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Providing anesthetic care for infants and children poses 
unique challenges because of the profound differences in 
physiology, pharmacokinetics, and pharmacodynamics of 
anesthetic drugs, and the wide variety of procedures that 
these patients undergo, which are often very different from 
the adult population. The developmental physiology, phar-
macology, fluid and transfusion therapy, and airway man-
agement in pediatric anesthesia will be defined. Anesthetic 
considerations and techniques in pediatric patients, espe-
cially in neonates, who are the most unique group of pediat-
ric patients, will be reviewed. The new field of fetal surgery 
will be addressed, and finally, the growing area of anesthesia 
in remote locations for pediatric patients and anesthetic neu-
rotoxicity in the developing brain will be discussed briefly.

DEVELOPMENTAL PHYSIOLOGY

Respiratory System

Lung Development
Lung development begins in the fourth week of gesta-
tion, but extrauterine survival becomes possible only 
when terminal air sacs begin to form and the capillary 
network surrounding them is sufficient for pulmonary 
gas exchange around the 26th week. Alveolar formation 
begins by the 36th postconceptual week, but most alveoli 
form postnatally. Type II pneumocytes begin producing 
surfactant around the 24th week of gestation, and pro-
duction of this mixture of phospholipids and surfactant 
proteins is critical for reducing surface tension and facili-
tating the inflation of alveoli.!

Chest Wall and Respiratory Muscles
The ribs extend from the vertebral column horizontally in 
infants compared to a caudad angle in adults. This config-
uration renders the accessory muscles of respiration inef-
fective in infants. The rib cage also tends to move inward 
during inspiration because of the high cartilage content 
in the ribs of neonates and infants. This paradoxic chest 
wall movement occurs commonly under general anesthe-
sia and is due to decreased tone of the intercostal muscles 
and upper airway obstruction. The diaphragm increases its 
work to maintain tidal volume, which can lead to fatigue.

The mature diaphragm has a low content of type I 
(slow twitch, high oxidative capacity) muscle fibers. Prior 
to 37 weeks’ postconceptual age, less than 10% of the dia-
phragmatic fibers are type I. A term infant has approxi-
mately 25% type I fibers, and an adult has approximately 
50%. This means that the diaphragm is more likely to 
become fatigued in premature and term infants, leading 
to earlier respiratory failure.

Chest wall compliance decreases throughout childhood 
and adolescence owing to the ossification of the ribs and 
development of thoracic muscle mass. The elastic recoil 
pressure of the lung increases throughout this time from 
an increase in pulmonary elastic fibers.!

Respiratory Variables
There are some major differences in static lung volumes 
and respiratory variables between children of different 
ages and adults (also see Chapter 5). Table 34.1 illustrates 
the major differences in these and other variables between 
infants and adults. Total lung capacity (TLC) is much 
larger per kilogram in adults compared with infants. This 
is largely due to the relative efficiency and strength of 
adult muscles of inspiration and effort.

Functional residual capacity (FRC) is similar on a per 
kilogram basis among age groups. However, the mechani-
cal reasons for this similarity differ. The FRC in adults is 
defined as the volume at which passive elastic forces of 
the chest wall are balanced by the recoil of the lung. This 
is the volume at end exhalation. In infants, both the elas-
tic recoil of the chest and the recoil pressure of the lung 
are very small. This would predict an FRC of about 10% 
of TLC. However, the FRC is about 40% of TLC owing to a 
prolongation of the expiratory time constant by a process 
known as laryngeal braking.

In an apneic infant, the lung volume is smaller than 
the FRC. Thus, an apneic infant has a disproportionately 
smaller store of intrapulmonary oxygen than an adult, 
and hypoxemia will develop rapidly if the airway is 
poorly maintained.

In infants, the closing capacity (CC) is larger than the 
FRC, so during exhalation, small airways start to collapse 
and trap air. In adults, the closing capacity is smaller than 
the FRC.!

Factors Affecting Respiration
In both infants and adults, PaO2, PaCO2, and pH control 
ventilation. An increase in PaCO2 increases minute ven-
tilation by increasing respiratory rate and tidal volume. 
This response to hypercapnia is not enhanced by hypox-
emia. In fact, hypoxia may depress the hypercapnic ven-
tilatory response.

High inspired oxygen concentrations depress newborn 
respiratory drive, and low inspired oxygen concentrations 
stimulate it. However, continued hypoxia will eventually 
lead to respiratory depression. Hypoglycemia, anemia, 
and hypothermia also decrease respiratory drive.

Metabolic demand drives minute ventilation. As oxy-
gen consumption increases, alveolar minute ventilation 
increases. Although tidal volume also increases, the 
increase in respiratory rate is the predominant variable 
that increases minute ventilation in infants.!

Breathing Patterns
Normal newborn breathing is periodic. There are pauses 
of less than 10 seconds and periods of increased respira-
tory activity. Periodic breathing is different from apnea, 
a ventilatory pause associated with desaturation and 
 bradycardia. Apnea is associated with prematurity and is 
treated with respiratory stimulants and with tactile stimu-
lation such as stroking or rocking. Postoperative apnea in 
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former premature infants is an important consideration in 
the planning of outpatient surgery.!

Cardiovascular System
Fetal Circulation
The fetal circulation is characterized by (1) increased 
pulmonary vascular resistance (PVR) with very little pul-
monary blood flow, (2) decreased systemic vascular resis-
tance (SVR) with the placenta as the major low resistance 

vascular bed, and (3) right-to-left blood flow through 
the ductus arteriosus and foramen ovale (Fig. 34.1). At 
birth, three events change the circulation into its post-
natal configuration. First, alveolar oxygen concentra-
tion increases, and alveolar carbon dioxide concentration 
decreases with the expansion of the lungs. This results in 
a decrease in PVR. Second, the low resistance placental 
bed is removed from the circulation when the umbilical 
cord is clamped. This results in an increase in SVR. The 
decrease in PVR leads to an increase in pulmonary blood 

   Table 34.1    Age-Dependent Respiratory Variables

Variable Units Neonate 6 mo 12 mo 3 yr 5 yr 9 yr 12 yr Adult

Approx. weight kg 3 7 10 15 19 30 50 70

Respiratory rate breaths/min 50 ± 10 30 ± 5 24 ± 6 24 ± 6 23 ± 5 20 ± 5 18 ± 5 12 ± 3

Tidal volume mL 21 45 78 112 170 230 480 575

mL/kg 6-8 6-8 6-8 6-8 7-8 7-8 7-8 6-7

Minute ventilation mL/min 1050 1350 1780 2460 4000 6200 6400

mL/kg/min 350 193 178 164 210 124 91

Alveolar ventilation mL/min 665 1245 1760 1800 3000 3100

mL/kg/min 222 125 117 95 60 44

Dead space/tidal   
volume ratio

0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Oxygen consumption mL/kg/min 6-8 3-4

Vital capacity mL 120 870 1160 3100 4000

mL/kg 40 58 61 62 57

Functional residual  
capacity

mL 80 490 680 1970 3000

mL/kg 27 33 36 39 43

Total lung capacity mL 160 1100 1500 4000 6000

mL/kg 53 73 79 80 86

Closing volume as  
percentage of vital  
capacity

% 20 8 4

Number of alveoli Saccules ! 106 30 112 129 257 280 300

Specific compliance C"/FRC:mL/cm 
H2O/L

0.04 0.038 0.06 0.05

Specific conductance  
of small airways

mL/s/cm H2O/g 0.02 3.1 1.7 1.2 8.2 13.4

Hematocrit % 55 ± 7 37 ± 3 35 ± 2.5 40 ± 3 40 ± 2 40 ± 2 42 ± 2 43-48

Arterial pH pH units 7.30-7.40 7.35-7.45 7.35-7.45

Pa#$2 mm Hg 30-35 30-40 30-40

Pa$2 mm Hg 60-90 80-100 80-100

Modified and reproduced with permission from O’Rourke PP, Crone RK. The respiratory system. In Gregory GA, ed. Gregory’s Pediatric Anesthesia. 
2nd ed. New York: Churchill Livingstone: 1989:63-91.
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Fig. 34.1 Course of the fetal circulation in late gestation. Note the selective blood flow patterns 
across the foramen ovale and the ductus arteriosus. (Greeley WJ, Cripe CC, Nathan AT. Anesthesia for 
pediatric cardiac surgery. In Miller RD, ed. Miller’s Anesthesia Vol 2. 8th ed. Philadelphia: Saunders; 
2015:2799-2853.)  

flow and therefore an increase in blood return to the left 
side of the heart. The increase in left atrial pressure func-
tionally closes the foramen ovale.

The three fetal channels that close after birth are the 
ductus arteriosus, ductus venosus, and foramen ovale. 
The ductus arteriosus is functionally closed in 98% of 
neonates at 4 days of life. It constricts because of an 
increase in arterial oxygen tension and a decrease in 
prostaglandins released from the placenta. Later, the con-
stricted duct becomes fibrotic becoming the ligamentum 
arteriosum. The ductus venosus closes with the clamping 
of the umbilical vein. The portal pressure decreases, and 
the ductus venosus closes. Via the ductus venosus, an 
umbilical venous catheter enters the inferior vena cava 
and becomes a true central venous catheter. The foramen 
ovale is patent in many infants and is probe patent in 
30% of adults.

If pulmonary artery vasoconstriction occurs in the 
first few days of life as a result of hypoxemia, acidosis, 

or pulmonary hypertension, blood can shunt right to left 
through the previously functionally closed foramen ovale 
or the ductus arteriosus, resulting in profound hypoxemia 
and acidosis. This is termed persistent fetal circulation 
and can be life threatening. Treatment is directed toward 
decreasing PVR.!

The Neonatal Myocardium
The neonatal myocardium is characterized by poorly 
organized myocytes that contain fewer contractile ele-
ments than the adult myocardium, in which the myo-
cytes are well organized in a parallel arrangement. The 
sarcoplasmic reticulum in the neonatal heart is immature 
with disorganized T-tubules. The neonatal myocardium 
depends heavily on the concentration of free ionized cal-
cium for contractility. Transfusion of blood products to 
neonates may cause hypocalcemia and depressed cardiac 
function, which can be treated with calcium administra-
tion (also see Chapter 24).
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Although the stroke volume of neonates is usually 
fixed and the cardiac output usually increases by increas-
ing heart rate only, the neonate can increase stroke 
volume up to a point according to the Frank-Starling 
relationship if the afterload is kept low.1!

Autonomic Innervation of the Heart
The parasympathetic nervous system predominates 
early in life, while the sympathetic nervous system is 
still developing. This imbalance is clinically relevant 
and can be seen as marked bradycardia or even asys-
tole during laryngoscopy, orogastric tube placement, 
or tracheal suctioning in the neonate or infant. Many 
anesthesia providers will pretreat with an anticho-
linergic, atropine or glycopyrrolate, prior to airway 
instrumentation.!

Newborn Cardiovascular Assessment
The newborn cardiovascular examination should focus 
on the hemodynamics, including heart rate and arterial 
blood pressure (in all extremities) and oxygen satu-
ration measurements. Other parts of the examination 
include capillary refill, peripheral pulses, respiratory 
status, and the possible presence of a murmur or third 
or fourth heart sound on auscultation. Urine output 
trends should be assessed. Analysis of arterial, venous, 
or capillary blood gases should be performed if acido-
sis is suspected. If performed, results of a chest radio-
graph, electrocardiogram, or echocardiogram should 
be reviewed. Normal cardiovascular variables are dis-
played in Table 34.2.!

