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Ke y Points
1 Understanding the physiologic changes that occur during
the transition from fetal to neonatal life is crucial to the
anesthetic management of the neonate. The circulatory,
pulmonary, hepatic, and renal systems are all affected in this
process.
2 Important physiologic and anatomic factors account for the
rapid rate of desaturation observed in neonates. These include
an increase in oxygen consumption, a high closing volume, a
high ratio of minute ventilation to functional residual capacity,
and a pliable rib cage.
3 Persistent pulmonary hypertension of the newborn is a
pathologic condition that can be primary but is often secondary
to other conditions, including meconium aspiration, sepsis,
congenital diaphragmatic hernia, or pneumonia. Understanding
the pathophysiologic characteristics of this condition helps
guide therapy.
4 Knowledge of the major anatomic differences between the
infant and the adult airway helps one understand why the
infant’s airway is often described as “anterior” and why airway
management may be challenging. These differences include a
relatively large tongue, a higher glottis with anterior slanting
vocal folds, a larger occiput, and a narrowing at the cricoid
ring.
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5 Careful attention must be given to the choice of anesthetic
agents and dosing of such agents in the neonatal population.
Ongoing maturational changes in the renal and hepatobiliary
systems, which occur during the irst 30 days of life, will affect
the metabolism and elimination of many anesthetic agents.
6 Although a host of anesthetic techniques are available, including
regional anesthesia, multiple factors are considered when
choosing an anesthetic plan for the neonate. These include the
surgical requirements, the need for postoperative ventilation,
the cardiovascular stability of the neonate, and the anticipated
method of postoperative pain control.
7 Special considerations must be addressed when planning
an anesthetic for a neonate. Some of the controversial issues
include the risk of postoperative apnea and the use of caffeine in
treatment and prophylaxis, the role of oxygen concentration in
the development of retinopathy of prematurity, and the
neurodevelopmental effects of anesthetic agents on the fetal
and neonatal brain.
8 True surgical emergencies are uncommon in the neonatal
period. Knowledge of conditions with comorbidities, such
as tracheoesophageal istula, omphalocele, and congenital
diaphragmatic hernia, and a thorough preoperative evaluation
and stabilization of such neonates cannot be overemphasized.

CHAPTER 41 Neonatal Anesthesia

Physiology of the infant and
the transition Period
An infant’s irst year of life is characterized by an almost miraculous growth in size and maturity. The body weight alone changes
by a factor of three, and there is no other period in extrauterine
life when changes occur so rapidly. Before birth, fetal growth and
development depend on the genetic composition of the fetus, the
mother’s placental function, and potential exposure to chemicals
or infectious agents that can affect mother, fetus, or both. After
birth, the newborn must rapidly adjust to the extrauterine environment to survive. The dramatic changes in functions of several
systems will determine the viability of the neonate, as well as its
ability to grow and develop properly.
The newborn period has been deined as the irst 24 hours
of life, and the neonatal period as the irst month. There is signiicant change in many physiologic systems during both of
1 these periods. The irst 72 hours are especially signiicant for the
cardiovascular, pulmonary, and renal systems. The changes in
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these systems are interrelated; inadequate progression of change
or a disease state altering one of these systems can quickly alter
the maturation of one or more of the other systems. Understanding the differences in these systems from the older child, as well
as the changes that occur in the neonatal period, is important in
developing a comprehensive anesthetic approach.

