery, from where it is lost to the environment. 
There is little that can be done to prevent the redistribution of 
heat with induction of anesthesia but there are a number of strat-
egies that may attenuate the net loss of heat from the child.

The temperature of the operating room should be increased 
to about 28° C (80° F) before nonfebrile neonates and infants 
arrive. Since there may be a substantial (up to 1 hour) lag time 
between setting the operating room temperature and achieving 
it, the room temperature should be adjusted as the previous child 
leaves. The increased temperature warms the walls and the air 
within the room, thereby reducing both radiation and convection 
heat losses, respectively.240

Several other modalities have been used to maintain thermo-
neutrality in infants and children during anesthesia including 
water mattresses, radiant overhead heaters, and forced air warm-
ers. Water mattresses address heat loss primarily through con-
ductive paths and since this accounts for an insigniicant fraction 
of the heat loss, they are unnecessary. Radiant overhead heaters 
are used primarily for neonates and infants. Feedback control 
to avoid skin burns is best served using an accurate measure of 
the distance of the heater from the infant’s skin surface as well as 
continuous surface temperature monitoring on the infant’s skin. 
However, for the majority of infants and children who require 
temperature control in the operating room, the most important 
modality is the forced air warmer. These warmers are the single 
most effective strategy available to minimize heat loss in chil-
dren who undergo surgery lasting 1 hour or more.241 Although 
it is comforting to the child to preheat the air mattress before the 
child enters the operating room, this practice does not affect the 
child’s temperature at the end of anesthesia. These warmers may 
predispose to airborne contamination and possible surgical infec-
tion, although evidence is conlicting. It remains this author’s rec-
ommendation to turn the forced air warmer off when the skin is 
prepped and resume heating only after the surgical drapes are in 
place.

A heat and moisture exchanger may be used to add humidity 
to the circuit although its eficiency is poor, particularly for sur-
gery less than 1 hour and in infants.

Temperature should be monitored continuously throughout 
the anesthetic and in the PACU of all children who receive anes-
thesia or sedation. Core temperature is ideally measured in the 
midesophagus using an esophageal temperature probe. Although 
alternative sites to measure the core temperature include the 
rectum, nasopharynx, and axilla, each site has its limitations. 
Rectal temperature probes may yield inaccurate temperatures 
if the probe falls out of the rectum or is buried in stool. Naso-
pharyngeal temperature may detect brain temperature but more 
likely underestimates the core temperature by cooler gas passing 
through the breathing circuit. Axillary temperature may under- 
or overestimate the core temperature if it is positioned on the 
ipsilateral arm where the IV luid is infusing or if the probe is 
either in the airspace behind the axilla being bathed by cool room 
air or the heat from the forced air warmer. The author prefers 
proper positioning of the axillary temperature probe against the 
axillary artery in the arm opposite to the side with the IV and with 
the shoulder completely adducted. In this position, an increase 
in temperature may be detected as an early sign of an MH reac-
tion given the proximity of the large deltopectoral muscle group. 
Although some use a forehead skin temperature to track tempera-
ture, 10 MH reactions occurred in which these devices failed to 
relect an increase in temperature.242

Temperature monitoring is important not only in MH but 
also to detect hypothermia. Hypothermia delays emergence from 
inhalational anesthesia, reduces the rate of degradation of medi-
cations. and increases infectious risks.

Depth of Anesthetic Monitoring

Recent reports of awareness in up to 1% of children who received 
general anesthesia for elective surgery have attracted considerable 
attention.226 Careful review of the studies suggests that many of 
these episodes may be attributed to local practices that expose the 
children to concentrations of anesthesia that were insuficient for 
the level of stimulation. To reduce the risk of awareness, the anes-
thetic concentration of sevolurane should be neither interrupted 
nor dramatically decreased early in anesthesia or during surgical 
stimulation.

The most widely studied anesthetic depth monitor in children 
in North America is the BIS, although other monitors such as the 
cerebral state index and spectral entropy monitor are available. 
BIS readings are affected by a number of variables that raise ques-
tions regarding their validity in children. First, the determinations 
vary with the anesthetic administered. For example, at equi-MAC 
values, the BIS measurements during halothane anesthesia are 
50% greater than those during sevolurane.243 This likely relects 
the substantial differences in the EEGs between the two anesthet-
ics. Second, the variability in the BIS measurements during sevo-
lurane among children precludes precise interpretation of the 
BIS measurement.64 Third, age directly affects the BIS readings, 
with BIS measurements in children <5 years of age are less reliable 
than those in children >5 years of age.62–64 This likely stems from 
maturational differences in the EEG from birth to school age, 
which was not incorporated in the BIS algorithm. Fourth, the BIS 
readings decrease as the sevolurane concentration increases but 
beyond 3%, BIS paradoxically increases.63 Additional curiosities 
with the BIS that are not pediatric speciic include its inability to 
accurately measure changes in the presence of nitrous oxide and 
ketamine, the increase in the BIS readings as muscle relaxation 
wears off, and lastly, the effect of position on the BIS reading with 
Trendelenburg position (30-degree head-down) increasing the 
BIS by 20%.244

This author’s indications for the use of the BIS monitor in 
children include those who cannot tolerate general anesthe-
sia because of hemodynamic instability, those in whom nitrous 
oxide is not used, and those who require TIVA.

PreoPerAtive PrePArAtion

Anxiolysis

It is important to reduce anxiety in children undergoing anesthe-
sia and surgery. Anxiety is greater when preschool age and with-
drawn children are separated from their parents, when anxious 
parents accompany their children, and when multiple personnel, 
bright lights, and loud noises are present at induction of anesthe-
sia. Each of these factors should be addressed on an institutional 
basis to reduce the overall anxiety in young children scheduled 
for surgery. Goal-directed therapy for the child should primarily 
attenuate the child’s anxiety preoperatively and anticipate more 
anxiety at induction of anesthesia and secondarily, address the 
parental anxiety.

Parental Presence at Induction of Anesthesia

Two systematic reviews established that Parental Presence at 
Induction of Anesthesia (PPIA) reduced the anxiety of parents 
but not the children.245,246 Children 1 to 6 years of age are those 
for whom PPIA may be most beneicial. Parents who are most 
insistent on being present at induction of anesthesia are often 
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the most disruptive, least likely to calm their child, and actually 
promote further noncompliant behavior in their child. Parents 
should never be invited to accompany their child for induction, 
lest both the hospital and the medical personnel ind themselves 
responsible for any untoward sequelae that occur. The entire OR 
team must be like-minded regarding PPIA including detailed 
plans for escorting the parents out of the OR at the appropriate 
time. Before entering the OR, the parents must be instructed on 
the normal behavior of children during induction of anesthesia. 
If the parent is unable to cope with the OR environment or the 
child’s loss of consciousness, he/she should not be present at their 
child’s induction of anesthesia.

Some cognitively challenged adolescents and children may 
resist the transfer to the operating room. In such cases, the par-
ents may have to be enlisted to accompany the child to the OR. 
Those children who resist attempts to bring them to the OR and 
are physically abusive despite enlisting the parent’s assistance may 
require intramuscular ketamine (see below).

Distraction Techniques

Preoperative coloring books, stories, videos, and websites may be 
used to help children of all ages learn about surgery and anesthe-
sia and the equipment that will be used for induction of anes-
thesia.246 Some children’s hospitals conduct operating room 
tours during which time the children become familiar and touch 
the face masks and breathing circuits. Child-life providers may 
help children defuse anxiety on the day of surgery by having 
the children play with the mask and lavor the inside using lip 
balm. Other distraction techniques including video games, ear-
phones, and portable Internet devices as well as music and clowns 
all reduce children’s anxiety. Once the child enters the operat-
ing room, the anesthesiologist should establish rapport (distract) 
with the child by telling a story, engaging them in conversation 
about a recent birthday, holiday, or vacation, or by singing as they 
prepare for induction of anesthesia.

Pharmacologic Sedation

For some, a premedication may be required to facilitate smooth 
separation from their parents. In North America, midazolam is 
the most widely used premedication for children because it can 
be given orally, nasally, rectally, intramuscularly, or intravenously 
to provide anxiolysis before induction of anesthesia. It should be 
noted that most premedications do not delay recovery and/or 
hospital discharge for surgeries at least 30 minutes in duration.

The dose of oral midazolam increases with decreasing age, 
although few bother to consider this very important factor.247 
Failure to adequately premedicate the child may lead to parents 
questioning the practitioner’s abilities, but more importantly, 
may fail to provide adequate anxiolysis for separation from the 
parents and induction of anesthesia. The bioavailability of oral 
midazolam is poor, with 27% at 0.15 mg/kg and 15% at 0.45 and 
1 mg/kg.7 This author administers 0.75 to 1 mg/kg (maximum 
dose 15 to 20 mg) to children 18 months to 3 years of age, 0.6 to 
0.75 mg/kg to children 3 to 6 years of age, 0.5 mg/kg to children 
6 to 10 years of age, and 0.3 mg/kg to children >10 years to a 
maximum of 15 to 20 mg to ensure a 98% success rate of sedating 
children within 10 to 15 minutes.248 Since oral midazolam leaves 
a bitter aftertaste, the current formulation is dissolved in a thick, 
lavored strawberry syrup. To minimize the aftertaste, the dose 
should be swallowed in a single bolus and then followed with a 
small volume of water. For children too young to swallow mid-
azolam from a cup, it should be instilled into the lateral gutters 
of the mouth using a needleless syringe to prevent the child from 

spitting it out. Judgment should be exercised when considering 
oral midazolam premedication for a child who is crying continu-
ously as few strategies, including parental presence at induction, 
may provide anxiolysis.