The Renal System
Postnatally, the kidneys replace the placenta in maintain-
ing metabolic homeostasis. The glomerular filtration rate 
(GFR) is 15% to 30% of adult values at birth and increases 
to 50% at 5 to 10 days of life. Adult values are reached by 
1 year of age. The low GFR affects the neonate’s ability 
to excrete sodium, water loads, and some drugs. Tubu-
lar function develops after 34 weeks of gestation. The 
tubules are immature and have a reduced threshold at 
which bicarbonate is no longer completely reabsorbed by 
the kidney. This is associated with the inability of young 
infants to respond to an acid load and the slightly reduced 
values of pH (7.37) and plasma bicarbonate (22 mEq/L). 
Infants also have decreased concentrating ability and a 
low level of production and excretion of urea. Blood urea 
nitrogen (BUN) remains normal because less urea is being 
produced. Creatinine immediately postnatally equals the 
maternal value and decreases in the first 48 hours to lev-
els of 0.5 mEq/L or less if renal function is normal.!

The Hematologic System
The blood volume in the newborn ranges from 82 to 93 
mL/kg for the term newborn to 90 to 105 mL/kg for the 
preterm newborn. After the first year of life, blood volume 
declines to approximately 70 to 80 mL/kg. The normal 
newborn hemoglobin is 14 to 20 g/dL. Fetal hemoglobin 
(HgF) makes up 70% to 80% of the hemoglobin at birth. 
HgF has a higher affinity for oxygen than does adult 
hemoglobin. The higher affinity of HgF for oxygen shifts 
the oxyhemoglobin dissociation curve to the left. The P50 
of HgF is 18 to 20 mm Hg, and the P50 of adult hemoglo-
bin is 27 mm Hg. The difference in P50 between the two 
types of hemoglobin facilitates the uptake of oxygen by 
the fetus at the placental interface.

The physiologic nadir in hemoglobin occurs at 9 to 12 
weeks of life and is 10 to 11 g/dL in the term infant. The 
decreased hemoglobin values do not affect oxygen delivery 
because of a shift in the oxyhemoglobin dissociation curve 
to the right. The rightward shift is caused by an increase in 
2,3-diphosphoglycerate (2,3-DPG) and the replacement of 
HgF by adult hemoglobin and facilitates the unloading of 
oxygen in the tissues. The hemoglobin concentration sta-
bilizes at 11.5 to 12 g/dL until 2 years of age, after which it 
increases gradually to adult values during puberty.

At birth, the vitamin K–dependent coagulation factors 
(II, VII, IX, X) are present at 20% to 60% of adult levels. 
This may lead to a prolonged prothrombin time. It can 
take several weeks for these factors to reach normal val-
ues owing to synthesis in an immature liver. Prophylactic 
intramuscular (IM) vitamin K is given to all newborns. 
In addition, maternal ingestion of some drugs including 
anticonvulsants and warfarin can cause vitamin K defi-
ciency in the newborn.!

   Table 34.2 
   Normal Heart Rate and Systolic Blood 

Pressure as Functions of Age

Normal Range

Age Group
Heart Rate 
(beats/min)

Systolic Blood 
Pressurea (mm Hg)

Neonate  
(<30 days)

120-160 60-75

1-6 months 110-140 65-85

6-12 months 100-140 70-90

1-2 years 90-130 75-95

3-5 years 80-120 80-100

6-8 years 75-115 85-105

9-12 years 70-110 90-115

13-16 years 60-110 95-120

>16 years 60-100 100-125

aAs measured using oscillometric blood pressure device.
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PHARMACOLOGIC DIFFERENCES

Pharmacokinetics

Protein binding of drugs is different between infants and 
adults. Some of this difference is due to a lower con-
centration of serum protein/albumin in younger children. 
There is also a lower affinity of protein-bound drugs for 
serum proteins in neonates compared with adults. With 
decreased protein binding, the concentration of free drug 
is increased, resulting in an increase in drug effect. The 
effect of decreased protein binding is most apparent in 
highly protein-bound drugs such as phenytoin, bupiva-
caine, barbiturates, and diazepam (also see Chapter 4).

The difference in body composition also has an effect 
on pharmacokinetics. Preterm and term neonates have 
a larger percentage of total body water compared with 
older children and adults. This is reflected in an increase 
in the volume of distribution (Vd). A larger initial dose 
of drug is needed to reach the same therapeutic serum 
level and pharmacologic effect when the Vd is increased. 
Larger initial doses are required for digoxin, succinylcho-
line, and antibiotics in neonates. Fentanyl is an important 
example of a commonly used anesthetic in neonates that 
requires larger initial doses. Also, neonates and infants 
may be more sensitive to the effects of certain drugs and 
need lower serum blood levels to achieve the same effects. 
Medications should be given slowly and titrated to pre-
determined effects.

There is also a decreased percentage of fat and muscle 
in small infants compared with older children and adults. 
Drugs that rely on redistribution to these tissues for the 
termination of clinical effects may last longer in small 
infants. Thiopental and propofol, for example, depend on 
redistribution for awakening after a single dose.!

Hepatic Metabolism
Hepatic metabolism of drugs changes lipid-soluble, 
pharmacologically active drugs into usually inactive, 
nonlipid-soluble drugs for excretion. The activity of 
most hepatic enzymes is reduced in neonates, as is blood 
flow to the liver. This can result in a longer duration 
of effect of some pharmacologic drugs. Again, fentanyl 
is an important example. Hepatic metabolism of drugs 
approximates 50% of adult values at birth in a full-term 
neonate, rapidly increases during the first month of life 
to near adult values, and is fully mature by 1 or 2 years 
of age.!

Renal Excretion
Neonatal kidneys become more efficient with age. 
Owing to immature glomerular and tubular func-
tion, drugs that depend on the kidney for excretion 
such as aminoglycosides have prolonged elimination 

half-times in neonates. Glomerular and tubular func-
tion is nearly mature at 20 postnatal weeks and is fully 
mature at 2 years.!

Pharmacology of Inhaled Anesthetics
FA/FI is the ratio of concentration of alveolar (FA) to 
inspired (FI) anesthetic. At the beginning of an inhaled 
induction of anesthesia, FA is zero, and FI is large. As 
the FA/FI increases toward 1, induction of anesthesia 
occurs. The FA/FI ratio increases more rapidly in neo-
nates compared to adults, which means that anesthesia 
can be induced more rapidly than in adults.2 There is 
a larger alveolar ventilation to FRC ratio (VA/FRC) in 
neonates compared to adults and thus a more rapid 
increase in FA/FI. The ratio is 5:1 in neonates and 1.5:1 
in adults (also see Chapter 7).

Infants and small children may have an increased 
cardiac output during an inhaled induction via a mask 
because of preoperative anxiety. Increased cardiac out-
put is associated with increased pulmonary blood flow 
and higher uptake of anesthetic from the lungs, which 
decreases FA and slows the increase in FA/FI. Therefore, as 
a result of uptake, the rate of anesthetic induction would 
slow down. However, the increased cardiac output also 
increases anesthetic delivery to the vessel-rich group 
(VRG), and the partial pressure of anesthetic in the VRG 
equilibrates with FA. The partial pressure of anesthetic in 
the venous blood approaches the partial pressure in the 
alveoli and speeds the increase in FA/FI.

In neonates, there are also reduced tissue/blood solu-
bility and reduced blood/gas solubility. Blood solubility 
of the higher solubility inhaled anesthestics (isoflurane) 
is 18% lower in neonates. Therefore, there is less uptake 
from the alveoli, and the increase in FA/FI is more rapid. 
The blood solubility of the less soluble inhaled anesthet-
ics, such as sevoflurane and desflurane, does not differ 
between infants and adults, and FA/FI does not increase 
as rapidly. The reduced tissue solubility of isoflurane also 
contributes to a more rapid increase in FA/FI in neonates 
compared with adults.

Effect of Shunt on an Inhaled Induction of Anesthesia (Also 
See Chapter 26)
Left-to-right shunts are mostly intracardiac (ventricular 
or atrial septal defects) and are associated with increased 
pulmonary blood flow. These have no real effect on the 
rate at which induction of anesthesia occurs. Right-to-left 
shunts involve a portion of the systemic venous return 
that bypasses gas exchange in the lungs and is circulated 
systemically. Right-to-left shunts can be either intracar-
diac (tetralogy of Fallot) or intrapulmonary (endobron-
chial intubation, atelectasis). Right-to-left shunts slow 
the rise in FA/FI and delay induction of anesthesia. This 
is more pronounced with less soluble anesthetics such as 
sevoflurane and desflurane.!
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Minimum Alveolar Concentration
Minimum alveolar concentration (MAC) varies with age. 
The MAC of inhaled anesthetic drugs is highest in infants 
1 to 6 months old. The MAC is 30% less in full-term neo-
nates for isoflurane and desflurane. Sevoflurane MAC at 
term is the same as at age 1 month.2 The presence and 
degree of prematurity decrease MAC. This may be due 
to immaturity of the central nervous system or neuro-
humoral factors. Cerebral palsy and developmental delay 
also reduce the MAC by 25%.!

FLUIDS AND ELECTROLYTES

Intraoperative Fluid Administration

Intravenous (IV) fluid given to children in the operating 
room serves one of four purposes: replacement of a defi-
cit, maintenance fluids, balancing ongoing losses, and 
treatment of hypovolemia (also see Chapter 23). Although 
hypotonic solutions such as 0.2% normal saline with 
added dextrose and potassium are often used outside the 
operating room for maintenance fluid administration, 
generally, nonglucose-containing isotonic solutions are 
given in the operating room in order to avoid hypona-
tremia and abnormalities of serum potassium concentra-
tions. Lactated Ringer solution and Plasma-Lyte A are 
the most commonly used isotonic solutions in pediatric 
patients. Administration of 5% albumin is the most com-
mon colloid used in pediatric patients, but disagreement 
exists as to the efficacy of this therapy versus isotonic 
crystalloid administration.

Replacement of Preoperative Fluid Deficits
The preoperative deficit is the number of hours that 
a patient has had no oral intake or has been nil per 

os (NPO) multiplied by the hourly maintenance fluid 
requirement of the patient (Table 34.3). Generally, 50% 
of the deficit is replaced in the first hour of anesthesia, 
and the remaining 50% is replaced during the following 
2 hours.3

Patients presenting for emergency surgery may have 
larger fluid deficits from vomiting, fever, third-space fluid 
loss, or blood loss that needs to be taken into account. 
The use of warmed fluids should be considered to avoid 
hypothermia with administration of large amounts of 
intravascular volume replacement.!

Maintenance Fluids
The hourly maintenance rate should be calculated using 
the “4-2-1 rule” and should be administered in the form 
of isotonic solution throughout the case.!

Ongoing Fluid Losses
Ongoing losses can be characterized as whole blood loss, 
third-space loss, and evaporation. When blood or colloid 
is used to replace blood loss, a ratio of 1:1 is used. When 
crystalloid is used to replace blood loss, a ratio of 3:1 is 
used. Third-space and evaporative losses vary with the 
invasiveness of the procedure from noninvasive such as a 
strabismus repair to very invasive such as an exploratory 
laparotomy for necrotizing enterocolitis (NEC) (see Table 
34.3). Third-space losses can be replaced with isotonic 
crystalloid.!

Treatment of Hypovolemia
Intravascular volume can be monitored in pediatric patients 
by assessing the hemodynamic variables for the age group. 
Tachycardia and decreased arterial blood pressure suggest 
hypovolemia. Monitoring of urine output or central venous 
pressure can provide other information about intravascular 

   Table 34.3    Fluid Replacement in Children

Fluid Requirements

Basis for Replacement Hourly 24 Hours

Maintenance

Weight (kg)
<10
11-20
>20

4 mL/kg
40 mL + 2 mL/kg >10 kg
60 mL + 1 mL/kg >20 kg

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

Replacement of Ongoing Lossesa

Type of surgery
Noninvasive (e.g., inguinal hernia repair, clubfoot repair)
Mildly invasive (e.g., ureteral reimplantation)
Moderately invasive (e.g., elective bowel reanastomosis)
Significantly invasive (e.g., bowel resection for necrotizing 

enterocolitis)

0-2 mL/kg/h
2-4 mL/kg/h
4-8 mL/kg/h
%10 mL/kg/h

aReplacement for ongoing losses with crystalloid must always be integrated with the patient’s current cardiorespiratory status, status as evaluated 
during the surgical procedure, estimated blood loss with plans for blood product replacement, and baseline medical problems.
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volume status. If hypovolemia is suspected, a 10 to 20 mL/
kg bolus of crystalloid or colloid can be given.!