The Cardiovascular System
Fetal Circulation
The fetal circulation is characterized by a parallel system in which
both ventricles pump most of their output into the systemic circulation. Less than 10% of the combined cardiac output goes
through the fetal pulmonary circulation via three main shunts;
through the placenta, foramen ovale, and ductus arteriosus
(Fig. 41-1A). The placenta provides oxygenated blood into the
ductus venosus, the inferior vena cava, and then into the right
atrium. In the right atrium, the majority of the oxygenated blood
primarily lows through the foramen ovale into the left atrium,
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figure 41-1. A: Schematic representation of the fetal circulation. Oxygenated blood leaves the placenta in the umbilical vein
(vessel without stippling). Umbilical vein blood joins blood from the viscera (represented here by the kidney, gut, and skin) in
the inferior vena cava. Approximately half of the inferior vena cava flow passes through the foramen ovale to the left atrium,
where it mixes with a small amount of pulmonary venous blood, and this relatively well-oxygenated blood (light stippling) supplies the heart and brain by way of the ascending aorta. The other half of the inferior vena cava stream mixes with superior vena
cava blood and enters the right ventricle (blood in the right atrium and ventricle has little oxygen, which is denoted by heavy
stippling). Because the pulmonary arterioles are constricted, most of the blood in the main pulmonary artery flows through the
ductus arteriosus (DA) so the descending aorta’s blood has less oxygen (heavy stippling) than does blood in the ascending aorta
(light stippling). B: Schematic representation of the circulation in the normal newborn. After expansion of the lungs and ligation
of the umbilical cord, pulmonary blood flow and left atrial and systemic arterial pressures increase. When left atrial pressure
exceeds right atrial pressure, the foramen ovale closes so all inferior and superior vena cava blood leaves the right atrium, enters
the right ventricle, and is pumped through the pulmonary artery toward the lung. With the increase in systemic arterial pressure
and decrease in pulmonary artery pressure, flow through the ductus arteriosus becomes left to right, and the ductus constricts
and closes. The course of circulation is the same as in the adult. (Reprinted from: Phibbs R. Delivery room management of the
newborn. In: Avery GB, ed. Neonatology, Pathophysiology and Management of the Newborn. Philadelphia, PA: JB Lippincott;
1981:184, with permission.)
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bypassing the right ventricle and the pulmonary vascular bed.
This preferential low across the foramen occurs because of the
relatively low pressure in the left atrium compared with that of
the right atrium. Some blood from the right atrium does low
through the right ventricle and into the main pulmonary artery.
The pulmonary vascular resistance is quite high in utero because
of alveolar collapse and compression of blood vessels, inhibiting low through the pulmonary circulation. The pulmonary
vascular resistance is also high at this point because of the relatively low Pao2 and pH of the blood that does low through the
vessels. Some blood in the pulmonary artery does low through
the pulmonary circulation and then into the left atrium, but
the majority of low goes through the ductus arteriosus into the
descending aorta.
CHANGES AT BIRTH.

After birth, all of these shunts are eliminated
or start to close quickly.1 The placental shunt is eliminated and
the ductus venosus is closed. The newborn’s left ventricle is now
pumping blood into the higher pressure systemic circulation
exclusively. Expansion of the lungs and initiation of breathing
lead to dramatic changes in both the circulatory and pulmonary systems (Fig. 41-1B). As alveoli ill with air, the compression of the pulmonary alveolar capillaries is relieved, reducing
pulmonary vascular resistance and promoting low through the
pulmonary circulation. This blood is now oxygenated, raising
the arterial PO2, and further reducing pulmonary vascular resistance. Although the change in the irst minutes to hours is
dramatic, it usually takes 3 to 4 days for the pulmonary vascular
resistance to decrease to normal levels. The foramen ovale will
usually functionally close in the irst hour of life as the increase
in left atrial pressure from increased pulmonary circulation after the initiation of breathing exceeds right atrial pressure. The
foramen is closed by a lap of tissue that covers the foramen. This
foramen can reopen if there is a relative increase in right atrial
pressure such as is seen with elevated pulmonary vascular resistance or luid overload. Anatomic closure usually occurs in the
irst year of life, but may remain probe-patent into adulthood in
10% to 20% of patients. The ductus arteriosus starts to close in
the irst day of life and is usually functionally closed in the second day of life. In utero, patency of the ductus was determined
by the combined relaxant effects of low oxygen tension and endogenously produced prostaglandins, especially prostaglandin
E2. In a full-term neonate, oxygen is the most important factor
controlling ductal closure. When the Pao2 of blood in the ductus rises to about 50 mm Hg, the muscle in the vessel constricts.
It should be noted that the ductus of a preterm infant is less
responsive to increased oxygen, even though its musculature is
developed.
Myocardial function is different in the neonate. The neonatal cardiac myocyte has less organized contractile elements than
the child or adult.2 Not only are there fewer myoibril elements,
but they are not organized in parallel roles, as seen in the child
and adult heart, making them less eficient. The neonate myocyte
also has a less mature sarcoplasmic reticulum system. The underdeveloped sarcoplasmic reticulum is associated with a decrease
in Ca2+-adenosine triphosphatase activity, an important component of contractility. As the sarcoplasmic reticulum matures,
the eficiency of calcium transport and subsequent contractility
increases.3 The neonatal myocardium cannot generate as much
force as that of the older child and is relatively noncompliant.
Consequently, there is limited functional reserve in the neonatal period, with afterload increases particularly poorly tolerated.
After birth, there are dramatic changes in the myocardium. As
the work of the ventricles increases secondary to high stroke
volume and increased vascular resistance, these myocytes grow