Alternative oral premedications include ketamine (5 to 6 mg/
kg),112 clonidine (2 µg/kg),249 and dexmedetomidine (2 µg/kg).250 
Ketamine is prepared by suspending it in a thick, lavored syrup. 
It offers few advantages over midazolam and may cause more 
postoperative vomiting (POV).112 Postoperative hallucinations 
and nightmares are infrequently reported after oral administra-
tion. Some have combined oral midazolam and ketamine in a 
50:50 mixture with good success. Both clonidine and dexmedeto-
midine take 60 to 90 minutes to affect sedation and anxiolysis. 
They may produce bradycardia and sedation that persist beyond 
the duration of the anesthetic.

The IN route is effective in the crying child, although nasal 
administration of medications is unpleasant for most. A volume 
of 0.5 mL is well tolerated and covers adequate mucosal surface for 
rapid absorption. IN midazolam 0.1 to 0.2 mg/kg causes effective 
premedication, but older children complain of the bitter burning 
aftertaste.251 IN sufentanil 1 to 2 µg/kg is also an effective pre-
medication, although in one study, 23% of patients desaturated 
to <90% after 2 µg/kg of IN sufentanil and 45% developed chest 
wall rigidity after 4.5 µg/kg.252 Succinylcholine may be required 
to resolve chest wall rigidity after IN sufentanil. IN dexmedeto-
midine (0.5 to 1 µg/kg) also provides anxiolysis and sedation,253 
although it may require up to 1 hour to affect sedation and the 
sedation may extend into the recovery period.

For older children and adolescents who are cognitively chal-
lenged, uncooperative, and/or behaviorally problematic despite 
their parents’ presence, IM ketamine 2 to 5 mg/kg (concentration 
100 mg/mL) administered via a small gauge, long needle (large 
enough to not break off if the encounter became combative) into 
either the deltoid muscle of an arm may be the only means to 
ensure safe delivery of the child to the OR.254 These children should 
be seated on a gurney before administering the ketamine, as they 
quickly lose consciousness and motor tone, becoming dificult to 
lift or move onto a gurney. By this route, ketamine has an onset of 
action of 3 to 5 minutes and a duration of 30 to 40 minutes.

Induction Techniques

Inhalational Induction

In North America, the most common technique for inducing 
anesthesia in children undergoing elective surgery is an inhala-
tional induction. Infants and children of all ages, including those 
who are crying and upset, can be successfully anesthetized using 
this approach. Distracting upset and crying children using a 
warm, reassuring, and calm manner often permits a successful 
induction of anesthesia by face mask. The notion that distraught 
children should be treated with “brutane” by holding children 
down and forcing a mask on their face with 8% sevolurane low-
ing has no place in pediatric anesthesia and may psychologically 
scar the child for life. If the child had a poor previous experi-
ence with anesthesia, it is important to understand the nature of 
the past experience and design an anesthetic to minimize their 
anxiety.

In preschool-age children, distraction techniques and pre-
medication are key strategies to minimize the anxiety associated 
with separating from their parents and undergoing induction of 
anesthesia. The author offers children (>3 years of age) a choice 
of several lavored lip balms to mark inside the mask. For younger 
children (<3 years of age), the author lavors the face mask for 
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them. The smell obscures the plastic smell of the mask but more 
importantly it distracts the child and offers a topic for discussion. 
Troposmia, which means a distorted perception of an odor, is an 
interesting strategy in which the child is told that the lavor that 
was applied to the mask will transform into his/her favorite lavor 
as anesthesia is induced. Using this approach, 80% of children 
interviewed postoperatively conirmed that they smelled their 
favorite lavor as they were anesthetized.255 Other distraction 
techniques include music, story and joke telling, magic, video and 
hand-held games, and clowns (see above).

With the child seated on the operating table with his/her back 
to the anesthesiologist’s chest (or on your lap if a diaper is worn) 
and at least a pulse oximeter (with more monitors as tolerated), a 
lavored face mask is applied over the mouth and nose with 5 to 
7 L/min of a mixture of 70% nitrous oxide and 30% oxygen. The 
adjustable pressure-limiting valve should be completely open to 
avoid resistance to exhalation. During this time, the child should 
be distracted by singing a song or telling a joke or story until the 
end-tidal N2O concentration exceeds 60% or the child ceases to 
respond to verbal stimulation. At this point, 8% sevolurane is 
delivered in one stepwise increase in concentration. If the sevolu-
rane concentration is increased in smaller steps or slowly, then a 
protracted period of excitement commonly ensues. If sevolurane 
is introduced at the same time as the nitrous oxide, unpremedi-
cated children will reject the mask because of the strong odor of 
sevolurane, potentially resulting in an aversion to or fear of face 
masks, which almost certainly will present dificulties for future 
anesthetics.

As the child loses consciousness, he/she is placed in the supine 
position. If apneic occurs during this period (as is often the case 
after premedication), ventilation should be assisted manually and 
gently. To reduce the risk of awareness, this author recommends 
maintaining 8% sevolurane and 70% nitrous oxide until intra-
venous access has been established. At that time, 1 to 2 mg/kg 
intravenous propofol is administered, the nitrous oxide may be 
discontinued, and an LMA or tracheal tube is inserted.86 Bilateral 
air entry in the chest, the presence of a capnogram, and no air 
entry in the epigastrium conirm proper tracheal tube placement. 
After inlation of the cuff of the LMA, absence of excessive air leak 

at 20 cm H2O conirms proper LMA placement. Once the airway is 
secured, the inspired concentration of sevolurane may be reduced 
to 2% to 3% inspired and nitrous oxide may be reintroduced.

The child with mask phobia poses a real challenge for those 
attempting to induce anesthesia by mask.256 Besides refusing a 
mask, these frightened children often steadfastly refuse needles 
(and therefore an intravenous induction), leaving few options for 
induction of anesthesia. There are many reasons why children 
may be fearful of face masks, including the unappealing odor of 
8% sevolurane administered to an unpremedicated child previ-
ously, a partially closed APL valve that prevented the child from 
exhaling, and claustrophobia. Irrespective of the reason for the 
mask phobia, if the mask is the focal point of the fear, it should be 
eliminated. In these cases, anesthesia may be induced without a 
face mask by inserting the elbow of the breathing circuit between 
two ingers and interlacing the ingers of his/her two hands (with 
lavor applied to the gloves) (Fig. 42-4A and B). With the hands 
cupped under the child’s chin and 70% nitrous oxide in oxygen 
lowing, the hands slowly close in over the child’s mouth. Since 
nitrous oxide is heavier than air, the cupped hands act as a res-
ervoir for the nitrous oxide. Suction tubing may be held in close 
proximity to minimize spread of anesthetic to those nearby. 
Although this technique causes OR pollution, this author believes 
it is the optimal approach for managing children with mask and 
IV phobias. Once the hands are tight over the mouth, 8% sevolu-
rane may be introduced. As soon as the child stops responding, 
the elbow of the circuit is inserted into the mask and the mask is 
applied to the face.

If the child is not mask-phobic, the anesthesiologist may 
deliver sevolurane from the outset of the anesthetic without 
the child smelling the sevolurane by rotating the face mask 90 
degrees so the balloon on the mask occludes the nares. This elimi-
nates/decreases the smell of sevolurane and allows anesthesia to 
be induced smoothly.

For older children (usually >6 years of age) who under-
stand how to breath-hold, another induction technique is a 
single-breath induction of anesthesia.257 This technique induces 
anesthesia within 20 seconds of the breath-hold. However, to 
be successful, the breathing circuit must be primed with 8%  

A B

Figure 42-4. For the child who fears the face mask, the mask is removed and the elbow of the breathing circuit is inserted 
between interlaced fingers in the hand. (A) At this time, the fresh gas comprises 70% nitrous oxide in oxygen. The hands are 
gradually brought closer to the child’s mouth from below the chin (nitrous oxide is heavier than air), until they completely cover 
the mouth. (B) At that point, either sevoflurane may be added to the fresh gas or a face mask applied to the face or both.
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sevolurane (with or without 70% nitrous oxide) that is veriied 
by an agent analyzer. This is achieved by lushing the circle circuit 
and a 2 to 3 L reservoir bag three to four times with 8% sevolu-
rane in 70% nitrous oxide, exhausting the contents of the circuit 
through the scavenging system. A large reservoir bag is preferred 
in the event the child takes additional breaths. In advance of the 
induction, the child practices vital capacity breathing, that is, 
inhaling maximally through the mouth and exhaling to residual 
volume through the mouth (by instructing the child to exhale 
until there is no air left in their lungs). The child may be supine 
or sitting for this induction, but if the child is sitting, an assistant 
should be prepared to support the child’s torso when he/she loses 
consciousness. Once the child has mastered the breathing maneu-
ver, the child exhales to residual volume, at which point the face 
mask and the primed breathing circuit is applied and held tightly 
to the face. The child is instructed to take a single vital capac-
ity breath through the mouth and hold it for as long as he/she  
can. While the child is holding his/her breath, the anesthesiolo-
gist counts aloud slowly to distract the child. In general, the child 
loses consciousness before the count reaches 15 seconds. As dis-
cussed above, a gradual introduction of the inhaled anesthetics 
may proceed smoothly in cooperative patients and one variation 
on that approach is demonstrated in the video.