Glucose Administration
Glucose-containing solutions should not be used routinely 
in pediatric patients intraoperatively.3 They should not 
be used to replace intravascular fluid deficits, third-space 
losses, or blood loss. In children older than 1 year of age, 
the stress and catecholamine release associated with surgery 
usually prevent hypoglycemia. Glucose is commonly given 
to patients who are younger than 1 year of age or less than 
10 kg. Pediatric patients at greater risk for developing hypo-
glycemia include premature and term neonates and any 
patient who is critically ill or who has hepatic dysfunction. 
Patients receiving total parenteral nutrition with high dex-
trose concentrations preoperatively can either be continued 
on a reduced rate of the same infusion or can be converted 
to a 5% or 10% dextrose-containing infusion to maintain 
the administration of glucose. An infusion pump should 
be used for high-concentration dextrose solutions to avoid 
bolus administration. Blood glucose concentration should be 
monitored closely in patients with risk of glucose instability.!

TRANSFUSION THERAPY

Maximum Allowable Blood Loss

Before anesthesia, the maximum allowable blood loss 
(MABL) should be calculated for a given case and to pre-
pare for possible transfusion of red blood cells (also see 
Chapter 24). The estimated blood volume (EBV) is depen-
dent on the age of the child and hematocrit (Hct):

Initial treatment for blood loss is to maintain intra-
vascular volume by administering crystalloid or colloid 
solution. When the Hct reaches the threshold, red blood 
cells should be transfused. The minimum acceptable Hct 
depends on patient age and comorbid conditions. For 
example, a higher Hct (e.g., 30% to 45%) is desired in 
patients with congenital heart disease, those with sig-
nificant pulmonary disease, and infants with apnea and 
 bradycardia, or tachypnea and tachycardia.!

Transfusion of Blood Products
Packed Red Blood Cells
Transfusion of 10 to 15 mL/kg of packed red blood cells 
(PRBCs) should increase the hemoglobin concentration 
by 2 to 3 g/dL. The estimated volume of transfusion of 
PRBCs should be predicted in advance in order to split 
units of cells in the blood bank into 10 to 15 mL/kg ali-
quots. This reduces the waste of a residual unit when only 
60 mL, for example, is required for transfusion. It also 

allows the blood bank to reserve the remaining unit for 
later administration to the same patient, reducing mul-
tiple donor exposure for the patient.

Special processing of PRBCs including leukocyte reduc-
tion and irradiation is warranted in some settings, including 
young infants less than 4 months of age and immuno-
suppressed or transplant patients. Leukocyte reduction is 
achieved by removing white blood cells by filtration to a 
maximum concentration of 5 ! 106 leukocytes per PRBC 
unit. White blood cells are responsible for febrile, nonhemo-
lytic transfusion reactions, human leukocyte antigen (HLA) 
allosensitization, and transmission of cytomegalovirus.

Irradiation of blood products is necessary to reduce the 
risk of transfusion-associated graft-versus-host disease, a 
potentially fatal condition in which transfused lymphocytes 
engraft and proliferate in the bone marrow of the recipi-
ent. Irradiated blood should be given to immunocompro-
mised children and to children with normal immunity who 
share an HLA haplotype with the donor. For this reason, all 
directed donor blood from family members is irradiated.!

Platelets
Platelet concentrates are either derived from whole blood 
or collected by apheresis. They are suspended in plasma, 
which contains coagulation factors. Administration of 5 
to 10 mL/kg of platelet concentrate should increase the 
platelet count by 50,000/dL to 100,000/dL. Indications 
for platelet transfusion are dependent on platelet number, 
function, and the presence or absence of bleeding. Plate-
lets are a cellular component of blood and may require 
irradiation using the same criteria noted earlier for PRBCs.!

Fresh Frozen Plasma
Fresh frozen plasma (FFP) is administered to correct 
coagulopathy due to insufficient coagulation factors. It 
contains all coagulation factors and regulatory proteins. 
Administration of 10 to 15 mL/kg will increase factor lev-
els by 15% to 20%. Prothrombin complex concentrates 
are derived from human plasma and contain vitamin 
K-dependent coagulation factors. The use of these agents 
has been described as a substitute for FFP for emergent 
reversal of anticoagulation and for the treatment of coag-
ulopathy after cardiopulmonary bypass surgery.3a,3b,3c!

Cryoprecipitate and Fibrinogen Concentrate
Cryoprecipitate and fibrinogen concentrate are sources of 
fibrinogen for replacement. Cryoprecipitate is primarily 
used as a source of fibrinogen, factor VIII, and factor XIII. 
It is ideal for administration to infants because of high 
levels of these factors in a small volume. Administration 
of 1 unit (10 to 20 mL) for every 5 kg to a maximum of 
4 units is usually adequate for correcting coagulopathy 
due to insufficient fibrinogen. Fibrinogen concentrate is 
a plasma-derived source of fibrinogen. It is increasingly 
being used for fibrinogen replacement in pediatric cardiac 
surgery and other complex pediatric surgeries, including 
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craniosynostosis and scoliosis repair. Rotational throm-
boelastometry is often used to guide replacement.4-6!

Antifibrinolytics
Antifibrinolytics include aprotinin, a serine protease inhibi-
tor, and tranexamic acid and "-aminocaproic acid, lysine 
analogs. These drugs can decrease bleeding and the transfu-
sion requirements during pediatric cardiac, spine, and cranial 
reconstructive surgery. Aprotinin is not available for use at 
this time owing to concerns about adverse effects in adults.!

Recombinant Factor VIIa
Recombinant factor VIIa is indicated for the treatment 
and prevention of bleeding in patients with factor VII 
deficiency and hemophiliacs with inhibitors to factors 
VIII and IX. Over the last 10 years, there have been mul-
tiple reports of off-label use of the drug in nonhemophil-
iac pediatric patients in a variety of situations including 
postcardiopulmonary bypass bleeding and trauma with a 
reduction in transfusion of blood products and normal-
ization of coagulation studies. Concerns remain about the 
potential for thromboembolic complications.7!

PEDIATRIC AIRWAY

Airway Assessment

There is no valid airway assessment in children that is 
similar to the Mallampati classification in adults. Children 
are often uncooperative with examination. Care should 
be taken to inspect for micrognathia, midface hypopla-
sia, limited mouth opening or cervical mobility, and other 
craniofacial anomalies that can predict difficult laryngos-
copy. The patient and parents should be questioned about 
the presence of loose teeth or orthodontic appliances that 
may be dislodged or broken during airway manipulation 
(also see Chapter 16).!

Airway Management Techniques
Airway management techniques in children are similar 
to those in adult patients, although the anatomy differs. 
Infants and young children have larger craniums and thus 
it is unnecessary to place a pillow under the occiput to 
achieve the “sniffing position” for airway management. 
The tongue is often relatively large in young infants and 
can more easily obstruct the airway. The cricoid ring is 
the narrowest part of the airway of the infant and young 
child, instead of the laryngeal aperture at the vocal cords 
as in adults. However, recent magnetic resonance imaging 
(MRI) and bronchoscopic data indicate that the pediatric 
airway is cylindrical, and the narrowest part is the glottis, 
as in adults.8 The larynx is positioned relatively higher, 
at C4 in the neonate rather than C6 as in the adult. The 

epiglottis is omega-shaped and soft in the infant, rather 
than U-shaped and stiff in the adult. Management of the 
airway using a face mask is more common in children. 
An appropriately sized mask should be selected, and care 
should be taken to optimally position the patient to avoid 
airway obstruction. If obstruction is encountered, con-
tinuous positive airway pressure of 5 to 10 cm H2O or an 
oral airway can be introduced to restore airway patency.

Supraglottic airway (SGA) devices are also made in pedi-
atric sizes and can be used for routine cases or as part of a 
difficult airway algorithm. SGA devices allow the patient 
to breathe spontaneously with no upper airway obstruction 
and without instrumentation of the trachea. They can also 
be used with pressure control mechanical ventilation safely 
in children. A 2014 meta-analysis found that the use of the 
laryngeal mask during pediatric anesthesia was associated 
with a decreased incidence of respiratory complications 
including desaturation, laryngospasm, cough, and breath-
holding compared with tracheal intubation.9

Endotracheal tubes are used for a large percentage of 
anesthetics in children. Historically, uncuffed tubes were 
the standard of care in children younger than 8 years 
of age because of concerns about subglottic stenosis and 
postextubation stridor. However, with the introduction 
of endotracheal tubes with high-volume–low-pressure 
cuffs, some studies suggest that there is no increased risk 
of airway edema with cuffed tubes and that the use of 
cuffed tubes may decrease the number of laryngoscopies 
and intubations due to inappropriate tube size. As a result 
of innovation in material and design, cuffs are now very 
thin and do not enlarge the outer diameter of the tube, 
and downsizing the inner diameter tube size to compen-
sate for the bulk of the cuff is no longer recommended.10 
A comparison of classic sizing for uncuffed and cuffed 
tubes and the new recommendations for cuffed tubes is 
displayed in Table 34.4.!

Difficult Pediatric Airway
The difficult airway in children can be challenging because 
of lack of patient cooperation in most age groups, which 
makes awake endotracheal intubation virtually impos-
sible. Most techniques are performed under deep seda-
tion or general anesthesia. A difficult airway should be 
anticipated in patients with craniofacial abnormalities or 
syndromes including Pierre Robin, Treacher Collins, and 
Goldenhar syndromes. A plan for management of the air-
way and equipment should be prepared.

Anesthesia can be induced intravenously or via inha-
lation. Adequacy of ventilation via a mask should be 
determined. At this point, the airway can be visualized or 
managed with a variety of airway adjuncts including the 
optical stylet, videolaryngoscope, flexible fiberoptic bron-
choscope, and the SGA, all of which are made in one or 
more pediatric sizes.11 The SGA can be used as the primary 
airway management for the case, or as a backup plan if 
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tracheal intubation is required, either by temporarily secur-
ing the airway, or as a conduit through which an endotra-
cheal tube can be placed.12 Prenatally diagnosed difficult 
airways (e.g., large cystic hygroma) are occasionally deliv-
ered as an ex utero intrapartum therapy (EXIT) procedure 
during which the fetus is partially delivered via cesarean 
section and the airway is secured while oxygenation is 
achieved via placental exchange (see later discussion).!

ANESTHETIC CONSIDERATIONS

Preoperative Evaluation and Preparation

The preoperative evaluation of a pediatric patient differs 
from that of an adult for many reasons (also see Chapter 
13). Age and weight of the child are extremely important 
as equipment such as laryngoscopes, endotracheal tubes, 
masks, and IV fluid setups are based on the age and size 
of the child. Drugs are commonly dosed based on weight, 
and accuracy is critical to avoid under- and overdosage. 
A history of prematurity is important, including the ges-
tational age at which the patient was delivered and any 
sequelae of prematurity such as cerebral palsy, chronic 
lung disease and apnea, and bradycardia. If the child has a 
genetic or dysmorphic syndrome, distinguishing features 
should be reviewed for potential impact on the anesthetic 
including craniofacial or cervical spine abnormalities 
that may lead to a difficult endotracheal intubation. 

Previous anesthetic history should be reviewed. A history 
of sleep-disordered breathing (obstructive sleep apnea), 
heralded by obstructed breathing or loud snoring during 
sleep, may be associated with difficult face mask ventila-
tion and higher sensitivity to opioid-induced respiratory 
depression.