quickly in number and size. This growth is more dramatic in
the left ventricle than the right ventricle because of the rise in
systemic vascular resistance and fall in pulmonary vascular
resistance, respectively.
Especially in the irst 3 months of life, the parasympathetic
nervous system inluence on the heart is more mature than the
sympathetic system and the myocardium does not respond to
inotropic support as well as the older child or adult. There is animal evidence that there are maturational changes in b-adrenergic
receptor function that explain the decreased responsiveness to
inotropes in the neonate.4 The neonatal myocardium does have
increased glycogen stores and higher rates of anaerobic glycolysis, which may explain its relative resistance to hypoxia and better performance in the presence of an ischemic insult. Because
the myocardium is relatively noncompliant in the newborn,
preload changes can increase stroke volume and cardiac output,
but not as effectively as in the older child.5 In other words, the
Frank–Starling relationship is present in the neonatal heart, but
is not as effective as in the adult. The other clinical implication
of a noncompliant ventricle is that, in the absence of signiicant
increases in stroke volume, cardiac output is not well maintained
in the presence of bradycardia. Lastly, neonates have immature
baroreceptors. The baroreceptor is responsible for the relex
tachycardia that occurs in response to hypotension. Therefore,
the immaturity of this relex would limit the neonate’s ability to
compensate for hypotension. In addition, the baroresponse of
the neonate is more depressed than that of the adult at the same
level of anesthesia.
In summary, the neonatal heart has some signiicant limitations. The resting cardiac output is much higher relative to body
weight than in the adult because of the higher O2 consumption
per kilogram of body weight. Stimulation of the myocardium
produces a limited increase in contractility and cardiac output.
The sympathetic nervous system, which usually provides the
important chronotropic and inotropic support to the mature circulation during stress, is severely limited in the neonate because
of lack of development. Even in the absence of stress, the neonatal
heart has limited ability to increase cardiac output compared with
the mature heart (Fig. 41-2). The resting cardiac output of the
immature heart is close to the maximal cardiac output, so there
is a limited reserve. The mature heart can increase cardiac output
by 300%, whereas the immature heart can only increase cardiac
output by 30% to 40%.