Intravenous Induction

For children without intravenous access, there are several 
approaches to establishing access. First, a topical local anesthetic 
cream can be applied to the skin to prevent the pain of the needle 
puncture. Topical local anesthetic creams that are available include 
the eutectic mixture of local anesthetics (EMLA) cream (Astra-
Zeneca, Wilmington, DE), which requires a 45- to 60-minute  
application time to produce topical anesthesia and may cause 
skin blanching and venoconstriction; Ametop (4% tetracaine) 
(Smith and New, Canada); ELA-Max (liposomal 4% lidocaine); 
and Synera (Zars Pharma Inc., Salt Lake City, UT). Ametop, ELA-
Max, and Synera require a 30-minute application time and do 
not cause skin blanching or venoconstriction. A meta-analysis 
of EMLA and amethocaine found the latter to be more effective 
than the former in children.258 The J-tip injector of powder lido-
caine anesthetizes the skin, although it itself causes moderate pain 
in 20% of children. Investigation of the factors that predispose 
to painful response to IV placement include young age, more 
numerous previous painful procedures, greater state and trait 
anxiety, more active, and the presence of polymorphisms to endo-
thelin receptor A (EDNRA rs5333) compared with those with less 
pain.259 Second, 50% to 70% nitrous oxide may be administered 
for 1 to 2 minutes by a tight mask it to permit IV insertion, yield-
ing better results than with EMLA.260 Third, IN sufentanil may 
be used for IV placement. These approaches may be particularly 
useful for children with MH and myopathies in whom a potent 
inhalational anesthetic must be avoided.

Once intravenous access has been established, intravenous 
anesthesia can be induced. Currently, propofol, ketamine, and 
etomidate are used for induction of anesthesia in North America; 
sodium thiopental is only available outside North America.

Propofol is the most widely available induction agent. It is 
available as Diprivan in a 1% solution that includes Intralipid 
(long-chain triglycerides derived from soybean oil), EDTA 
(ethylenediaminetetraacetic acid, a bacteriostatic agent), egg 
lecithin (a phospholipid membrane stabilizer), and propofol 
(2,6-diisopropylphenol). Since propofol is a phenol derivative, it 
causes pain when injected into the small peripheral veins of chil-
dren. Several strategies have been used to attenuate or prevent 
pain, but only two techniques reliably prevent pain associated 

with IV propofol in small veins: 70% nitrous oxide in oxygen by 
inhalation or a modiied Bier block using 0.5 to 1 mg/kg of 1% 
lidocaine injected into a vein while the arm is occluded for 45 to 
60 seconds.93,94 Propofol is a very safe induction agent for chil-
dren. A bolus injection of propofol causes transient hypopnea or 
apnea with a minor decrease in heart rate and blood pressure.

Ketamine is also used for induction of anesthesia, although it 
is a second-tier induction agent because of concerns for postop-
erative nightmares. It is often used in the presence of circulatory 
instability (shock) or cyanotic heart disease.

Etomidate is only approved for children >10 years of age in 
the United States. A recent population pharmacokinetic study 
of etomidate in children concluded that the dose of etomidate 
should increase as age decreases because both clearance and vol-
ume of distribution increase with decreasing age.113 However, 
dosing recommendations have not been forthcoming. In adults, 
0.2 to 0.3 mg/kg IV etomidate is effective for induction of anes-
thesia. Like ketamine, it maintains blood pressure even in the 
presence of circulatory instability. It decreases cerebral blood 
low by 20% to 30%. Minor side effects include pain on injection 
and myoclonic jerking. However, a far more serious side effect is 
suppression of adrenal function for up to 24 hours after both a 
single dose and a brief infusion of etomidate. Preclinical studies 
with a modiied molecule of etomidate suggest that the anesthetic 
properties of etomidate may be preserved without adrenal sup-
pression.115 Studies in humans are pending.

Sodium thiopental has been used for almost half a century as 
the intravenous induction agent of choice, but in the past two 
decades, it was gradually supplanted by propofol as the induc-
tion agent of choice and more recently supply was cutoff to the 
United States out of ethical concerns regarding its use for lethal 
injection. Thiopental remains available in Europe and Asia. Dos-
ing for induction of anesthesia is 3 to 5 mg/kg intravenously. It 
causes no serious side effects when administered as an intrave-
nous bolus. However, because it is only metabolized at 10%/
hour, emergence is delayed if it is administered as a continuous 
infusion.

Intramuscular Induction

The intramuscular route is infrequently used for induction of 
anesthesia in children because it is painful, induction is slow, and 
there is a risk of sterile abscess formation. The only anesthetic 
currently used for intramuscular injections in children is ket-
amine.254 This approach is usually reserved for adolescent chil-
dren who are cognitively impaired, extremely uncooperative, and 
large in size. For further details, see intramuscular premedication 
above.

Rarely do children who require emergent securing of their 
airways present without intravenous access. When it does occur, 
one of several approaches may be undertaken. Intravenous access 
may be established before induction of anesthesia, after anesthe-
sia is induced with an inhalational agent, or after intramuscular 
injection of ketamine (3 to 5 mg/kg), atropine (0.02 mg/kg), and 
succinylcholine (4 mg/kg).

Rectal Induction

Rectal induction of anesthesia has been popular in young chil-
dren (<5 years of age) in the past, particularly for those who 
were unwilling to take oral premedication or who were very 
frightened. Several regimens have been used for rectal induction: 
Methohexital 15 to 25 mg/kg, midazolam 1 mg/kg, ketamine 5 
mg/kg, or thiopental 30 to 40 mg/kg.261 A number of problems 
were identiied with rectal anesthesia inductions, including 
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poor bioavailability of the induction agent (due to unpredict-
able rectal venous absorption or evacuation of the drug from 
the rectum), laryngospasm (with methohexital), and delayed 
recovery from anesthesia. In immune-compromised patients, 
rectal administration of drugs may lead to sepsis. Today, rec-
tal inductions are rarely employed. Most anesthetists prefer  
to involve the parents in managing the child’s behavior at 
induction of anesthesia rather than administer a rectal medi-
cation.

Problems during induction  

oF AnesthesiA

Oxygen Desaturation

Pulse oximetry may be the only monitor that remains functional 
during induction of anesthesia in the restless young child. All 
current oximeters include motion-artifact compensating soft-
ware that provides fairly accurate measurements even when the 
child is moving. As the child becomes anesthetized, respiration is 
reduced resulting in hypoventilation. Despite the use of oxygen-
enriched inspired gases, many children, particularly those with 
a history of a mild URI or who become deeply anesthetized, 
hypoventilate, or become apneic. This immediately leads to oxy-
gen desaturation, which may be exacerbated if nitrous oxide was 
coadministered. The primary diagnosis at this time is segmental 
atelectasis and intrapulmonary shunting, providing upper air-
way obstruction (often referred to as mild laryngospasm) has 
been ruled out. To restore the SaO2 10 to 20 cm H2O of posi-
tive end-expiratory pressure should be applied using the adjust-
able pressure limit valve. The peak pressure that is delivered 
should be carefully adjusted to avoid inlation of the stomach. If, 
however, the lungs are not being ventilated, then laryngospasm 
should be suspected quickly and the management followed as 
described below.

Laryngospasm

Laryngospasm is an infrequent, but potentially life-threatening 
complication that occurs in children during induction and emer-
gence from anesthesia. The frequency ranges from 0.4% to 10% 
among studies.262,263 Several factors are known to increase the risk 
of laryngospasm in children (Table 42-11).263

Laryngospasm is deined as the relex closure of the false and 
true vocal cords, although the precise pathogenesis of this relex 
remains debatable. Complete laryngospasm is deined as the 
closure of the false vocal cords and apposition of the laryngeal 
surface of the epiglottis and interarytenoids. The net effect is com-
plete cessation of air movement and noisy respiration, absence 
of movement of the reservoir bag, and an absent capnogram. 
In contrast, incomplete (or partial) laryngospasm is deined as 
incomplete apposition of the vocal cords with a residual small gap 
between the cords posteriorly that permits a persistent inspiratory 
stridor, limited movement of the reservoir bag, and progressively 
increasing respiratory effort. Some assert that incomplete laryn-
gospasm is not laryngospasm at all, but for treatment purposes 
this is a moot point.

The clinical indings in laryngospasm begin with faint inspi-
ratory stridor, suprasternal and supraclavicular in-drawing due 
to increased inspiratory effort, increased diaphragmatic excur-
sions, and lailing of the lower ribs. As greater inspiratory effort 

is expended, the intensity and volume of the stridor increases, 
and the chest wall movement resembles that of a “rocking horse.” 
As laryngospasm progresses, air movement through the almost 
closed glottis ceases and the inspiratory effort becomes completely 
silent. This is an ominous sign. If the progression of the laryngo-
spasm is not interrupted, oxygen desaturation will quickly ensue. 
This may be followed by a decrease in heart rate. This downward 
spiral must be interrupted as described below.

Management of laryngospasm requires a multifaceted and 
immediate response (Fig. 42-5).262 As soon as the diagnosis is 
suspected, a tight-itting face mask should be applied to the 
child’s face and 100% oxygen delivered with continuous posi-
tive airway pressure (15 to 20 cm H2O dialed into the adjust-
able pressure limiting valve). Pressures in excess of 20 cm H2O 
may cause gastric inlation. Note that the reservoir bag should 
not be squeezed except during the child’s inspiratory efforts, lest 
gas be driven into the stomach. If the triggering event is blood, 
secretions, or foreign material in the airway, these should be 
removed immediately. As soon as the offending agent has been 
expunged, the “jaw thrust” maneuver should be applied. This 
maneuver requires familiarity with the anatomy of the retro-
mandibular notch, an area subtended by the condylar process 
of the ascending ramus of the mandible anteriorly, the mastoid 
process posteriorly, and the external auditory canal superiorly.97 
Bilateral digital pressure is applied to the most cephalad point 
on the posterior edge of the condylar process of the ascending 
ramus of the mandible, and the force directed toward the fron-
tal hairline. The force should be applied for 3 to 5 seconds at a 
time and then released for 5 to 10 seconds, while maintaining a 
tight seal with the face mask against the child’s face. By applying 
and releasing pressure on the condylar processes, the repeated 
painful stimuli may cause suficient pain to induce the child 
to cry, which opens the vocal cords terminating the laryngo-
spasm. In addition to causing pain, the “jaw thrust” maneuver 
serves to relieve upper airway obstruction in the anesthetized 
child by both translocating the ramus of the mandible anteriorly 
and rotating the temporomandibular joint so the mouth opens. 
Together, these maneuvers lift the tongue off the posterior pha-
ryngeal wall establishing a patent upper airway.