The family should be questioned about risk factors for 
malignant hyperthermia (MH) including family history 
of MH, patient history of MH, and congenital myopa-
thies such as central core disease or King-Denborough 
syndrome. The parents should also be questioned about 
the presence of muscular dystrophies. Although possibly 
not associated with true MH, exposure to succinylcholine 
and inhaled anesthetics can result in hyperkalemia and 
rhabdomyolysis in patients with muscular dystrophy, and 
a nontriggering anesthetic (e.g., propofol) should be used.

A review of systems should be performed, and any 
pertinent positive findings should be explored. The 
patient and parent should be questioned about the pres-
ence or recent history of congestion, cough, fever, vom-
iting, or diarrhea, which may impact the decision to 
proceed with an elective procedure. Vital signs, includ-
ing heart rate, respiratory rate, temperature, and arte-
rial blood pressure, should be measured. Use of a pulse 
oximeter can be used to screen for occult cardiac or pul-
monary disease.

Physical examination should include a general assess-
ment of the patient’s growth and development. The airway 
should be examined as thoroughly as possible with atten-
tion to craniofacial abnormalities, presence of microgna-
thia, and tonsillar size. The heart and lungs should be 
auscultated to evaluate for murmurs and wheezing or 
decreased breath sounds. The patient should be examined 
for any signs of infectious process including rhinorrhea, 
tonsillar exudate, fever, and cough. Extremities should be 
examined for potential sites for IV access.

Preoperative Laboratory Testing
Routine preoperative laboratory testing for healthy chil-
dren undergoing outpatient surgery is not indicated 
except in the case of urine pregnancy testing (UPT) (see 
later discussion). However, preoperative testing may be 
indicated in children with organ system dysfunction. For 
example, BUN, creatinine, and potassium levels should 
be tested preoperatively in patients with renal disease. 
Hemoglobin should be measured in former premature 
infants at risk for anemia having procedures associated 
with significant blood loss. Radiologic examination is 
not routinely performed. However, if recent radiographs, 
computed tomography (CT) scans, or MRIs are avail-
able, they should be reviewed. If echocardiogram results 
or subspecialist notes are available, they should also be 
reviewed.

Preoperative UPT of pediatric patients is a controver-
sial topic. Adolescent females are unlikely to admit that 
they are sexually active or if there is a chance that they 

   Table 34.4    Oral Endotracheal Tube (ETT) Size for Age

Age Group
Uncuffed ETT  
Size (ID mm)

Cuffed ETT  
Size (ID mm)

Preterm 2.5-3.0 NA

Term 3.0-3.5 3.0-3.5

1-6 months 3.5 3.5

7-12 months 4.0 3.5-4.0

1-2 years 4.5 4.0-4.5

3-4 years 4.5-5.0 4.5

5-6 years 5.0-5.5 4.5-5.0

7-8 years NA 5.0-5.5

9-10 years NA 5.5-6.0

11-12 years NA 6.0-6.5

13-14 years NA 6.5-7.0

14+ years NA 7.0-7.5

Depth of insertion:
Multiplying the ID of the ETT by 3 yields the proper depth of 
insertion to the lips, in cm. Example: 4.0 mm ETT ! 3 = 12 cm 
for depth of insertion.

ID, Inner diameter.
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might be pregnant. Parents are reluctant to believe that 
their child might be pregnant. Asking the parent and 
child about the possibility of pregnancy can be uncom-
fortable for all parties. For these reasons, most hospi-
tals have a policy on preoperative UPT and will test all 
female patients beginning at menarche, or at an arbi-
trary age (e.g., 10 years old). Occasionally, a UPT will 
be positive, and there must be a process for verification. 
There must also be a process for revealing the results 
to the patient and parents and for counseling, based on 
local institutional considerations and individual state 
law.13!

Recent Upper Respiratory Tract Infection
The presence or recent history of upper respiratory tract 
infection (URI) is another controversial topic. Whereas 
cancellations for URI were quite common in the past, 
the present view is that the risks associated with anes-
thetizing a child with URI are manageable with little 
morbidity. Still, there is a slightly increased risk of air-
way hyperreactivity with associated bronchospasm, 
laryngospasm, and postoperative arterial desaturation 
due to atelectasis. Parents should be questioned about 
the presence of a URI. The patient should be examined 
for nasal congestion, cough, wheezing, and fever, and if 
a decision is made to proceed with the anesthetic, care 
should be taken to minimize risk of an adverse respi-
ratory event.14 Signs of lower respiratory tract infec-
tion (productive cough, fever, rales, wheezing, rhonchi, 
diminished or absent breath sounds) require cancella-
tion of elective surgery. Practical considerations usually 
result in minor surgery being performed in the face of 
URI, especially ear, nose, and throat (ENT) procedures 
when URI is frequent and the surgery will often decrease 
the frequency of these infections. Elective major surgery 
(i.e., intra-abdominal, intrathoracic, cardiac) is usually 
postponed for 2 to 6 weeks.!

Preoperative Fasting Guidelines
It is difficult for both the parents and the patient to keep 
a child NPO for an extended period of time, and fasting 
can lead to significant perioperative distress for the child 
and family. However, adherence to fasting guidelines 
minimizes the risk of aspiration of gastric contents. In the 
absence of bowel obstruction, gastroesophageal reflux, 
or other conditions leading to delayed gastric emptying, 
NPO guidelines in children are as follows: Solid foods are 
allowed until 6 to 8 hours before anesthesia; milk, forti-
fied breast milk, and infant formula until 6 hours before; 
unfortified breast milk until 4 hours before; and clear 
liquids until 2 hours before anesthesia.15 Forethought in 
scheduling and giving preoperative instructions about 
NPO times can minimize the time without oral intake, and 
children who are scheduled later in the day are often able 
to ingest clear liquids until 2 hours prior to the beginning 
of the anesthetic.!

Premedication
Both parental and patient anxiety can lead to significant 
perioperative stress and dissatisfaction. Attempts should 
be made to allay anxiety during the preoperative inter-
view. If it appears that the family and child are signifi-
cantly anxious, premedication may be required to calm 
and sedate the child. This may, in turn, improve parental 
anxiety.

The most widely used premedication in North America 
is midazolam. It can be administered via oral, intrana-
sal, rectal, and IM routes. Midazolam 0.5 to 0.75 mg/kg, 
provides adequate anxiolysis and sedation approximately 
20 minutes after oral administration. Rarely, a child will 
experience a paradoxic reaction to midazolam charac-
terized by agitation. Diazepam and lorazepam are most 
often used in older children and also produce sedation 
and amnesia.

Ketamine, a phencyclidine derivative, can also be used 
as an oral, nasal, rectal, or IM premedication. It produces 
sedation, amnesia, and analgesia, but it is also associ-
ated with excessive salivation, nystagmus, postoperative 
nausea and vomiting (PONV), and hallucinations. It does 
not depress airway reflexes, and airway tone is preserved. 
IM ketamine may be administered to agitated or devel-
opmentally delayed children who refuse to breathe via a 
mask or accept drugs for premedication.

The #2-agonist clonidine, given orally, provides preop-
erative sedation that is similar to that produced by benzo-
diazepines. It acts centrally and peripherally to decrease 
arterial blood pressure. Anesthetic requirements are 
decreased so that a lower concentration of volatile anes-
thetic is required to produce the same effect. Clonidine 
does not cause airway obstruction and reduces require-
ments for postoperative pain medication. Clonidine has 
a longer onset of effect than most other drugs used for 
premedication and must be given at least 1 hour prior 
to the anesthetic. This reduces clonidine’s utility in most 
busy, rapid case turnover settings.

Dexmedetomidine, another #2-agonist, is becoming 
increasingly popular as a premedication. Though its onset 
is slightly longer than that of midazolam, it produces sat-
isfactory sedation for parental separation and acceptance 
of breathing via a mask when given intranasally at a dose 
of 1 to 2 µg/kg. It also reduces the requirement for rescue 
analgesia and the incidence of postoperative agitation, 
delirium, and shivering.16

Parental presence at induction of anesthesia (PPIA) is 
another technique used to allay both patient and parental 
anxiety. The parent accompanies the child to either the 
operating room or an induction room for the induction 
of anesthesia. It can be comforting for both the parent 
and child. However, occasionally PPIA increases parental 
anxiety and can lead to increased patient anxiety and 
physiologic changes in the parent, including syncope. The 
temperament of both the child and the parent should be 
considered prior to the suggestion of PPIA.17 A recent 
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Cochrane review of nonpharmacologic interventions for 
assisting anesthetic induction in children concluded that 
PPIA is not useful. Other nonpharmacologic techniques, 
including low-sensory stimulation environment, hand-
held video games, and behavioral intervention, are more 
likely to reduce anxiety and improve patient cooperation 
during induction of anesthesia.18!

Perioperative Considerations
Thermoregulation and Heat Loss
Because of a larger surface area to weight ratio, small 
infants tend to lose heat more rapidly than adults when 
placed in a cold environment, by both radiation and 
convection. Small infants are unable to shiver and rely 
on nonshivering thermogenesis by metabolizing brown 
fat for heat production. Heat loss can also be limited 
by thermoregulatory vasoconstriction. The warming of 
the operating room environment and the use of radiant 
warmers, warmed IV fluids, airway humidification, and 
forced air warming can help to preserve normothermia 
in children.

Perioperative hyperthermia may be due to infection, 
inflammatory states, or overzealous warming. Hyperther-
mia is a late sign in MH; the first signs are usually tachy-
cardia, hypercarbia, and acidosis.!

Monitoring
Standard American Society of Anesthesiologists monitors 
include electrocardiography (ECG), blood pressure moni-
toring, pulse oximetry, and capnography, and they should 
be utilized in every pediatric anesthetic. A nerve stimu-
lator is recommended for monitoring neuromuscular 
blockade. The continuous auscultation of breath sounds 
via esophageal or precordial stethoscope is also recom-
mended, but some surveys demonstrate that this monitor 
is being utilized less in favor of other monitors.19 The 
monitoring of temperature is mandatory to detect MH or, 
more commonly, hypothermia.

Invasive arterial blood pressure and central venous 
pressure monitoring are indicated for invasive surgery 
and with significant cardiopulmonary comorbid condi-
tions. Monitoring cerebral oxygenation via near-infrared 
spectroscopy can be helpful during cardiac surgery and 
other cases in which cerebral perfusion may be compro-
mised. Monitoring of processed electroencephalogram is 
also available for children to estimate anesthetic depth, 
although there is some controversy over the reliability of 
this modality in children.20,13!

Routes of Induction of Anesthesia
General anesthesia can be induced via inhalation or 
through the administration of IV or IM drugs in children. 
An inhaled induction of anesthesia with sevoflurane 
in oxygen with or without nitrous oxide is a common 
method used in children because it does not require IV 

access. The child is taken to the operating or induction 
room, monitors are placed, and a face mask is applied. The 
concentration of inhaled anesthetic should be increased 
slowly in a cooperative child. As induction progresses, 
the child will usually pass through stage 2, the excitement 
phase. During this phase, coughing, vomiting, involun-
tary movement, and laryngospasm are possible. Attention 
should be devoted to the adequacy of the mask airway 
and the extent of obstruction. After the patient has passed 
through stage 2, an IV catheter can be placed. If laryn-
gospasm occurs prior to placement of the peripheral IV 
catheter, treatment with continuous positive airway pres-
sure or IM succinylcholine may be required.

IV induction is selected in children who already have 
IV access, who request an IV induction, or for whom an 
IV induction is indicated (full stomach, persistent gastro-
esophageal reflux disease, significant potential for car-
diopulmonary compromise). In some medical centers, a 
peripheral IV catheter is placed in all children presenting 
for surgery. The most common induction anesthetic in 
children is propofol 2 to 3 mg/kg. Neuromuscular block-
ade, usually rocuronium 0.6 to 1.2 mg/kg, or vecuronium 
0.08 to 0.1 mg/kg, is often used to facilitate tracheal intu-
bation, particularly in older children. Intubation of the 
trachea without muscle relaxation, facilitated by a bolus 
of propofol 1 to 1.5 mg/kg after induction of anesthe-
sia with sevoflurane, is a common approach in infants 
and young children without significant cardiopulmonary 
disease.