The Pulmonary System
The pulmonary system develops rapidly during the last trimester, with important changes in both the number of alveoli and
the maturity of the pulmonary vascular system.6 These systems
have not matured enough to provide adequate gas exchange
until about 24 to 26 weeks’ gestation. The airways and alveoli
continue to grow after birth, with alveoli increasing in number
until about 8 years of age.7 With the initiation of ventilation, the
pulmonary system changes dramatically. The alveoli transition
from a luid-illed to an air-illed state and a normal ventilatory pattern with normal volumes develops in the irst 5 to 10
minutes of life. In order to adequately expand the collapsed and
luid-illed alveoli, the newborn will generate an initial negative
intrathoracic pressure in the range of 40 to 60 cm H2O. By 10
to 20 minutes of life, the newborn has achieved its near-normal
functional residual capacity (FRC), and the blood gases stabilize
with the establishment of increased pulmonary blood low. Table
41-1 lists the normal blood gases for the various periods of life.
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figure 41-3. Static lung volumes of infants and adults. CC, closing
capacity; FRC, functional residual capacity; VC, vital capacity. (Reprinted
from: Smith CA, Nelson NM. Physiology of the Newborn Infant, 4th ed.
Springfield, IL: Charles C Thomas; 1976:207, with permission.)
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Tidal volume is about the same in the neonate as the child
or adult on a volume/kilogram body weight measure, but the
respiratory rate is increased. Closing volumes are particularly
100
high and may be within the range of the normal tidal volume
(Fig. 41-3). This increased minute ventilation mirrors the higher
50
oxygen consumption in neonates, which is about double that
Resting
seen in an adult. Because the FRC in the newborn is comparable to
cardiac
that of the older child or adult, but the minute ventilation is much
0
output
Fetus
1
3
5
Adult
higher, the ratio of minute ventilation to FRC is 2 to 3 times higher
in the newborn. The clinical signiicance of this ratio is twofold.
Weeks
B
First, anesthetic induction with a volatile anesthetic agent should
figure 41-2. Schema of reduced cardiac reserve in fetal and newbe faster, as should emergence. Second, the decrease in FRC
born animal hearts compared with adult hearts. A: In the newborn
relative to minute ventilation and oxygen consumption means
infant, resting cardiac muscle performance is close to a peak of ventricthat there is less “oxygen reserve” in the FRC compared to that
ular function because of limitations in diastolic, systolic, and heart rate
of older children and adults. There will be a more rapid drop in
2
reserve. B: Similarly, pump reserve early in life is limited by these factors
arterial oxygen levels in the newborn in the presence of apnea or
and by much higher resting cardiac output relative to body weight,
hypoventilation. Table 41-2 compares normal respiratory paramcompared with that in adults. (Reprinted from: Friedman WF, George
eters in the normal newborn and adult.
BL. Treatment of congestive heart failure by altering loading conditions
of the heart. J Pediatr. 1985;106:700, with permission.)
Lung compliance is relatively low, but chest wall compliance is
relatively high, compared to that of older children. The pliable rib
cage gives less mechanical support than in the older child, leading to signiicant retractions with less eficient gas exchange and
The initial breaths to expand the lungs and subsequently mainfunctional airway closure, thus increasing the work of breathing.
tain FRC are necessary components of the stabilization of the
The intercostal muscles are poorly developed at birth, with the
ventilatory system, as well as the circulatory system. Failure to do
diaphragm providing most of the gas exchange. The diaphragm
so will quickly lead to deterioration of both systems.

table 41-1. NORMAL BLOOD GAS VALUES IN THE NEONATE
Subject

Age

Fetus (term)
Fetus (term)
Newborn (term)
Newborn (term)
Newborn (term)
Newborn (preterm, 1,500 g)

Before labor
End of labor
10 min
1h
1 wk
1 wk

PO2 (mm Hg)
25
10–20
50
70
75
60

PCO2 (mm Hg)

pH

40
55
48
35
35
38

7.37
7.25
7.2
7.35
7.4
7.37
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% Change

82 mL/kg

80%
Total lung capacity

Intrinsic tension generating
or shortening properties

Infant
100%
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table 41-2. CoMPARISON OF NORMAL
RESPIRATORY VALUES IN
INFANTS AND ADULTS

Personal observations
Observations of others

80

Parameter

Infant

Adult

Respiratory frequency
(breaths/min)
Tidal volume (mL/kg)
Dead space (mL/kg)
Alveolar ventilation
(mL/kg/min)
Functional residual capacity
(mL/kg)
Oxygen consumption
(mL/kg/min)