The “jaw thrust” maneuver is not as effective when applied at 
the angle of the mandible as this region contains many fewer pain 
ibers and does not rotate the temporomandibular joint. Hence, 

tAble 42-11.  fActors AssociAted with 

lAryngospAsm263

Age: greater in infants than older children and adults; the 
risk decreases with increasing age

Recent URTI (<2 wks)

History of reactive airway disease

Exposure to second-hand smoke

Airway anomalies

Airway surgery

Airway devices (tracheal tubes, LMA)

Stimulating the glottis during a light plane of anesthesia

Secretions in the oropharynx (e.g., blood, excess saliva, 
gastric juice)

Inhaled anesthesia (deslurane and isolurane)

Inexperienced anesthesiologist

URTI, upper respiratory tract infection; LMA, laryngeal mask airway.
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the ability of the maneuver to establish a clear upper airway is not 
nearly as effective. Remember, laryngospasm cannot develop or 
persist if the vocal cords are moving and the child is vocalizing 
or crying. If positive pressure ventilation, 100% oxygen, and jaw 
thrust maneuver fail to break the laryngospasm, further interven-
tion should be undertaken before desaturation and bradycardia 
develop. Appropriate treatment would include in the following 
order: IV or IM atropine (0.02 mg/kg), IV propofol (1 mg/kg), 
and IV or IM succinylcholine (1 to 2 mg/kg IV or 4 to 5 mg/kg 
IM).264

Some suggest that gentle chest compressions effectively break 
laryngospasm in children. To add chest compressions to the man-
agement of laryngospasm requires a pair of free hands. If no free 
hands are available, do not abandon the maneuvers described 
above to perform chest compressions unless there is a cardiac 
arrest. The risk associated with this maneuver includes sternal 
or rib fractures, which must be explained to the parents if they 
occur. Currently, the author believes there is excellent alternative 
treatment for laryngospasm and insuficient evidence to recom-
mend chest compressions to relieve laryngospasm in children.

Recognize laryngospasm

Apply CPAP with 100% O2
and airway maneuvers

Assess O2 entry
bag movement

N one S ome

COMPLE T E
LARY N G OS PAS M

Consider specialized
maneuvers*  to convert
to partial laryngospasm

PART I AL
LARY N G OS PAS M

Reassess O2 entry with
CPAP

I MPROV E ME N TN O I MPROV E ME N T

I V  access

CPAP     V entilate with 100% O2
attempt intubation as appropriate

CPR +  ALS
as indicated

N o improvement I mprovement

 N o I V  access

S ux amethonium I V
1–2 mg/k g
atropine I .V .
0.02 mg/k g

( or consider I .V . propof ol)

S ux amethonium I M
3–4 mg/k g
atropine I M
0.02 mg/k g

and call f or help

S tabilize and resume
anesthetic and ? N G  tube

E liminate stimulus
D eepen anesthesia

with volatile or propof ol

Figure 42-5. Algorithm to diagnose and manage laryngospasm in children. From: Hampson-Evans D, 
Morgan P, Farrar M. Pediatric laryngospasm. Paediatr Anaesth. 2008;18:303–307, with permission. 
*apply the jaw thrust maneuver as described on page 1243 
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Bradycardia

Bradycardia is a slowing of the heart rate below age-deined lim-
its. For infants (<1 year of age) this is 100 beats/minute (bpm); for 
young children 1 to 5 years of age, 80 bpm; and for children >5 
years of age, 60 bpm. Since cardiac output of infants and children 
is heart rate dependent, a slow heart rate means a reduced cardiac 
output. If the heart rate decreases below these limits, corrective 
action should be taken to restore the heart rate, and if necessary 
cardiopulmonary resuscitation should be initiated.

Although hypoxia is the foremost cause of bradycardia in 
children, drug-associated causes include halothane and succinyl-
choline. Since sevolurane has replaced halothane in developed 
countries, this cause of bradycardia has all but disappeared.47 This 
is not the case in many developing countries. A single dose of suc-
cinylcholine remains a cause of bradycardia in children but is a 
much less common cause today because succinylcholine is not 
routinely used in children for tracheal intubation. The incidence 
of bradycardia during the irst 6 minutes of sevolurane anesthe-
sia in children with Down syndrome is ivefold greater than that 
in matched controls.265 Children who are rate dependent for car-
diac output and develop bradycardia may require treatment with 
atropine or isoproterenol.

The causes of bradycardia in healthy children are listed in 
Table 42-12. To stop progressive slowing of the heart rate, the 
underlying cause of bradycardia should be corrected (e.g., cor-
rect hypoxia when present and administer atropine 0.02 mg/kg). 
Atropine is only effective when myocardial electrical activity is 
present and the bradycardia is of vagal origin. If asystole occurs; 
however, atropine cannot restore the heart rhythm, and the only 
deinitive treatment is IV epinephrine (10 µg/kg). Secondary treat-
ment may include isoproterenol.

mAintenAnce oF AnesthesiA

Techniques

Inhalational anesthetics, supplemented with intravenous anal-
gesics and antiemetics, have been the mainstay of anesthesia 
although, of late, TIVA has emerged as a reasonable alternative. 
One key advantage that distinguishes inhalational anesthetics from 

intravenous anesthesia is the ability to continuously measure the 
end-tidal (alveolar) anesthetic concentrations of inhaled agents. 
This measurement provides invaluable information regarding the 
accuracy of our delivery system and the anesthetic partial pres-
sures in the VRG of tissues. Currently, isolurane, sevolurane, and 
deslurane are used to maintain anesthesia in children.

TIVA has become the primary anesthetic technique for chil-
dren with MH, for those undergoing spine surgery who also 
require motor-evoked potential monitoring, for those with a his-
tory of severe perioperative nausea and vomiting, and in some 
institutions, the standard anesthetic for most surgeries. Propofol 
and ketamine are the primary general anesthetics used with TIVA, 
although, unlike propofol, ketamine is emetogenic and associated 
with prolonged emergence when infused for prolonged periods. 
Propofol has been proscribed as a continuous sedative for chil-
dren in ICU because of the risk of PRIS but not in anesthesia. 
Dosing for bolus and infusions of propofol is described above.

Supplemental analgesics are also used during both inhalational 
and intravenous anesthesia to prevent physiologic responses and 
movement to pain. Remifentanil (with a 5 minute context-sensitive 
half-life) 0.05 to 0.1 µg/kg/min can be administered as an infusion, 
whereas other opioids (fentanyl and morphine) are more often 
administered by intravenous boluses. Fentanyl (1 to 2 µg/kg) or mor-
phine (0.05 to 0.1 mg/kg) can be administered intravenously; the dose 
is adjusted up or down depending on the child’s exposure to opioids, 
the severity of the pain, and concomitantly administered analgesics.

Fluid Management

General Principles

Intravenous luid administration sets should be prepared before 
the child arrives in the operating room. For young children, a 
500-mL bag of LR solution with a graduated buretrol is appropriate; 
for infants (<1 year) a 250-mL bag with a buretrol is preferable. These 
recommendations for the use of a buretrol and IV luid bag are intended 
to limit the risk of adverse events should the entire bag inadvertently 
be infused in the child. All pediatric IV sets should include a manual 
controller, a one-way valve (to prevent medications from passing 
retrograde up the IV tubing), and needleless ports and/or three-way 
stopcocks for medication administration. For children >8 years of 
age, the IV infusion set may be prepared with a macro or micro-drip 
without a buretrol and a 1,000-mL bag of balanced salt solution.

Intralipid infusions from total parenteral nutrition should 
be discontinued before transfer to the OR to reduce the risk of 
contaminating the Intralipid and central venous access line by 
repeated line accessing.