IM induction of anesthesia is used most commonly in 
developmentally delayed or severely uncooperative chil-
dren, and can be achieved with IM administration of ket-
amine (5 mg/kg). IM atropine or glycopyrrolate can be 
administered with the ketamine to decrease excess saliva-
tion. An IM ketamine induction may also be utilized in 
burned children with poor peripheral veins and a difficult 
airway because of extensive scarring for whom an inhaled 
induction of anesthesia may result in loss of both airway 
tone and the ability to ventilate the lungs via a mask.!

Maintenance of Anesthesia
Anesthesia is maintained with inhaled anesthetic or IV 
administration of drugs or a combination of the two. A 
muscle relaxant can be used to facilitate operative exposure. 
However, neuromuscular blockade is probably used less fre-
quently in children than in adults (also see Chapter 11).!

Emergence
In pediatric anesthetic practice, the decision to extubate 
the trachea while deeply anesthetized, or after emer-
gence, must be made on a case-by-case basis. In some 
circumstances, children are allowed to regain their airway 
reflexes and are extubated “awake.” However, extubation 
during deep anesthesia and emergence without an endo-
tracheal tube in place is a common practice in pediatric 
anesthesia. Advantages to waiting to extubate the trachea 
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until the patient is awake include the ability to protect 
against aspiration of stomach contents or blood/secre-
tions from the airway, and the relative safety of pass-
ing through stage 2 with an endotracheal tube in place. 
Advantages of extubation during deep anesthesia include 
no coughing or straining against suture lines or incisions 
and removal of the endotracheal tube before it leads to 
airway reactivity, both of which lead to a smoother emer-
gence. The child then emerges in the operating room or in 
the recovery room, and meticulous attention is needed to 
ensure that laryngospasm or airway obstruction does not 
go undetected during or after transfer to the postanesthe-
sia care unit (PACU).!

Pain Management (Also See Chapter 40)
Analgesic drugs used for pain control in children include 
acetaminophen, nonsteroidal antiinflammatory drugs 
(NSAIDs), and opioids, and they can be administered by 
an oral, IM, or IV route. The most common opioids used 
in pediatric anesthesia are fentanyl and morphine. Side 
effects include sedation, respiratory depression, pruritus, 
and nausea/vomiting.

IV acetaminophen is now available and is a useful 
addition to systemic opioids in perioperative pain man-
agement. It is critical that perioperative acetaminophen 
administration is communicated between all providers 
and parents and documented on the medical record to 
prevent duplicate dosing and hepatotoxicity.

NSAIDs, including ketorolac, can be associated with 
platelet dysfunction, gastrointestinal bleeding, and 
renal dysfunction. Therefore, patient comorbid condi-
tions should be considered such as renal impairment and 
risk of bleeding (tonsillectomy, cardiac surgery) prior to 
administration of NSAIDs for pain control. Advantages 
of acetaminophen and NSAIDs include lack of excessive 
sedation and respiratory depression, common side effects 
of opioids.!

Regional Anesthesia (Also See Chapters 17 and 18)
Regional anesthesia for intraoperative and postoperative 
pain control provides excellent analgesia with minimal 
side effects and decreases the requirement for opioid and 
nonopioid pain relievers. The single-shot caudal injec-
tion with local anesthetic is most commonly used for 
surgery at or below the level of the umbilicus. Alter-
natively, a catheter can be advanced into the caudal 
epidural space for delivery of an infusion of local anes-
thetic, which can be continued into the postoperative 
period. In children younger than 5 years of age, the 
catheter can usually be advanced to any spinal level and 
deliver local anesthetic to the associated dermatomes. In 
addition, the epidural space can be accessed relatively 
easily from the lumbar or thoracic level with subsequent 
placement of a catheter.

Other commonly performed regional blocks include 
brachial plexus, ilioinguinal nerve, femoral nerve, lateral 

femoral cutaneous nerve, sciatic and popliteal nerve, 
ankle, and penile blocks. These blocks are performed 
using landmark technique supplemented by ultrasound 
guidance; a peripheral nerve stimulator is also occasion-
ally used by many anesthesiologists.

When performing regional blocks in children, the child 
is commonly receiving a general anesthetic, and therefore 
unable to communicate the elicitation of a paresthesia 
or extreme pain on injection, which indicates a possible 
perineural injection. For this reason, guidance with ultra-
sound is widely assumed to increase safety of peripheral 
nerve blocks in children.

Spinal anesthesia has also been used as the sole anes-
thetic or in combination with a general anesthetic for 
a variety of cases. The technique gained popularity as 
an alternative to general anesthesia in former preterm 
infants having inguinal hernia repair who were high 
risk for perioperative apnea. Spinal anesthesia has also 
been used in older infants and children with and without 
increased risk for a general anesthetic.21!

The Postanesthesia Care Unit
Airway Monitoring
The PACU is a critical phase of the perioperative experi-
ence where a number of problems may be encountered 
(also see Chapter 39). Many patients are transferred 
deeply anesthetized without an endotracheal tube 
from the operating room and will emerge from gen-
eral anesthesia in the PACU. Transport from the oper-
ating room to PACU must be carefully monitored to 
detect hypoventilation or airway obstruction; many 
institutions require supplemental oxygen administra-
tion and even pulse oximetry during transport. As the 
patient regains airway reflexes, there is an increased 
risk for airway obstruction. The airway must be moni-
tored closely for signs of obstruction, laryngospasm, 
and hypoxemia, and a self-inflating or Jackson-Rees 
style ventilating circuit and mask must be available to 
provide oxygen, continuous positive airway pressure, 
and ventilation. In addition, succinylcholine should be 
available. The airway should also be monitored for stri-
dor/postintubation croup due to swelling. Treatment 
with dexamethasone, humidified oxygen, or nebulized 
racemic epinephrine may be warranted. Patients should 
also be monitored closely for apnea and hypoventila-
tion in the recovery area.!

Postoperative Nausea and Vomiting (Also See Chapter 39)
PONV is ranked by parents as the most unwanted side 
effect from anesthesia. A recent study identified four risk 
factors that predict PONV in children: age 3 years and 
older, strabismus surgery, duration of surgery, and previ-
ous history of postoperative vomiting in the patient or in 
a parent or sibling. If the patient has a high risk of PONV, 
avoiding opioids and nitrous oxide and the prophylactic 
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administration of antiemetics will decrease the incidence 
of PONV. Two-drug pharmacologic prophylaxis with 
ondansetron and dexamethasone has an expected relative 
risk reduction for PONV of approximately 80%.22!

Emergence Agitation and Delirium
Emergence agitation and delirium is another issue fre-
quently encountered in the PACU that is troublesome to 
families, recovery room nurses, and anesthesia care pro-
viders. It is often encountered after sevoflurane or desflu-
rane. The incidence is the most frequent after sevoflurane. 
The Pediatric Anesthesia Emergence Delirium (PAED) 
scale was developed to assist in the diagnosis of emer-
gence delirium. Though many drugs including propofol, 
fentanyl, clonidine, and dexmedetomidine may decrease 
the incidence of emergence delirium, only low-dose ket-
amine and nalbuphine decrease the incidence without 
prolonging emergence.!

Pain Control (Also See Chapter 40)
The adequacy of pain control must be assessed frequently 
for pediatric patients of all ages from neonates to adoles-
cents. The patients are recovering from a wide spectrum 
of procedures with differing amounts of associated pain. 
The children may be preverbal, nonverbal, or develop-
mentally delayed and unable to communicate their pain 
level. There are several scales for assessing pain in chil-
dren, including the FLACC (face, legs, activity, cry, con-
solability) and Wong-Baker Faces Pain Scale, along with 
evaluating vital signs. However, pain can be confused 
with anxiety, emergence delirium, and anger in children. 
Opioids can be titrated to effectively treat moderate to 
severe postoperative pain. NSAIDs or acetaminophen can 
also be administered, and if an epidural catheter is in 
place, it can be assessed for functionality and redosed.!

Discharge Criteria
PACUs are often structured in two stages. Patients are 
transferred from the operating room directly to first 
stage of recovery where the airway is assessed continu-
ously and acute postoperative pain and PONV are treated. 
After the patient is awake with a stable airway and pain 
under control, he/she may be moved to a second stage to 
complete recovery. The modified Aldrete scoring system 
is the most frequently used scoring system to determine 
discharge readiness. In the outpatient setting, patients 
may go directly from the operating room to second stage 
recovery, known as fast tracking (also see Chapter 37).!

Behavioral Recovery
Children can develop maladaptive behavioral changes 
after surgery including sleep and eating disturbances, sep-
aration anxiety, new-onset enuresis, and other behavioral 
issues. Parental anxiety, parental presence at induction, 
parental presence in the PACU, and the use of premedica-
tion have been shown to influence the incidence of these 

behavioral changes. Most of these behavioral changes 
do not persist beyond 3 days postoperatively. However, 
avoidance of negative behavior changes is associated 
with higher patient/parent satisfaction and a better over-
all perioperative experience.17!

MEDICAL AND SURGICAL DISEASES 
AFFECTING THE NEONATE

Necrotizing Enterocolitis

NEC is a common surgical emergency in the neonate. This 
condition is primarily seen in premature infants, with 
over 90% of affected patients born before 36 weeks of 
gestation. The incidence of NEC among premature and 
low-birth-weight infants is 3% to 7% and is inversely 
proportional to gestational age. From 20% to 40% of 
infants with NEC will require surgery, with a surgical 
mortality rate of 23% to 36%.23

Pathophysiology of NEC involves intestinal mucosal 
ischemic injury secondary to reduced mesenteric blood 
flow, often in conjunction with a patent ductus arterio-
sus (PDA) with its resultant “steal” of blood flow away 
from the systemic circulation. Bacterial infection is also 
an important component, and signs of abdominal sep-
sis are prominent. Ischemia, infection, and inflammation 
may result in full-thickness necrosis of small intestine, 
particularly in the ileocolic region, with resultant intesti-
nal perforation.

Clinical Manifestations
The patient presenting for surgery for NEC is most often 
a preterm infant, with other complications of prematu-
rity such as respiratory distress syndrome, PDA, a history 
of birth asphyxia, or other cardiorespiratory instability. 
Clinical signs include abdominal distention, bloody stools, 
dilated intestinal loops and pneumatosis intestinalis on 
abdominal radiograph, temperature instability, and signs 
of sepsis including thrombocytopenia, hemodynamic 
instability, and disseminated intravascular coagulopa-
thy (DIC). Intestinal perforation is evident on abdominal 
radiography and is a surgical emergency; these patients 
are often critically ill or unstable with hypotension, DIC, 
metabolic acidosis, and worsening respiratory status.!

Medical and Surgical Treatment
Initial treatment of NEC without intestinal perforation or 
other signs of extensive bowel necrosis is usually medical, 
with broad-spectrum antibiotics, gastric decompression, 
serial abdominal examination and radiographs, and care-
ful monitoring for signs of cardiorespiratory decompensa-
tion. Originally, surgery for NEC with perforation was by 
laparotomy, resection of necrotic intestine, and creation 
of ostomies. This necessitated later reconstructive surgery 
and often resulted in resection of extensive lengths of 
small intestine, resulting in short-gut syndrome. In more 
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recent years, primary peritoneal drainage, whereby a 
small incision is made and a surgical drain is left in place, 
has gained popularity for smaller, sicker infants, who 
may then have definitive surgery later when their medical 
condition has improved. Some patients may not require 
further treatment at all, and survival using this more con-
servative approach is comparable in many series.23!