30–50

12–16

7
2–2.5
100–150

7
2.2
60

27–30

30

7–9

3

Pressure (mm Hg)

70
60
50
40
30
20
10
0

1

5
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figure 41-4. Correlation of mean pulmonary arterial pressure with
age in 85 normal-term infants studied during the first 3 days of life.
(Reprinted from: Emmanouilides GC, Moss AJ, Duffie ER, et al. Pulmonary arterial pressure changes in human newborn infants from birth to
3 days of age. J Pediatr. 1964;65:327, with permission.)

in the neonate has two types of ibers, the type 1, slow twitch,
high-oxidative ibers that give sustained contraction with very
little fatigue, and the type 2, fast twitch, low-oxidative ibers that
give quick contractions, but fatigue easily. The distribution of
these ibers in the newborn shows only about 25% type 1 ibers,
cause pulmonary artery pressure either to persist at a high level
while 55% of the ibers are type 1 in the mature diaphragm at
or, after initially decreasing, to increase to pathologic levels. The
about 2 years of age. The preterm newborn has even fewer type
result is termed persistent pulmonary hypertension of the newborn,
1 ibers at birth, in the 10% range. This relative lack of type 1 3 sometimes referred to as persistent fetal circulation. Persistent
ibers means that the newborn, especially the preterm, is at risk
pulmonary hypertension of the newborn occurs in term and prefor diaphragmatic fatigue in the presence of signiicant resistance
term infants, usually caused by precipitating conditions such as
to ventilation or periods of hyperventilation.
severe birth asphyxia, meconium aspiration, sepsis, congenital
Lastly, the continued presence of surfactant is necessary to
diaphragmatic hernia (CDH), and maternal use of nonsteroidal
maintain both the distensibility of the alveoli and the mainteanti-inlammatory drugs with in utero constriction of the ducnance of an FRC at exhalation. Decreased surfactant production,
tus arteriosus, although it is often idiopathic. Other risk factors
due to prematurity or other conditions such as maternal diabetes,
include maternal diabetes or asthma, as well as cesarean delivcan cause respiratory distress syndrome (RDS). The decreased
ery.10 The elevated pulmonary vascular resistance causes both the
surfactant can cause alveolar collapse, decrease in lung compliductus arteriosus and foramen ovale to remain open, with subseance, hypoxia, increased work of breathing, and respiratory failquent right-to-left (bypassing the pulmonary circulation) shunture.8 Commercially available surfactant is extraordinarily useful
ing. These changes result in profound hypoxia from right-to-left
to both treat and prevent RDS in susceptible patients. In addition,
shunting and a normal or elevated PaCO2. The hypoxemia is
surfactant can improve gas exchange in preterms who may not
often noted to be out of proportion to the other presenting signs
have RDS, but are stressed by sepsis, heart failure, or other sysof respiratory and cardiovascular compromise. Treatment starts
temic problems.9 Delivered through an endotracheal tube, it can
with correcting any predisposing disease (hypoglycemia, polycybe used prophylactically in the very preterm newborn to prevent
themia) and improving poor tissue oxygenation. The response to
RDS, as well as treat newborns who have developed RDS.
therapy is often unpredictable. However, the goals are to achieve
In addition to the mechanical aspects of the pulmonary system,
a Pao2 of 50 to 70 mm Hg and a PaCO2 of 50 to 55 mm Hg. In
control of breathing has unique aspects in the neonatal period,
addition to standard mechanical ventilation, high-frequency venespecially in the preterm. Neonates respond less to hypercapnia
tilation, exogenous surfactant, inhaled nitric oxide, alkalinizathan the older child. In addition, neonates respond to hypoxia
tion, and extracorporeal membrane oxygenation (ECMO) have
with a brief period of hyperventilation, followed by hypoventilabeen used with varying degrees of success. Experimental therapy
tion. The initial hyperventilatory response can be prevented by
with other agents such as sildenail continue to be evaluated.11
hypothermia. Lastly, a periodic breathing pattern is common in
Success in treatment and survival varies directly with the underlyneonates, especially in preterm newborns, that can persist up to
ing cause. Signiicant prognostic factors are the ability of therapy
a year of age.
to reduce pulmonary vascular resistance and associated complications such as ischemic encephalopathy.