Most IV luids administered to healthy children during elec-
tive surgery consist of a nonglucose-containing isotonic salt solu-
tion, commonly LR solution in North America. These solutions 
replaced glucose-containing hypotonic solutions that were asso-
ciated with perioperative seizures, aspiration, and brain dam-
age after large volumes were administered during surgery. LR 
solution is slightly hypotonic (280 mOm/L) and contains small 
concentrations of potassium and lactate. Normal saline (0.9% 
NaCl) is isotonic (308 mOsm/L), acidic (pH 5), and contains no 
ionic moieties. Normal saline is not routinely used as the primary 
maintenance solution since large volumes may lead to a hyper-
chloremic metabolic acidosis (nonanion gap type). We advocate 
glucose-containing solutions, such as 1% or 2.5% glucose in LR 
solution, as a maintenance solution in infants <6 months of age and 
for young children who are cachectic, chronically malnourished,  
tolerate fasting poorly (maple sugar disease), and suffer from 
debilitating disease who may be at risk for hypoglycemia.266 These 

tAble 42-12.  cAuses oF BrAdycArdiA in 

inFAnts And children

1. Hypoxia (e.g., laryngospasm, obstructed airway, atelectasis)
2. Vagal relex response (e.g., laryngoscopy, prolonged 

stretch on the extraocular muscles)
3. Increased intracranial pressure
4. Medications (e.g., clonidine, β-blockers, α-adrenergic 

eye drops, succinylcholine without pretreatment with 
atropine, sevolurane [more common with Down 
syndrome], propofol infusion syndrome)

5. Electrolyte disturbance (e.g., hyperkalemia, hypocalcemia)
6. Congenital heart disease, congenital or acquired rhythm 

disturbance
7. Hypothermia
8. Air embolism
9. Tension pneumothorax

9
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solutions should not lead to intraoperative hyperglycemia or 
hyponatremia. Although the shift to isotonic salt solutions dra-
matically decreased the incidence of perioperative hyponatremia, 
some speciic surgeries (e.g., craniofacial surgery) may warrant 
perioperative monitoring of serum electrolytes.267

Children with speciic medical conditions should have tai-
lored intravenous solutions. For children with renal failure or 
renal insuficiency, normal saline has been the preferred bal-
anced salt solution because it contains no potassium although 
evidence suggests it may lead to greater serum potassium 
concentrations than LR.267a Children with a mitochondrial 
myopathy who had lactic acidosis in infancy should be fasted 
for only brief periods (to avoid acidosis and hypoglycemia) and 
should receive only normal saline with glucose supplementation 
as needed.

Infants and children <2 years of age who may be hypovolemic 
should be assessed preoperatively to determine the magnitude of 
their luid deicit: Mild, moderate, or severe. The signs of mild 
dehydration (5% body weight loss: Approximately 50 mL/kg 
deicit) include poor skin turgor and dry mouth. The signs of 
moderate luid dehydration (10% of body weight loss: 100 mL/
kg deicit) include sunken fontanel (if present), tachycardia, and 
oliguria in addition to the signs of mild dehydration. The signs 
of severe luid dehydration (15% of body weight loss: 150 mL/kg 
deicit) include sunken eyeballs, hypotension, and anuria plus the 
signs of moderate dehydration.

Correction of hypovolemia requires staged infusion of iso-
osmolar luid administration. Approximately 50% of the deicit 
should be replaced in the irst hour, 25% in the second, and 25% 
in the third. A balanced salt solution should be used to restore 
euvolemia.

Elective Surgery

For elective surgery, the traditional calculation for the hourly 
luid infusion rate has been based on replacing the triad of 
luid deicit during fasting, on-going maintenance, and blood 
and third-space losses. In children, the maintenance solution 
calculation was predicated on the 4–2–1 mL/kg/hr rule where  
4 mL/kg is for the irst 10 kg, 2 mL/kg is for the second 10 kg, 
and 1 mL/kg is for the third 10 kg and any additional body 
weight thereafter.268 In a reappraisal of their 1957 recom-
mendation, Holliday and Segar269 sought to address the risks 
associated with both administering hyponatremic solutions 
to children who were hypovolemic and applying their original 
luid infusion rates to isotonic solutions. They reasoned that all 
children whether they were fasted for elective surgery, present-
ing with sepsis or an acute inlammatory response, or receiving 
speciic medications such as opioids, have upregulated antidi-
uretic hormone that must be turned off to prevent water intoxi-
cation. To that end, they recommended establishing euvolemia 
as quickly as possible by infusing 10 to 40 mL/kg isotonic solu-
tion (with adjustment for those with cardiac and renal diseases) 
during the perioperative period. For children who require IV 
luids beyond 6 hours postoperatively, a maintenance solution 
of isotonic luid should be continued at half its original rate or 
2–1–0.5 mL/kg/h.269

Blood Transfusion Therapy

Initial blood loss may be replaced with balanced salt solution at a 
rate of 3 mL of solution for every 1 mL of blood loss. For third-
space losses, the replacement volume is based on the severity of 
the losses: 1 to 2 mL/kg/hr for minor surgery, 2 to 5 mL/kg/hr for 

moderate surgery, and 6 to 10 mL/kg/hr for major surgery and 
large third-space losses.

Although most pediatric surgeons are careful to minimize 
bleeding during surgery, it is important to remain vigilant regard-
ing all blood loss during surgery. For procedures that are likely to 
result in signiicant tissue trauma or blood loss, appropriate size 
IV access must be provided for transfusion of the blood and blood 
products needed for volume replacement. Packed red cells cannot 
be rapidly infused through either 24-gauge intravenous catheters 
or most peripherally inserted central catheters. A 22-gauge cath-
eter is the smallest intravenous cannula through which blood can 
be infused rapidly. Every effort should be expended to insert the 
largest intravenous catheter that the child’s veins will accommo-
date. This replacement, together with the maintenance require-
ment, should be logged on the anesthetic record. As the combined 
volume of balanced salt solution approaches 75 to 100 mL/kg, it 
is important to consider the possibility of dilutional thrombocy-
topenia and dilution of coagulation factors; coagulation indices 
should be measured at this time.

The threshold for initiating packed RBC transfusions in chil-
dren has undergone a renaissance in the past decade as evidence 
that the outcome and complications associated with a transfusion 
threshold of 7 g% hemoglobin is similar to that of 9 g%.270

The estimated blood volume in children decreases with 
increasing age from 95 to 100 mL/kg in premature infants to 
70 mL/kg in adults.271 Note that the estimated blood volume of 
obese children is reduced 10% from that of nonobese children of 
similar age.271 To estimate the allowable blood loss during sur-
gery, the following equation is used271:

Maximum allowable blood loss =  (starting Hct – target Hct)/
(starting Hct) 

(3)

Some modify Eq. 3 and replace the “starting Hct” in the 
denominator with the “average Hct.” This increases the allow-
able blood loss before transfusion. Irrespective of which equation 
is used, the actual Hct should be determined before initiating 
blood transfusion to ensure that the Hct has actually decreased to 
the desired level. When initiating a blood transfusion in a child, 
two formulae provide rough estimates of the amount of blood 
required to increase the hemoglobin concentration by 1 g%:  
4 mL/kg packed cells and 6 mL/kg whole blood.

Prophylaxis for Postoperative Vomiting

The incidence of POV in children depends on a number of fac-
tors that relate to the child (motion sickness history, age), the 
anesthetic (inhalational anesthetics, nitrous oxide [in speciic 
instances], opioids), perioperative oral luid ingestion, and 
the type of surgery (inguinal/orchidopexy, tonsillectomy and 
adenoidectomy, strabismus, and middle ear surgery). The risk 
of POV increases with the number of risk factors present: Age 
≥3 years, duration of surgery ≥30 minutes, strabismus surgery, 
and a history of POV in the proband or immediate family.272

To reduce PONV after elective surgery, children should 
be fasted for brief periods and not forced to drink oral luids 
postoperatively until they request them (to reduce the risk of 
vomiting).273 Intraoperatively, IV luids should be aggressively 
administered 20 to 30 mL/kg to reduce PONV.274 Pain is another 
factor in the genesis of PONV. It can be mitigated with regional 
anesthesia and NSAIDs or ketamine instead of opioids. If the 
child is scheduled for emetogenic surgery and has a history of 
POV, the optimal anesthetic regimen is propofol oxygen/air and 

10
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two antiemetics, although conlicting evidence exists regarding 
the role of substituting propofol and nitrous oxide in PONV.275

The optimal prophylactic antiemetic strategy to administer to 
children during anesthesia is dexamethasone and a 5-HT3 receptor 
antagonist, such as ondansetron.276 There is no dose–response rela-
tionship for dexamethasone: Doses between 0.0625 and 1 mg/kg 
are equally effective, although this author limits the maximum dose 
to 10 mg.277 The dose of ondansetron for prophylaxis in children is 
0.05 to 0.15 mg/kg. Although one report suggested that dexameth-
asone is associated with an increased incidence of postoperative 
tonsil bleeding,278 those results are not consistent with the author’s 
experience and the subsequent literature.279,280 A single dose of glu-
cocorticoids has been associated with several reports of tumor lysis 
syndrome in patients with undiagnosed acute lymphoblastic lym-
phoma, a very rare but potentially fatal outcome if unrecognized.220 
A single dose of dexamethasone has also been associated with a 
transient increase in serum glucose concentration that peaked at 
2 hours postoperatively, in obese adults with poorly controlled type 
2 diabetes. Data in children have not been forthcoming.

Regional Anesthesia and Pain Management

There are numerous regional blocks that may be performed to 
reduce nociception during and after surgery. Three common neu-
roaxial blocks performed in children today are caudal, epidural, 
and spinal blocks and these are described below. There has been a 
shift from neuroaxial to peripheral nerve blocks, both single-dose 
and continuous local anesthetic administration for perioperative 
pain management facilitated by the introduction of ultrasound 
guidance. Morbidity and mortality associated with regional anes-
thesia in children is exceedingly small and is not considered a sub-
stantive argument against its routine use in skilled hands.

Caudal Blockade

This block is useful for both lower abdominal and lower extremity 
surgeries in infants and children (<5–6 years) who are undergoing 
ambulatory surgery. It is usually performed under general anesthe-
sia although in neonates, awake caudal and spinal blocks have been 
performed using local anesthetic iniltration and/or sedation. Single-
shot caudal blocks with local anesthetic alone are commonly per-
formed in ambulatory surgery. These blocks may last 4 to 6 hours, 
but if adjuvant medications are added, they may last even longer.