Management of Anesthesia
Surgery for NEC is most often emergent, and preopera-
tive preparation should focus on assessment and correc-
tion of intravascular fluid and electrolyte abnormalities, 
hemodynamic and respiratory instability, providing 
broad-spectrum antibiotics, and correcting coagulation 
abnormalities. Surgery for NEC can be performed at the 
bedside in the neonatal intensive care unit (NICU), neces-
sitating a mobile surgical and anesthesia team and equip-
ment. Most patients are already tracheally intubated. 
Monitoring often includes a peripheral arterial catheter; 
umbilical artery catheters are often removed because of 
concern over further mesenteric ischemia. Central venous 
access is often desirable, but attempts to secure invasive 
monitors should not delay emergent surgery.

Anesthesia with synthetic opioids such as fentanyl is 
the regimen best tolerated in the critically unstable neo-
nate. Doses are titrated, starting at 2 to 5 µg/kg, but addi-
tional doses are added to provide 20 to 50 µg/kg fentanyl 
if tolerated. Volatile anesthetics are often not tolerated 
owing to vasodilatory effects, and small doses of ben-
zodiazepines such as midazolam 0.05 to 0.1 mg/kg, or 
ketamine 0.5 mg/kg, may be added. Muscle relaxation 
with rocuronium, vecuronium, or another nondepolariz-
ing neuromuscular blocking drug, is necessary. Because 
of large fluid losses from exposed intestine undergoing 
resection, IV fluid requirements are often very large, at 10 
to 20 mL/kg/h, and 5% albumin, PRBCs, FFP, and plate-
lets are often infused in the face of DIC and significant 
blood loss. Inotropic support in the form of dopamine, 5 
to 10 µg/kg/min, or epinephrine, 0.03 to 0.05 µg/kg/min, 
is often needed and should be instituted early, rather than 
infusing excessive amounts of IV fluid to maintain blood 
pressure in unstable patients. Calcium chloride or gluco-
nate bolus is often necessary to maintain normal ionized 
calcium levels to preserve myocardial contractility and 
vascular tone, particularly with infusion of significant 
volumes of citrated blood products. Frequent analysis of 
arterial blood gases to measure acid-base status and oxy-
genation, as well as serum electrolytes, glucose, ionized 
calcium, and lactate, is often desirable to direct therapy. 
Mechanical ventilation is adjusted to maintain PaO2 50 to 
70 mm Hg and SpO2 90% to 95% in the premature infant; 
however, in the extremely ill patient it is preferable to 
maintain somewhat higher oxygen tensions to allow for 
a margin of safety. Hemoglobin should be maintained at 
10 to 15 g/dL to preserve oxygen-carrying capacity. Tem-
perature management is critical, and these surgeries are 

often performed on the patient’s overhead warming bed. 
The operating room temperature must be 85° F to 90° 
F or higher, and forced air warming as well as warmed 
blood products must be used in an effort to maintain core 
temperature at 36° C or higher. Postoperatively, mechani-
cal ventilation, inotropic and fluid support, and antibiot-
ics are continued, and a full report of the operation and 
anesthetic is given to the NICU team.!

Abdominal Wall Defects: Gastroschisis  
and Omphalocele
Gastroschisis is an abdominal wall defect whereby the 
intestines protrude, usually to the right of the umbilical 
cord, without a covering sac, with the umbilical cord not 
part of the defect (Fig. 34.2).24 These infants most often 
do not have associated congenital or chromosomal anom-
alies. An omphalocele is a midline defect with the intes-
tines covered by a peritoneal sac and the umbilical cord 
incorporated into the defect (Fig. 34.3). These neonates 
frequently have other associated anomalies.

Medical and Surgical Treatment
These diagnoses may be made prenatally, and presurgi-
cal management includes covering the exposed bowel 
with plastic or other synthetic material, attention to 
fluid replacement, and prevention of volvulus and 
bowel ischemia. Nasogastric decompression is important 
to minimize fluid and air accumulation. The size of the 
defects vary greatly; formerly even large defects were 
candidates for primary surgical reduction of the vis-
cera and fascial closure, as this was thought to prevent 
later intestinal complications. However, with excessive 
increases in intra-abdominal pressure, an abdominal 

Fig. 34.2 Gastroschisis. Note position to right of umbilical cord, 
which is not included in the defect. It is also not covered with 
a peritoneal sac. (From Marven S, Owen A. Contemporary post-
natal surgical management strategies for congenital abdominal 
wall defects. Semin Pediatr Surg. 2008;17:224, used with per-
mission.)  
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compartment syndrome can arise resulting in intes-
tinal ischemia and renal failure. In addition, the sud-
den increase in intra-abdominal pressure may lead to 
increased ventilatory requirements, often necessitating 
days of sedation, muscle relaxation, and careful moni-
toring of ventilatory and hemodynamic status. Now a 
staged approach is often used, which involves contain-
ing the viscera in a Silastic silo with its edges sutured to 
the peritoneum around the defect. Then, using gravity, 
compression of the bowel, traction, and expansion of 
the abdominal cavity, the viscera are gradually reduced 
into the peritoneal cavity over a period of days to weeks. 
Surgical closure of the peritoneum and skin are under-
taken at the end of this period. Some small to moder-
ate-sized defects can be managed with a similar staged 
reduction strategy, with the peritoneum and skin defects 
healing by secondary intention.!

Management of Anesthesia
Because of the modern staged approach, the challenges 
of providing anesthesia for a one-stage reduction and 
closure are rarely encountered. Still, the initial surgery 
is often to suture the Silastic silo and partially reduce 
the viscera. Preoperative preparation includes maintain-
ing adequate fluid replacement to account for losses from 

the exposed viscera. These infants may be premature but 
are often full term and have a stable cardiorespiratory 
status. The general considerations noted earlier for NEC 
surgery concerning temperature management and fluid 
replacement apply to surgery for abdominal wall defects. 
Induction of anesthesia and tracheal intubation can be 
accomplished with a variety of drugs with precautions 
to prevent aspiration of gastric contents. The umbilical 
vessels are not available, so secure large-bore venous 
access should be obtained, and possibly arterial catheter 
monitoring for patients with very large defects or unsta-
ble cardiorespiratory status. IV fluid replacement of 10 
to 20 mL/kg/h is important, along with administration 
of 5% or 10% dextrose at maintenance rates. Anesthesia 
can be maintained with volatile anesthetics, benzodiaz-
epines, and opioids, with the dose depending on plans 
for tracheal extubation at the end of the procedure. If 
the primary procedure is silo placement without primary 
reduction, the tracheas of full-term infants can often be 
extubated at the end of the procedure, and subsequent 
reductions can be done at the bedside with small-dose 
sedation. The final fascial and skin closure will require 
a full general anesthetic. If a full reduction and closure 
of a major defect is planned, arterial and central venous 
pressure monitoring are important, along with bladder 
catheterization and careful management of cardiorespi-
ratory status. This often requires significant increases in 
positive end-expiratory pressure, additional fluid admin-
istration, and inotropic support with dopamine, as well 
as prolonged postoperative ventilation, sedation, and 
muscle relaxation.!

Tracheoesophageal Fistula
Tracheoesophageal fistula (TEF) is seen in five different 
anatomic configurations (Fig. 34.4), with the most com-
mon being type C, with esophageal atresia, and a distal 
TEF. Diagnosis is made when the neonate experiences 
choking and cyanosis when attempting oral feeds. The 
chest and abdominal radiograph reveal inability to pass 
an orogastric tube, which lodges in the blind esophageal 
pouch, and the presence of gas-filled intestines from the 
distal TEF. Infants with TEF often have other anomalies, 
and many have VACTERL association (V, vertebral defects; 
A, imperforate anus; C, cardiac defects; TE, tracheoesoph-
ageal fistula; R, renal anomalies; L, limb anomalies). A 
thorough evaluation for these additional defects, espe-
cially cardiac, should be undertaken in these infants. The 
severity of illness can be mild (e.g., feeding difficulties 
in a full-term neonate with no respiratory distress), but 
some patients are critically ill. Severe respiratory failure 
can result from continuous aspiration of gastric contents 
via the distal TEF, exacerbated by respiratory distress 
syndrome as well as massive abdominal distention from 
filling of the stomach with gas from the TEF. Patients 
at more frequent risk of perioperative morbidity and 

Fig. 34.3 A giant omphalocele supported with dressing collar. 
Note the midline position, covering with peritoneal sac, and in-
clusion of the umbilical cord. (From Marven S, Owen A. Contem-
porary postnatal surgical management strategies for congenital 
abdominal wall defects. Semin Pediatr Surg. 2008;17:223, used 
with permission.)  
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mortality include those with complex congenital heart 
disease, weight less than 2 kg, poor pulmonary compli-
ance, or large pericarinal fistulas, and those scheduled for 
thoracoscopic repair.25

Surgical Approaches
Earlier approaches were usually staged, often first per-
forming a gastrostomy under local anesthesia to decom-
press the stomach and allow some recovery of pulmonary 
function. Then, a right thoracotomy would be per-
formed to ligate the TEF, and possibly to reconstruct the 
esophageal atresia. Other approaches included a cervical 
esophagostomy to drain the upper esophageal pouch and 
prevent aspiration. In recent years, the staged approach 
has largely been abandoned. In the current era, a one-
stage ligation of the TEF with primary esophageal repair, 
without a gastrostomy, is the preferred strategy in about 
80% to 90% of patients.26 Critically ill premature infants 
may still require gastrostomy before thoracotomy and 
TEF ligation, and if the gap between esophageal seg-
ments is too long, gastrostomy followed by esophageal 
dilation and stretching may be required after the initial 
thoracotomy. Outcomes of neonatal TEF surgery vary; the 
critically ill premature infant or neonate with multiple 
anomalies has a higher mortality and morbidity rate; the 
full-term neonate without other problems has an opera-
tive survival rate approaching 100%.!

Anesthetic Management
The critically ill neonate with high ventilation pressures 
and gastric distention will emergently undergo anesthe-
sia for right thoracotomy and ligation of the TEF. These 
infants may present in extremis owing to a large TEF 
with most of the tidal volume being lost through the TEF, 

severely compromising pulmonary ventilation. Manual 
ventilation, inotropic support, sodium bicarbonate, and 
vasoactive bolus drugs such as epinephrine and atropine 
may be needed until the TEF is ligated and the stomach 
decompressed. More commonly the trachea is intubated 
and there are varying degrees of difficulty with ventilation. 
After the patient is transported carefully to the operating 
room, anesthesia is carefully induced with the administra-
tion of IV or inhaled anesthetics and muscle relaxants. The 
patient is then positioned for right thoracotomy. An arte-
rial catheter is essential for monitoring of arterial blood 
pressure and gas exchange. Very careful attention is paid 
to adequacy of ventilation during the entire case, as the 
endotracheal tube may migrate into the TEF and preclude 
ventilation. End-tidal CO2, careful observation of lung 
inflation and chest movement, and a precordial stetho-
scope in the left axillary area are important monitors. 
Periods of difficult ventilation and hypoxemia during lung 
retraction and TEF ligation should be expected. Normally, 
after the TEF is ligated, ventilation improves dramatically.

In the patient whose trachea is not intubated, awake 
tracheal intubation was classically considered to be the 
best technique, but in the modern era this is rarely prac-
ticed. Instead, either IV or inhaled induction of anesthesia, 
with muscle relaxation, can be achieved after suction-
ing the upper esophageal pouch and administration of 
oxygen. Then, an endotracheal tube is passed into the 
distal trachea, and gentle positive-pressure ventilation 
is accomplished with careful assessment of effectiveness 
of ventilation. Endotracheal tube migration into the TEF 
should be suspected with ventilation difficulties. Bron-
choscopy is performed in some centers to assess the size 
and position of the TEF before surgery and to properly 
position the endotracheal tube; only in the presence of a 

Type CType A Type EType DType B

Fig. 34.4 Classification of tracheoesophageal anomalies in descending order of incidence. Type A (8%) is 
esophageal atresia without a tracheoesophageal fistula. Type B (1%) is esophageal atresia with a proximal 
tracheoesophageal fistula. Type C (86%) is esophageal atresia with a distal tracheoesophageal fistula. 
Type D (1%) is esophageal atresia with both proximal and distal tracheoesophageal fistulas. Type E (4%) 
is an H-type fistula without esophageal atresia. (From Gross RE. Artesia of the esophagus. The Surgery of 
Infancy and Childhood. Philadelphia: WB Saunders; 1953:75-102.)  
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large TEF (>3 mm) located near the carina is there likely to 
be difficulty with ventilation.27 After ligation of the TEF, 
the esophagus is usually repaired primarily. Some centers 
are performing TEF repair via the video-assisted thora-
coscopy approach, which itself can cause difficulty with 
ventilation secondary to the CO2 insufflation. Although it 
is possible to extubate the trachea in the operating room 
in a vigorous full-term infant without complications, a 
more prudent approach is to leave the trachea intubated 
to allow adequate analgesic administration in the NICU. 
If the patient requires reintubation, the subsequent air-
way manipulation could disrupt the esophageal repair. A 
nasogastric tube is placed by the surgeon in the operating 
room for early gastric decompression and feeding.!

Congenital Diaphragmatic Hernia
Congenital diaphragmatic hernia (CDH) is a defect in the 
diaphragm evident early in gestation, which results in 
the herniation of the intestines, spleen, and sometimes 
stomach or liver, into the thorax. Most commonly, this is 
on the left side through the foramen of Bochdalek, and 
results in severe restriction of lung development (Fig. 
34.5). This lesion is often diagnosed prenatally, and with 
significant defects the neonate presents with respiratory 
failure, requiring mechanical ventilation. These neo-
nates present with a scaphoid abdomen, bowel sounds 
in the chest, and respiratory distress, and cyanosis of 
varying degrees. Pulmonary hypertension from lung 
hypoplasia and immediate postnatal elevation in PVR 
cause right-to-left shunting through patent foramen 
ovale and ductus arteriosus, often resulting in severe 

cyanosis from persistent fetal circulation. In these cases, 
surgical treatment, which consists of an abdominal or 
thoracoabdominal incision to reduce the viscera into 
the abdominal cavity and repair the diaphragm either 
primarily or with a synthetic mesh material, must be 
delayed while therapy is instituted to stabilize the medi-
cal condition of the infant. Laparoscopic repair has 
also been described. High-frequency oscillatory venti-
lation (HFOV) to improve gas exchange in hypoplastic 
lungs, inhaled nitric oxide (iNO) to treat the pulmonary 
hypertension, or extracorporeal membrane oxygenation 
(ECMO) to stabilize the cardiorespiratory status in the 
most severely affected neonates may be necessary. Sur-
gical repair is then undertaken several days later, some-
times while on ECMO, which results in reduction of the 
abdominal viscera but does not solve the problem of 
lung hypoplasia and pulmonary hypertension, which 
may require days or weeks of support until they improve 
sufficiently.28

Management of Anesthesia
These infants are often critically ill. Transport to the 
operating room is achieved carefully. HFOV may need 
to be transitioned to conventional ventilation as sur-
gery with HFOV may not be possible. iNO should be 
continued throughout the operating room course. 
Anesthesia is provided with large-dose synthetic opi-
oids such as fentanyl, 25 to 50 µg/kg or more, to pro-
vide analgesia and blunt the pulmonary hypertensive 
response to painful stimuli. Volatile anesthetics are 
often not tolerated, so small doses of benzodiazepines 
or ketamine can provide amnesia. Monitoring of arte-
rial and central venous pressures via umbilical route 
is essential, and inotropic support with dopamine or 
epinephrine is continued. Frequent arterial blood gases 
are analyzed and changes in ventilation are made to 
maximize oxygenation, reduce PaCO2, and increase pH 
to lower pulmonary artery pressures. After left thora-
coabdominal incision at the costal margin, the abdomi-
nal contents are reduced out of the thorax, which may 
acutely improve ventilation. The diaphragm is recon-
structed with a synthetic mesh material. Manual ven-
tilation or ventilation with an ICU ventilator may be 
necessary throughout the case as standard anesthesia 
machine ventilators are often not capable of deliver-
ing the high inspired gas flows and small tidal vol-
umes necessary to ventilate such patients. The patient 
is transported back to the NICU where HFOV may need 
to be reinstated and iNO should be continued.

The most severely ill neonates with CDH receive ECMO 
support, and surgery may be done while on ECMO, which 
is problematic because of bleeding secondary to hepa-
rinization. Adequate blood products, including PRBCs, 
platelets, and FFP, must be available if the repair is done 
on ECMO. Anesthesia is provided with high-dose opioids, 
benzodiazepines, or ketamine.!

Fig. 34.5 Le&-sided congenital diaphragmatic hernia. Note bow-
el loops filling the le& hemithorax, and nasogastric tube in the 
stomach, which is also herniated through the defect. The heart 
is shi&ed to the right side of the chest. (From de Buys Roess-
ingh AS, Dinh-Xuan A. Congenital diaphragmatic hernia: current 
status and review of the literature. Eur J Pediatr. 2009;168:398, 
used with permission.)  
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Patent Ductus Arteriosus
The PDA is most often seen in the premature neonate 
and can result in pulmonary edema, reduced ventilatory 
compliance, and ventilator dependence worsened by con-
current respiratory distress syndrome or pneumonia (also 
see Chapter 26). The PDA may prevent weaning from the 
ventilator and result in secondary complications such as 
feeding intolerance or NEC. Clinical presentation includes 
persistent pulmonary edema, bounding pulses and wide 
pulse pressure from diastolic runoff from the aorta to the 
pulmonary artery through the PDA, and sometimes hypo-
tension and cardiac failure from the large left-to-right 
shunt via the PDA, requiring inotropic support. Diagnosis 
is made with transthoracic echocardiography. Attempts at 
medical closure with indomethacin may be successful, but 
this therapy may adversely effect renal and platelet func-
tion, and this is important to evaluate if the neonate pre-
senting for surgery has recently failed medical therapy.29

Management of Anesthesia
The patient is often a small premature neonate weigh-
ing 500 to 1000 g, is ventilator dependent, and may be 
hemodynamically unstable. Surgery may be done at the 
bedside in the NICU in some medical centers. Transport 
to the operating room must be done carefully with con-
tinuous monitoring. Anesthesia is normally provided 
with synthetic opioids such as fentanyl, 25 to 50 µg/
kg, muscle relaxation with a nondepolarizing drug, and 
small doses of benzodiazepines or ketamine, as volatile 
anesthetics are usually not tolerated. Arterial monitor-
ing is useful for frequent assessment of hemodynamics 
and arterial blood gases. A left thoracotomy is done, 
and the PDA is approached via a retropleural dissec-
tion. Careful monitoring of ventilation with visual 
inspection, capnography, and a precordial or esophageal 
stethoscope is performed as ventilation is easily com-
promised. Because of the risk of worsening retinopathy 
of prematurity (ROP), target PaO2 is normally 50 to 80 
mm Hg and SpO2 90% to 95%, so high inspired FIO2 is 
avoided unless absolutely necessary. Because the PDA is 
often larger than the descending thoracic aorta, moni-
toring with a pulse oximeter and blood pressure cuff 
on the lower extremity is important to ensure that the 
surgeon identifies and ligates the correct structure. The 
PDA can be ligated with sutures or surgical clips. PRBÇs 
must be immediately available in case there is bleed-
ing from damage to the paper-thin PDA. Maintenance 
of normothermia and provision of glucose is critically 
important during PDA ligation in the premature infant. 
Most infants will remain mechanically ventilated for 
some period of time after PDA ligation.

In contrast to the premature infant with otherwise 
normal cardiac anatomy in whom the PDA must be 
closed, infants with congenital heart disease may be 
dependent on the PDA to provide pulmonary blood flow 

in the case of pulmonary atresia or stenosis, or systemic 
blood flow in the case of hypoplasia of left-sided car-
diac structures such as severe coarctation of the aorta or 
hypoplastic left-sided heart syndrome. Prostaglandin E1 
is infused in these cases at 0.025 to 0.05 µg/kg/min and 
must be maintained until a stable source of pulmonary 
blood flow is established via surgical or transcatheter 
intervention.!

Retinopathy of Prematurity
ROP is a vasoproliferative disease affecting premature or 
low-birth-weight infants. Five stages of ROP exist, and 
in stages 4 and 5, retinal detachment occurs, which can 
result in permanent visual loss.30 The pathophysiology is 
complex, with the more premature infants at higher risk, 
but one of the main causes is excessive oxygen tensions 
in the vessels of the retina, accompanied by wide swings 
in oxygen tension such as those seen in cardiopulmonary 
instability with ventilated premature infants with respira-
tory distress syndrome, PDA, sepsis, apnea/bradycardia, 
and other problems associated with prematurity. Thus, 
SpO2 is maintained at 88% to 93% in many premature 
infants, with resulting oxygen tensions of 50 to 70 mm 
Hg targeted. Excessive oxygen tensions, as may be seen 
with general endotracheal anesthesia, are to be avoided, 
even if short-lived. The challenge for the anesthesia pro-
vider caring for such infants is to manage oxygenation 
with these restrictions in mind.

Premature infants hospitalized in the NICU receive 
regular retinal examinations, and if high-risk type I or 
greater ROP is diagnosed, urgent surgical therapy is 
undertaken within 24 to 72 hours to maximize visual 
outcomes. This often results in the urgent scheduling of 
treatment during evening and weekend hours. Retinal 
ablative therapy with indirect laser photocoagulation of 
proliferating vessels in one or both eyes is the treatment 
of choice. Cryotherapy may also be used, and at more 
severe stages a vitrectomy may be required.

Management of Anesthesia
Because of the urgent or emergent nature of ROP sur-
gery, the patient may not have feeding withheld. If the 
patient is still ventilated, any anesthetic technique, 
usually in conjunction with muscle relaxation, may be 
used. If the patient is not ventilated, any technique for 
induction, followed by muscle relaxation and endotra-
cheal intubation, may be used. As these cases may last 
several hours, especially with extensive disease in both 
eyes, attention must be paid to patient temperature and 
provision of glucose during the surgery. Because of the 
often prolonged nature of the anesthetic, the risk of 
postanesthetic apnea in the premature infant, and the 
eye discomfort necessitating analgesia after the proce-
dure, mechanical ventilation should be controlled after 
ROP surgery for 12 to 24 hours. Regardless of airway 
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management after surgery, the patient must be care-
fully monitored in the NICU setting for postanesthetic 
problems.!

Myelomeningocele
Myelomeningocele is a developmental defect of the neural 
tube, resulting in an open neural placode covered only by a 
thin membrane and cerebrospinal fluid. The defect is often 
diagnosed prenatally, varies in size, and may be located in 
the thoracolumbar, or lumbosacral spine areas. The most 
common presentation is a lumbosacral myelomeningocele 
in a full-term infant. Preoperatively, it is critical not to 
allow the sac covering the spinal defect to rupture, which 
will result in a frequent risk of meningitis. These infants 
are nursed prone, with a moist gauze covering the defect. 
Surgery is scheduled emergently and consists of dissec-
tion of nerve roots and covering the defect with fascia and 
skin. In addition, over 75% of infants have hydrocephalus 
and many have Arnold-Chiari malformation of the spinal 
cord and brainstem and will require a ventriculoperitoneal 
shunt, usually done after the initial repair. Long-term out-
come depends on early repair to prevent infection and level 
of spinal cord dysfunction.31

Management of Anesthesia
Great care must be taken to prevent rupture of the sac 
covering the myelomeningocele during transport and 
positioning for induction of anesthesia and surgery. 
The infant cannot lie directly supine for this reason. 
Anesthetic induction and endotracheal intubation can 
be performed with the infant in the left lateral decu-
bitus position. An alternative approach is to carefully 
place the infant supine in a doughnut-shaped padded 
foam bolster so that the myelomeningocele defect is in 
the center but not touching the operating room bed. 
After confirmation of endotracheal tube position, the 
infant is positioned prone for surgery. Any technique 
can be used for induction and maintenance of anesthe-
sia, but the surgeon usually performs the repair under 
the microscope and requests that no muscle relaxant 
be used during the repair portion of the surgery so that 
motor function can be assessed. In addition, as patients 
with myelomeningocele repair at birth are at highest 
risk for developing latex allergy, all surgical gloves 
and all other materials in contact with the patient must 
be latex free. After surgery the trachea can be extu-
bated, using the same positioning techniques as for 
intubation. The patient then is turned prone and is kept 
in this position in which the infant will be nursed for 
several days.!