After induction of anesthesia and once that airway is secured, 
the child is turned onto the lateral decubitus (the side is deter-
mined by the anesthesiologist; left-handed anesthesiologists gen-
erally prefer the right lateral decubitus position for the child), 
and the key anatomical sites on the sacrum are palpated: Poste-
rior superior iliac spines and the sacral hiatus subtended by the 
two sacral cornua (see also Chapter 41, section “Caudal Block”). 
The sacrococcygeal ligament traverses the space between the two 
cornua and the coccyx. The skin is then prepared with antisep-
tic solution and allowed to dry while local anesthetic is prepared. 
Once the drug has been prepared, the skin site is cut with a blunt 
needle (to prevent the transfer of epidermis to the caudal space) 
and the IV catheter (22 gauge for those ≤2 years or 20 gauge for 
>2 years) is passed through the subcutaneous tissue and between 
or just caudal to the level of the two cornua at a 45-degree angle to 
the skin. Once the sacrococcygeal ligament has been pierced, the 
cannula is laid almost lat against the skin (forming a 10-degree 
angle of the skin) and advanced 2 to 3 mm through the ligament. 
At that point, the catheter is slipped off the needle and advanced  
2 to 3 mm. If any resistance is felt as the catheter is inserted, it 
is not within the caudal space and the entire cannula should be 

removed and the process repeated. If you are not certain the 
catheter is in the caudal canal, hold your thumb over the sacral 
hiatus and inject no more than 0.5 mL. If a bulge is felt desist; 
further injection will distort the surface anatomy and preclude 
a successful caudal block. If the catheter is properly positioned, 
then remove the needle and examine for blood or cerebrospinal 
luid leaking out the catheter. Do not apply negative pressure to 
the catheter as veins collapse easily. Connect the syringe with 
local anesthetic and inject slowly 2 to 3 mL every 2 minutes, while 
observing the electrocardiogram. Peak T waves and an increased 
ST segment are sensitive indicators of an inadvertent intravascu-
lar injection during inhalational anesthesia, although blood pres-
sure increases are more sensitive during TIVA.281 Once the injec-
tion is complete, remove the catheter, clean the caudal skin area, 
and position the child for surgery.

This author prefers to administer 1 mL/kg bupivacaine 
0.175% with epinephrine (1:250,000) for all surgical procedures 
as a single-shot caudal block. This concentration may be prepared 
by combining 7 mL of 0.25% bupivacaine with 3 mL of saline to 
give a total volume of 10 mL. This concentration permits excel-
lent analgesic with motor blockade that resolves within 1 hour of 
placement. Others use ropivacaine 1 mL/kg of 0.2% or levobupi-
vacaine 1 mL/kg of 0.15%, although a comparative study of 0.2% 
ropivacaine, levobupivacaine, or bupivacaine concluded that 
the latter two local anesthetics were more effective than the irst. 
Adjunctive medications have been used to prolong the duration 
of the caudal block for several hours at best.111,282

If a continuous caudal block is planned for the child remaining 
in hospital for a period, then an 18G IV catheter should be inserted 
to accept a 21G epidural catheter. The catheter is inserted exactly 
as described above for caudal blocks and the catheter threaded to 
the spinal level necessary for perioperative analgesia. The catheter 
should be taped away from the anus or, alternately, tunneled under 
the skin to the side opposite the surgery. This reduces the risk of 
supericial infections at the catheter insertion site. Catheters that are 
smaller than 21 gauge may not thread to the desired dermatome 
level. Alternative strategies that may be used to achieve the desired 
level of block include the Tsui approach283 and inserting the catheter 
at an intervertebral space closer to the level of surgery.

Continuous infusions of local anesthetics may be infused epi-
durally for up to 3 days. A recommended dosing for continu-
ous infusions of bupivacaine to minimize the risk of toxic blood 
concentrations for neonates is 0.2 mg/kg/hr bupivacaine. It can 
be administered as 0.2 mL/kg/hr of a 0.1% solution.284 In infants 
and young children, 0.2 to 0.4 mg/kg/hr should be administered 
using 0.3 mL/kg/hr of a 0.1% solution. In older children, 0.4 to 
0.5 mg/kg/hr should be administered using 0.3 mL/kg/hr of a 
0.1% or 0.125% solution. To reduce absorption of local anes-
thetic, epinephrine is routinely added to the local anesthetic. 
Fentanyl (1 to 2 µg/mL) is often added to the caudal/epidural 
solution, although there is little evidence that this improves the 
quality of the block provided the tip of the catheter is properly 
positioned, 0.2 to 0.3 mL/kg/hr volume of local anesthetic is 
administered, and at least 0.1% bupivacaine or its equivalent 
concentration of local anesthetic is used.148 The addition of fen-
tanyl to the epidural solution causes urinary retention as well as 
pruritus, nausea, and vomiting. In the case of levobupivacaine, 
a large study demonstrated no beneit from the addition of fen-
tanyl to levobupivacaine concentrations as small as 0.0625%.148 
Ropivacaine may also be administered as a continuous epidural 
infusion for perioperative analgesia using a 0.2% concentration 
at 0.1 mL/kg/hr for infants <6 months of age and 0.2 mL/kg/hr 
for infants >6 months of age and children, for up to 72 hours.285

Careful attention must be paid to the dose of the local anes-
thetic (although ropivacaine and levobupivacaine are several fold 
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less cardiotoxic than bupivacaine) in infants and children as toxic 
blood concentrations may cause ventricular ibrillation and car-
diac arrest, which is very dificult to successfully resuscitate in the 
case of bupivacaine. The most effective treatment to restore nor-
mal sinus rhythm (although not FDA approved) is 1.5 mL/kg IV 
of 20% Intralipid,286 repeating the bolus up to twice or until nor-
mal sinus rhythm is restored. The incidence of complications with 
caudal/epidural block is small, approximately 1.5:1,000.287 Postop-
eratively, each child and parents/guardian should be interviewed 
daily for the eficacy of the block, side effects, and complications 
from the caudal/epidural block. Side effects of the block include 
nausea, vomiting, pruritus, urinary retention, and excessive motor 
blockade. Local infection, luid leakage, and bleeding at the cath-
eter site are important to recognize and treat as indicated.

Local skin infection at the catheter skin site may appear as red 
and swollen. These supericial infections rarely migrate internally 
causing epidural abscesses. If an infection is suspected, the cath-
eter should be removed and the skin cleansed and dressed.

Epidural Block

Epidural anesthesia is performed in the same manner as in adults 
except that a shorter 5-cm Tuohy 18G needle is more manage-
able. The distances from the skin to the dura in infants and chil-
dren, for example, are much smaller as are the doses.

Spinal Block

This block is useful in preterm infants and neonates who require 
lower abdominal supericial surgery (see Chapter 41, section 
“Spinal Anesthesia”).

emergence And recovery  

From AnesthesiA

As surgery concludes, a plan must be in place regarding the 
conditions for tracheal extubation: Will the child be awake or 
anesthetized? Evidence suggests that the advantages and dis-
advantages of the two techniques are similar, notwithstanding 
confounding effects by comorbidities and concomitant drugs.288 
In both scenarios, the train-of-four twitch response should be 
assessed and if at least one twitch is present, neuromuscular 
blockade should be antagonized. If there are no twitches present, 
antagonism should be delayed until at least one twitch appears. 
Equipment should be available to manage the airway (face mask, 
100% oxygen) and to manage complications from extubation 
(e.g., active suction).

In children, the primary focus during emergence from anes-
thesia is the airway, the child’s ability to breathe, and whether the 
child can protect his/her airway should bleeding or regurgitation 
occur during or after extubation. It is this author’s practice to 
remove the tracheal tube or LMA when the child has fully recov-
ered airway relexes and is responsive. There are very few surgical 
or medical indications to remove the airway during a deep level of 
anesthesia, although opinion varies on this matter. The concern 
regarding a deep extubation of the trachea is that a child who is 
deeply anesthetized and transported with an unsecured airway 
depends on the expertise of the caregiver in the PACU to manage 
the airway until that child awakens. If the anesthesiologist must 
return to the operating room and if there is no physician assigned 
to PACU, then the caregivers may have inadequate backup should 
an airway emergency arise.

During an awake extubation, the practitioner can follow one 
of two strategies: Either the no-touch technique or direct stimu-
lation. With the former, the child breathes 100% oxygen undis-
turbed and remains unstimulated until the third and inal phase 
of emergence (as described below). The end-tidal sevolurane 
concentration that is consistent with wakefulness is <0.6%. This 
author inds that emergence only begins when the anesthetic 
concentration is empirically <0.3% sevolurane or <0.25% iso-
lurane, depending on the presence of concomitant medications. 
As the inhaled concentration decreases below these values, the 
child opens his/her eyes spontaneously and reaches for the tra-
cheal tube, gags, and grimaces, all of which indicate that it is time 
to remove the airway. In the case of infants, they lex their hips 
indicating good muscle tone. In contrast, with the direct stimulat-
ing technique, the anesthetic concentration decreases toward the 
same concentrations (sevolurane <0.3% and isolurane <0.25%) 
at which time digital pressure may be applied to the most cephalad 
portion of the ascending ramus of the mandible, to the condy-
lar process (as described in the “jaw thrust” maneuver above), for 
3 to 5 seconds while directing the force toward the frontal hair-
line.97 The child becomes highly aroused and gags on the tracheal 
tube for several seconds, but then falls back to a semiconscious 
state when the stimulation abates. During this quiescent period, 
the child may breathe shallowly or breath-hold, but if desatura-
tion occurs, positive pressure ventilation with 100% oxygen must 
be instituted. When the child resumes coughing and gagging, the 
eyes open, respirations should be sustained and regular, the child 
should have purposeful movement (e.g., reaches for the tube), and 
then it is time to extubate. After this process, there appears to be 
less risk of triggering airway relexes upon tracheal extubation. 
Both the no-touch and the direct stimulation strategies provide 
similar outcomes with safe and protected airways in children.

The timing of tracheal extubation is critical for minimizing 
the risk of adverse airway events during emergence from anesthe-
sia. The optimal time to extubate the trachea in the “awake state” 
requires that the child has suficiently recovered from anesthe-
sia to support his/her own airway and that risk of adverse airway 
events is unlikely. During recovery from inhalational anesthesia 
in children, three distinct phases of emergence may be observed: 
Early, middle, and late phases. The early phase may last for sev-
eral minutes depending on the anesthetic drugs administered, 
concomitant medications administered, and the age of the child. 
During this phase, the child coughs intermittently, gags, struggles, 
and moves nonpurposefully. This phase passes relatively quickly 
as the child emerges from anesthesia and enters the middle or 
quiescent phase. During the quiescent phase, the child may return 
to an unresponsive state, become apneic or “agitated,” or breath-
hold, strain, and/or desaturate, the last outcome necessitating 
positive pressure ventilation to restore the SaO2 to >95%. As the 
child resumes quiet, spontaneous respiration, he/she enters the 
third and inal phase of emergence, which is characterized by 
purposeful movement, lexing the hips and coughing and gagging 
on the tracheal tube, all of which increase in intensity until the 
child grimaces and opens the eyes spontaneously. Removing the 
tracheal tube during either the early or middle phase markedly 
increases the risk of triggering an adverse airway event (eg., laryn-
gospasm). It is only during this third phase of emergence that 
the airway should be extubated making it least likely to trigger 
adverse airway relex responses. The author teaches trainees that 
“if you think it is time to remove the tube, don’t! Leave the tube 
in situ for another minute (or two) until the child is deinitely in 
the late or third phase of emergence when the tracheal tube may 
be removed for the irst and only time.”

If the tube is removed prematurely, breath-holding, upper 
airway obstruction, and laryngospasm may ensue. The child’s 
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face mask should be immediately available in order to deliver 
100% oxygen through a tight fit to the face with 100% oxygen 
and dial 10 to 20 cm H2O continuous positive airway pressure 
on the adjustable pressure limiting valve. To force the child 
through this “light” phase of anesthesia, pressure should be 
applied to the condyle of the mandible (see jaw thrust above) 
in 3- to 5-second intermittent applications until the child 
begins to breathe. If laryngospasm develops, see above for 
treatment.

Deep tracheal extubation requires an organized plan. In order 
to extubate the trachea deep, the depth of inhalational anesthesia 
must be 1.5 to 2 × MAC. In the case of sevolurane, this means 
between 3.6% and 5% end-tidal concentration for at least 10 min-
utes. Some prefer to inspect the larynx at that time for foreign 
substances and luids by performing laryngoscopy. Others gen-
tly stimulate the airway by moving the tube up and down. The 
absence of a response and the continuation of regular respirations 
indicate an adequate depth of anesthesia is present to remove the 
tube. If, however, the child coughs or breath-holds, then either a 
further period of anesthesia is required before a trial laryngoscopy 
is attempted or the deep extubation approach is abandoned and 
the child is awakened.

Appropriate equipment to transfer the child whose trachea is 
intubated must be immediately available. Either a self-inlating 
Laerdal bag or a t-piece should be available with a source of oxy-
gen. The nurses who manage these children in PACU must have 
the skills to manage an intubated airway, emergence from anes-
thesia, and the airway after tracheal extubation.

The timing of removing the LMA, either awake or during deep 
anesthesia, in general, does not affect the incidence of upper air-
way adverse events. However, the presence of a URTI, speciic 
anesthetics (e.g., deslurane, isolurane >> halothane, sevolu-
rane), and speciic surgeries (e.g., airway surgery) increase the 

risk of perioperative airway events.195,197 When the LMA has been 
removed during deep anesthesia, upper airway relex responses 
may only develop when the child begins to emerge from anes-
thesia, in the PACU. To avoid this potential problem, this author 
recommends that all LMAs be removed when the children are 
awake and only then should they be transferred to PACU.

In the vast majority of children, emergence from anesthe-
sia progresses smoothly as described above. However, chil-
dren who do not emerge from anesthesia in a timely fashion 
must be assessed for possible causes for delayed emergence 
from anesthesia (Table 42-13). The most common causes of 
delayed emergence include drug overdoses, increased sensitivity 
to drugs (e.g., OSA and opioid sensitivity), failure to taper or 
reduce the dose of inhalational or intravenous anesthetic, or the 
presence of hypothermia. Other, less frequent but potentially 
catastrophic events should also be considered including hypo-
glycemia, increased intracranial pressure, and metabolic causes 
including hyponatremia.

A rare but potentially fatal arrhythmia may develop during 
emergence in a child with an undiagnosed congenital long QT 
syndrome.55 Administering medications (such as 5-HT3 receptor 
antagonists) that are known to prolong the QT interval and in 
the presence of factors known to trigger torsades de pointes may 
suddenly trigger the arrhythmia.289 Treatment with IV lidocaine 
(1 to 2 mg/kg), magnesium (15 to 30 mg/kg), and/or shock may 
be necessary to convert to sinus rhythm.

trAnsPort to PAcu

Transferring children from the operating room to the PACU 
requires a stable airway, adequate oxygenation and ventilation, 

tAble 42-13.  cAuses oF delAyed emergence From AnesthesiA in children

Cause Investigation/Intervention

Anesthetic-related:

Residual drug effects: Inhalational anesthetics, opioids, 
propofol

• End-tidal concentration
• Evaluate total drug dose

Non-anesthesia medications: Recreational drug use (cocaine, 
crack), herbal medicines (valerian, St. John’s wort)

•  History; drug toxicology screen

Depressed neuromuscular junction, residual neuromuscular 
blockade, or pseudocholinesterase deiciency

•  Assess train-of-four

Hypothermia •  Measure the child’s temperature.
•  Introduce heating modalities as indicated (e.g., forced air warmer, 

heat operating room)

Severe hypercapnia (MAC CO2 ∼200–245 mm Hg) •  Blood gas and end-tidal pCO2

metabolic/other:

Hypo or hyperglycemia; diabetic ketoacidosis •  Measure blood glucose, urinary glucose, and ketones
•  Arterial blood gas and electrolytes for pH and anion gap

Electrolyte and metabolic disorder •  Serum electrolytes (e.g., hyponatremia, hypomagnesemia)

Acid–base disturbance •  Blood gas analysis (anion gap or non-anion gap acidosis)

Encephalopathy •  Hepatic, renal, endocrinopathy (e.g., hypothyroidism, Addison 
disease), or sepsis

•  Blood gas analysis, electrolytes, and blood cultures if indicated

Cerebrovascular accident/hypoxia •  Check bilateral pupil size
•  Check responsiveness to light and pain stimulus bilaterally
•  Assess the presence of a gag relex, symmetrical limb relexes
•  Assess the fontanelle pressure in infants
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stable heart rate and blood pressure, and adequate pain con-
trol. The child must be accompanied by an expert who has been 
trained to diagnose and manage postoperative problems, most 
notably airway obstruction.

Most children are transported to PACU without an artii-
cial airway, breathing spontaneously. The optimal position for 
transfer of a child after surgery is the lateral decubitus position, 
known as the “recovery position.”290 In this position, the upper 
leg is lexed at the hip and resting on the bed in front of the 
lower leg. The child’s upper hand should be placed under his 
lower cheek (Fig. 42-6). This position facilitates drainage of 
secretions, blood, or vomitus out of the mouth rather than onto 
the larynx, and the tongue falls to the lower cheek or out of the 
mouth rather than posteriorly onto the larynx. This position 
permits direct airway monitoring and intervention should the 
need arise.

Supplemental oxygen may be administered by nasal prongs or 
face mask during transport to the PACU to prevent desaturation 
during the transport. However, in the absence of nitrous oxide 
and in children whose lungs are normal, the most common rea-
son for desaturation during transport is upper airway obstruc-
tion, an emergency that is dificult to detect by pulse oximetry 
when supplemental oxygen is administered. The reason for this 
dificulty is that the large reserve of oxygen maintains the oxygen 
desaturation several minutes even in the presence of complete 
airway obstruction or hypopnea. Therefore, this author extends 
the child’s neck with the base of his hand (thenar and hypothenar 
eminences) while positioning his ingertips over the mouth/nose 
to feel the warm temperature in the exhaled gases to monitor res-
piration (and never pulls up on the chin to close the mouth) with 
the child in the “recovery” position.

Transporting the recovering child in the supine position pre-
disposes to airway obstruction from posterior displacement of 
the tongue and facilitates the accumulation of secretions or other 
luids in the supraglottic region. Furthermore, opioids depress 
the hypoglossal motor nuclei centrally, which relaxes the genio-

glossus muscle allowing the tongue to fall back and potentially 
obstruct the airway in the supine position.291

PAcu comPlicAtions

Approximately 5% of children have complications in the PACU,292 
with 77% from vomiting, 22% from respiratory causes, and 1% 
or less from cardiac causes. The age distribution of the complica-
tions showed that children >8 years of age vomited more than 
twice as frequently as those <8 years, whereas respiratory compli-
cations in infants <1 year of age occurred twice as frequently as in 
those >1 year of age.

Laryngospasm, Postoperative Stridor, and 
Negative Pressure Pulmonary Edema

Laryngospasm, postoperative stridor, and negative pressure pul-
monary edema occur both during induction of anesthesia and 
during or after emergence from anesthesia. Factors that increase 
the risk of laryngospasm are enumerated in Table 42-11.