Pyloric Stenosis
Pyloric stenosis is hypertrophy of the pyloric muscle lead-
ing to a gastric outlet obstruction. A typical presentation 

is a young infant between 2 and 8 weeks of age with 
persistent projectile vomiting. This results in weight loss, 
dehydration, and electrolyte imbalance consisting of a 
hypochloremic, hypokalemic metabolic alkalosis from 
loss of hydrogen and chloride ions from stomach con-
tents. These infants may develop severe dehydration, 
lethargy, poor skin turgor, sunken eyes and fontanel, 
poor urine output, and plasma chloride concentrations as 
low as 65 to 70 mEq/dL. Diagnosis is by clinical history; 
there is a 5:1 male predominance, and average age at 
presentation is 5 to 6 weeks. An olive-shaped and -sized 
mass may be palpable in the epigastrium; definitive diag-
nosis is made by ultrasound. Repair of pyloric stenosis 
is not a surgical emergency; the patient must be rehy-
drated, starting with a bolus of 10 to 20 mL/kg of normal 
saline or lactated Ringer solution, and then more than 
maintenance IV fluids usually consisting of 5% dextrose 
in half normal saline with potassium chloride. The fluid 
and electrolyte status is followed carefully and laboratory 
values rechecked periodically. When the patient has been 
rehydrated to a normal vascular volume and normal or 
near-normal electrolytes, the patient is ready for surgery. 
This preparation may require 12 to 72 hours, depending 
on the severity at presentation.32

Management of Anesthesia
After adequate rehydration the patient is brought to the 
operating room, and gastric contents are evacuated with 
a large-bore orogastric suction catheter before induction 
of anesthesia. Although awake tracheal intubation was 
the preferred technique in the past, this is rarely prac-
ticed in the modern era. After adequately breathing 100% 
oxygen, the patient is administered an IV induction of 
anesthesia with propofol 2 to 2.5 mg/kg, which is pref-
erable to short-acting barbiturates because of its shorter 
terminal half-life. Cricoid pressure is applied, and paraly-
sis is achieved with succinylcholine 1 to 2 mg/kg (after 
pretreatment with atropine), or preferably, a nondepolar-
izing muscle relaxant such as rocuronium. A modified 
rapid-sequence technique, with rapid small tidal volume 
via mask ventilation through cricoid pressure, is utilized 
to prevent arterial desaturation in a young infant whose 
oxygen consumption is two to three times that of the 
adult. After successful confirmation of tracheal intuba-
tion, maintenance of anesthesia proceeds with a volatile 
anesthetic. Opioids are best avoided because of the risk 
of postanesthetic apnea in pyloric stenosis, and instead 
local anesthetic infiltration of the incision by the surgeon, 
and rectal acetaminophen are utilized for postoperative 
analgesia. Surgery proceeds either via small open epigas-
tric incision, or via laparoscopy with CO2 insufflation of 
the abdomen. After conclusion of the surgery a nasogas-
tric tube may be left in place. The trachea is extubated 
after reversal of nondepolarizing muscle relaxant and full 
return of airway reflexes and a regular breathing pat-
tern without pauses or apnea. Because of the metabolic 
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alkalosis seen in many pyloric stenosis patients, cerebro-
spinal fluid pH may be increased, causing a reduction 
in respiratory drive, which is not corrected for 12 to 48 
hours. This, in conjunction with respiratory drive that 
may not be fully mature until 44 weeks’ postconceptual 
age, may place even full-term infants undergoing pyloro-
myotomy at risk for postanesthetic apnea. These patients 
should be monitored for 12 to 24 hours after anesthesia 
for this complication.33!

SPECIAL ANESTHETIC CONSIDERATIONS

Anesthesia for the Former Premature Infant

Many former premature infants present for surgery, 
either during their initial hospitalization, or later as out-
patients. The most common procedures include inguinal 
herniorrhaphy, circumcision, eye examination, and stra-
bismus surgery. Although many infants have recovered 
well without sequelae, many have chronic conditions 
such as bronchopulmonary dysplasia (need for supple-
mental oxygen beyond 30 days of life after a diagnosis 
of respiratory distress syndrome), apnea and bradycar-
dia, anemia, hydrocephalus from intraventricular hemor-
rhage, visual disturbances, and developmental delay. The 
infant’s postconceptual age is important; an infant born 
at 28 weeks’ gestation who presents at 12 weeks for sur-
gery is now 40 weeks’ postconceptual age and is equiva-
lent in many respects to only a full-term infant, not an 
infant at 3 months of age. The major risk in this regard 
is postanesthetic apnea, which in some cases is fatal. The 
risk of postanesthetic apnea increases with increasing 
prematurity at birth and younger age at the time of the 
anesthetic.34 Although the time at which the risk of apnea 
is eliminated is not clear, 50 weeks’ postconceptual age or 
less is commonly used as the cutoff point for admitting 
former premature infants for 24 hours of apnea monitor-
ing after receiving an anesthetic.!

Anesthesia for Remote Locations
Anesthesia and sedation for diagnostic and therapeu-
tic procedures are increasing for children in locations 
remote from the operating room, and the clinical com-
plexity of the patients requiring care is also increas-
ing (also see Chapter 38). These procedures include MRI 
and CT scans, interventional radiology procedures, bone 
marrow aspirations, gastrointestinal endoscopy, auditory 
brainstem evoked response testing, and cardiac cath-
eterization. Techniques vary widely and include moder-
ate or deep sedation, general anesthesia with IV drugs, 
volatile anesthetics with mask or laryngeal mask air-
way, or full general endotracheal intubation anesthesia. 
Frequently used anesthetics include propofol, ketamine, 
barbiturates, benzodiazepines, and opioids. The central 
#2-agonist dexmedetomidine is increasingly being used 

for nonpainful diagnostic studies such as MRI.35 The 
same standards for preoperative evaluation, monitor-
ing, and recovery must be maintained for anesthesia in 
remote locations to ensure safety in this environment.36!

Ex-Utero Intrapartum Therapy Procedure and 
Fetal Surgery
The EXIT procedure was first performed in 1989. The 
purpose is to secure the neonatal airway while the fetus 
is still being oxygenated via the placenta. The mother 
is placed under general anesthesia, a hysterotomy is 
made, and the fetus is partially delivered. This strategy 
can be used to oxygenate the fetus while the airway 
is secured by direct laryngoscopy, rigid bronchoscopy, 
or tracheostomy while on placental bypass. Indications 
include large neck masses, congenital airway obstruc-
tion, and previous tracheal occlusion for CDH. The 
EXIT procedure has also been used for patients with 
fetal anomalies in whom neonatal resuscitation may 
be difficult, including large thoracic masses, CDH, uni-
lateral pulmonary agenesis, and some complex cardiac 
lesions. Maintenance of placental bypass provides time 
to establish IV access and an airway, give resuscitative 
drugs, and cannulate for ECMO when necessary in a 
controlled manner.37

Fetal interventions have been performed as open 
midgestational (hysterotomy-based) procedures involv-
ing exteriorization and replacement of the fetus and as 
minimally invasive procedures assisted by fetoscopy, 
ultrasound, and echocardiography. An open approach has 
been used to treat myelomeningocele, congenital cystic 
adenomatoid malformation, and sacrococcygeal tera-
toma with varied success. Minimally invasive approaches 
have been taken to treat CDH, bladder outlet obstruction, 
hypoplastic left heart syndrome, and twin-twin transfu-
sion syndrome, among others.

Open midgestational procedures and EXIT proce-
dures are usually performed with maternal general 
anesthesia, and minimally invasive procedures can 
be performed with maternal local, sedation, regional, 
general, or combined regional and general techniques. 
General anesthesia with inhaled anesthetic provides 
anesthesia to both the mother and the fetus, and a high 
concentration volatile anesthetic (2 MAC) can be used 
to provide uterine relaxation. Anesthetic and resuscita-
tive drugs can then be given directly to the fetus via an 
IM, IV, intracardiac, or intra-amniotic route. For mini-
mally invasive procedures, it is important to discuss 
the need for fetal immobility preoperatively. For some 
fetal cardiac procedures, general anesthesia is required 
for the mother, and fentanyl, vecuronium, and atro-
pine must be delivered directly to the fetus for safety 
reasons.

A preoperative plan should be made for intrauterine 
fetal resuscitation in advance. Maternal interventions 
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including left lateral positioning, oxygen delivery, and 
blood pressure augmentation with volume or vasopressor 
administration can facilitate fetal resuscitation. Atropine, 
epinephrine, calcium gluconate, sodium bicarbonate, and 
PRBCs can be delivered to the fetus, and cardiac compres-
sions and drainage of pericardial effusions can be carried 
out.38,39!

Anesthetic Neurotoxicity and Neuroprotection 
in the Developing Brain
Neonatal rodent models of prolonged anesthesia with 
$-aminobutyric acid agonists (isoflurane, midazolam, 
propofol) or N-methyl-D-aspartate antagonists (ket-
amine) produce accelerated apoptosis, or programmed 
cell death, of neurons in the developing brain.40 This 
data raised concern that commonly used anesthetic 
drugs could be having similar effects in the develop-
ing human brain, generating intense interest and a 
number of new research avenues to determine if this 
effect applies to human neonates and infants. Criticism 
of the animal studies includes the fact that most were 
conducted in the absence of a surgical stimulus, and 
that the exposure periods were quite prolonged com-
pared to the corresponding exposure of a human infant 
during anesthesia and surgery. Other animal models 
have demonstrated that anesthetics such as ketamine 
and desflurane are neuroprotective in animal models 
that include surgery or painful stimuli. Current studies 
investigating the effects of anesthetic exposure early in 
life include (1) the GAS study examining neurocognitive 
performance after either a general or spinal anesthetic 
during infancy; (2) the PANDA (Pediatric Anesthesia & 
Neurodevelopment Assessment) study comparing neuro-
cognitive performance in sibling cohorts in which one 
sibling had an anesthetic exposure before 3 years of 
age; and (3) the MASK study comparing neurocognitive 
performance in children exposed to anesthesia before 3 

years of age compared to those without an exposure.41 
Currently there is insufficient evidence to change the 
current approach to anesthesia in the infant (also see 
Chapter 12).!

QUESTIONS OF THE DAY

  

 1.  How does the functional residual capacity (FRC) dif-
fer in the infant compared to the adult? How does the 
oxygen consumption differ? Why do infants develop 
hypoxemia more rapidly after onset of apnea?

 2.  What are the major differences between the fetal cir-
culation and the normal postnatal circulatory system? 
What events can contribute to development of “persis-
tent fetal circulation” in the neonate?

 3.  How does the minimum alveolar concentration (MAC) 
vary with patient age? What is the effect of prematu-
rity on MAC?

 4.  Which pediatric patients are at increased risk of devel-
oping hypoglycemia and should receive glucose- 
containing intravenous fluids intraoperatively?

 5.  A pediatric patient with a recent upper respiratory 
infection presents for surgery. What thought process 
should be followed to determine whether the proce-
dure should be postponed?

 6.  What types of regional anesthesia are appropri-
ate for infants having surgery below the level of the 
umbilicus?

 7.  What is the most common electrolyte abnormality in 
an infant with pyloric stenosis? What is the appropri-
ate fluid therapy prior to surgery?

 8.  A former premature infant presents for elective stra-
bismus surgery. What criteria should be used to deter-
mine whether the patient should be admitted after 
surgery for apnea monitoring?
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