Postextubation stridor may also occur after tracheal extuba-
tion. Stridor usually results from the epithelium within the cri-
coid ring swelling after the tracheal tube is removed. The swell-
ing reduces the internal cross-sectional diameter of the cricoid 
ring and increases the pressure gradient (and therefore work of 
breathing) across the ring. Because airlow in the upper airway 
is turbulent, the resistance to air low increases as the ifth power 
of the radius of the cricoid ring decreases. That is, if the radius 
of the airway within the cricoid ring decreases by 50%, the resis-
tance to airlow increases 32-fold. In infants with increased oxy-
gen requirements and metabolic rates, residual opioids, muscle 
weakness, and anesthesia may further compromise their ability 
to maintain an increased work of breathing during stridor, which 
could hasten fatigue and respiratory failure. Postextubation stri-
dor is more common in Down syndrome and children with recent 
URTIs. Treatment for stridor includes humidiied oxygen, sitting 
the child upright, reassurance, light sedation, intravenous dexa-
methasone (0.6 mg/kg IV), and nebulized racemic epinephrine 
(0.5 mL epinephrine in 2 mL saline). Heliox has been effective in 
reducing the work of breathing, oxygen consumption, and dis-
tress although it limits the inspired oxygen fraction. If hypoxemia 
or respiratory failure occurs, the trachea should be reintubated 
with a smaller size tube than the one originally used. To avoid fur-
ther irritating the epithelium, an audible leak should be present 
after intubation. If a racemic epinephrine treatment is repeated 
more than twice, the child should be observed for rebound edema 
in either the PACU or a monitored unit.

Negative pressure pulmonary edema or postextubation pul-
monary edema is an infrequent complication that usually occurs 
immediately or within several minutes after tracheal extubation 
in healthy, muscular adolescents and young adults, although it 
has been reported in infants.293 Shortly after the trachea is extu-
bated, the airway may become increasingly obstructed while the 
child appears somnolent and unresponsive. The presumptive 
diagnosis is laryngospasm, which may range in severity from very 
mild (i.e., hiccups) to severe. Ventilation by mask with 100% 
oxygen may be ineffective in restoring vital signs, necessitating 
tracheal reintubation using propofol and a muscle relaxant. As 
soon as the tube passes the vocal cords, pink frothy pulmonary 
edema luid may appear in the tube or appear upon suctioning 
the tube. SaO2 can be restored to >94% using positive pressure 

Figure 42-6. Position of the child after tracheal extubation in prepa-
ration for transfer to PACU and the pediatric ICU. This is known as the 
“recovery position” with the child lying in the lateral decubitus posi-
tion, neck extended and mouth opened. In this position, oropharyngeal 
secretions, blood, or vomitus will drain onto the gurney rather than 
collect in the parapharyngeal region and trigger upper airway reflex 
responses.
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ventilation with positive end-expiratory pressure and 100%  
oxygen. Tracheal intubation and positive pressure ventilation 
are usually suficient to resolve the pulmonary edema although 
in some instances, IV furosemide may be required. In a dose of 
0.5 to 1 mg/kg, furosemide venodilates the vasculature rapidly 
resolving the pulmonary congestion and improving oxygenation. 
Although some may recover from the pulmonary edema very 
rapidly, others require sedation and tracheal intubation for 12 to 
24 hours or more, until the pulmonary edema resolves.

Oxygen Desaturation

Failure to maintain adequate SaO2 in the recovery room is a 
common problem. Unrecognized hypoxia may lead to deteriora-
tion in the child’s clinical status and lead to sudden bradycardia 
and cardiac arrest. Continuous monitoring of the child’s SaO2 in 
the PACU is essential to provide an early warning sign of respi-
ratory distress. The minimum acceptable SaO2 in PACU is 94%. 
Administration of oxygen by face mask may be required to main-
tain the SaO2, particularly if residual anesthesia or opioids and/
or a craniofacial or muscular abnormality is present, or the child 
is obese or luid overloaded. In healthy children, oxygen desatu-
ration in PACU is generally indicative of hypoventilation and/
or airway obstruction. Because there is no means of assessing 
ventilation in children in the PACU who do not have artiicial 
airways, we must rely on clinical signs to quickly diagnose and 
treat airway obstruction and hypoventilation before complica-
tions develop.

Children should be weaned from oxygen dependency (assum-
ing they did not require supplemental oxygen preoperatively) 
before they are discharged to the loor or the step-down unit. 
Some children remove their face masks themselves when they 
awaken from anesthesia; if their SaO2 is ≥94% while breathing 
room air, then no additional oxygen is required. If the SaO2 is 
maintained with a face mask, then the oxygen supply can be 
weaned to nasal prongs and then to room air provided the SaO2 
is maintained at each stage. If the child cannot maintain his/her 
SaO2 despite weaning attempts, further investigation may be 
required (such as a chest X-ray) to rule out aspiration, pneumo-
nia, or pneumothorax.

Emergence Agitation

The introduction of sevolurane and deslurane anesthesia in 
children has caused a recrudescence of emergence agitation (also 
known as emergence delirium) during recovery from anesthesia. 
ED has a peak incidence in children (of both sexes) at 2 to 6 years 
of age, is more common after some anesthetics (sevolurane ∼ 
deslurane > isolurane >> TIVA), lasts 10 to 15 minutes, and is 
terminated either spontaneously or after an IV dose of propofol, 
midazolam, clonidine, dexmedetomidine, ketamine, opioids, or a 
host of other medications.294,295

The diagnosis of ED in children has proven dificult for several 
reasons. First, the presence of pain has proved to be a signiicant 
confounding variable in establishing the diagnosis. When ED 
was assessed in children undergoing MRI with either sevolurane 
or halothane, the incidence of ED after sevolurane was ivefold 
greater than it was after halothane.296 Second, the diagnosis of ED 
has been a challenge without a validated scale. To address this dif-
iculty, we developed the pediatric anesthesia emergence delirium 
(PAED) score and validated it as an objective measure of ED; a 
score >10 or, more recently, >12 is considered strongly indicative 
of ED.297

Vomiting

The frequency of vomiting in the PACU and after hospital dis-
charge has decreased dramatically with the introduction of pro-
phylactic antiemetics for children at risk for PONV. Prophylaxis 
for PONV is recommended for surgeries with the greatest inci-
dence of vomiting: Hernia, orchidopexy, tonsillectomy and ade-
noidectomy, ear surgery, strabismus surgery, and laparoscopic 
surgery. The incidence of vomiting increases with increasing age, 
peaking in females 10 to 16 years.298 IV dexamethasone (0.0625 
to 0.15 mg/kg (maximum 10 mg)) and ondansetron (0.05 to 
0.15 mg/kg) reduce the perioperative incidence of PONV by 
up to 80% or more.276 In fact, few children vomit in the PACU; 
most children who vomit, do so after ingesting their irst luids 
on the ward, in the car on the way home, or at home. Hence, 
we administer large volumes of IV luids intraoperatively and 
in PACU (total 10 to 40 mL/kg) and recommend oral luids 
only when the child requests to drink.273,274 If the child contin-
ues to vomit, there is no magic solution. First, oral luids should 
be withheld and intravenous access should be maintained or 
restarted and IV balanced salt solution administered. Second, if 
the child has either the ultrarapid polymorphism of CYP450 2D6 
or a polymorphism of adenosine triphosphate–binding cassette 
subfamily B member 1 (ABCB1) non-TT type (e.g., 2677 or 3435 
non-TT type) or both, then ondansetron may be ineffective.299 
Rapid assays are not available for these polymorphisms as yet.  
A second dose of ondansetron (0.1 mg/kg) may be given if at least 
2 hours have passed since the irst dose or IV metoclopramide 
(0.15 mg/kg) may be given.

Postoperative Pain

Management of pain in the PACU and on the ward depends on 
the origin of the pain, its severity, the medications already admin-
istered, and the status of the child. Regional anesthesia with 
neuroaxial or local blocks (penile, iliohypogastric/ilioinguinal or 
popliteal nerve blocks) may be used. Regional anesthesia is usually 
performed during general anesthesia in children (except in older 
adolescents) using either a direct nerve block or nerve stimulation 
or more recently ultrasound guidance.300 When regional block is 
unsuitable, impractical, contraindicated, or refused by the parents, 
opioids, NSAID agents (diclofenac, tramadol, ibuprofen, and acet-
aminophen), and ketamine may be employed (see above).301

Continuous morphine infusions have been used to manage 
pain in children.145 Morphine infusions may be prepared by dis-
solving the child’s weight as milligram of morphine in 100 mL 
of saline and infused at 1 to 3 mL/hr. These children are ideally 
monitored continuously with pulse oximetry.

To tailor the morphine dose to the severity of the pain, patient-
controlled analgesia (PCA) was developed for which the patient 
received morphine upon demand as well as a small dose continu-
ously for background pain, if needed. PCA has been shown to be 
effective in children as young as 5 years, as well as by caregivers 
or parents who were educated regarding these devices for those 
<5 years of age and those who are cognitively impaired.302 A typi-
cal morphine PCA may be programmed for a child as follows: 
PCA bolus 10 to 30 µg/kg; continuous rate of 10 to 40 µg/kg/hr 
(or in children at risk of apnea, 0 µg/kg/hr); lockout interval 6 to 
10 minutes; and a 4-hour limit of 0.25 to 0.4 mg/kg.145 Smaller 
doses and background infusions of PCA morphine are used in 
infants.145,303 Dilaudid (hydromorphone), which is three- to ive-
fold more potent than morphine, may also be used. The attending 
nurse should routinely monitor the child’s pain and if the pain is 
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not adequately controlled, the pump settings should be reviewed 
and adjusted accordingly.
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