Persistent Pulmonary Hypertension of the Newborn
The pulmonary circulation is extremely sensitive to oxygen, pH,
and nitric oxide, as well as a variety of mediators such as adenosine and prostaglandins and mechanical factors such as lung
inlation. Figure 41-4 illustrates the correlation of the mean pulmonary artery pressure with age during the irst 3 days of life.
Hypoxia and acidosis, along with inlammatory mediators, may

Meconium Aspiration
Another important pulmonary issue in the newborn period is
meconium aspiration. Interference with the normal maternal placental circulation in the third trimester may cause fetal hypoxia.
Fetal hypoxia can result in an increase in the amount of muscle
in the blood vessels of the distal respiratory units. Figure 41-5
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figure 41-5. Diagram of muscle extension along pulmonary arterial branches (shaded bars). In the normal newborn, virtually no intraacinar artery is muscular. In 9 of 10 infants with meconium aspiration
and persistent pulmonary hypertension (PPH), muscle extended into
the most peripheral arteries; the infant with meconium aspiration without PPH (case 11) had normal intra-acinar arteries. (Reprinted from:
Murphy JD, Vawter GF, Reid LM. Pulmonary vascular disease in fetal
meconium aspiration. J Pediatr. 1984;104:758, with permission.)

illustrates the muscle increase found in blood vessels of a series
of 11 infants who died of persistent pulmonary hypertension.12
Chronic fetal hypoxia leads to the passage of meconium in utero.
The fetus breathes in utero so the meconium mixed with amniotic luid enters the pulmonary system. Meconium aspiration can
be a marker of chronic fetal hypoxia in the third trimester. This
condition is different from the meconium aspiration that occurs
during delivery. This meconium at birth is thick and tenacious,
and mechanically obstructs the tracheobronchial system. Meconium aspiration syndrome leads to varying degrees of respiratory
failure, which can be fatal in spite of all treatment modalities.
Current recommendations for intubation and suctioning for
newborns at delivery with frank meconium aspiration or meconium staining (approximately 10% of newborns) emphasize a
conservative approach.13 Routine oropharyngeal suctioning of
meconium is recommended immediately at the time of delivery, but tracheal intubation and suctioning should be performed
selectively. If the newborn is vigorous and crying, no further suctioning is needed. If meconium is present and the newborn is
depressed, the trachea should be intubated and meconium and
other aspirated material suctioned from beneath the glottis. If
meconium is retrieved and no bradycardia is present, reintubate
and suction. If there is bradycardia, administer positive pressure
ventilation and consider suctioning again later once the neonate
is stabilized.

In utero, most of the fetal waste material is removed by the maternal placenta. In effect, the fetal kidneys are passive, receiving relatively little renal blood low and having a low glomerular iltration rate (GFR).14 There are four major reasons for the low renal
blood low and GFR: Low systemic arterial pressure, high renal
vascular resistance, low permeability of the glomerular capillaries,
and the small size and number of glomeruli. In utero, the kidneys receive only about 3% of the cardiac output, whereas they
will receive about 25% of cardiac output in adulthood. At birth,
this changes dramatically. The systemic arterial pressure increases
and the renal vascular resistance decreases, and the kidneys now
receive a progressively increased part of the cardiac output. At
birth, the GFR is low, but increases signiicantly in the irst few
days, doubles in the irst 2 weeks, but does not reach adult levels
until about 2 years of age. The limited ability of the newborn’s
kidney to concentrate or dilute urine results from this low GFR
and decreased tubular function. However, during the irst 3 to
4 days, the circulatory changes increase renal blood low and GFR
and improve the neonate’s ability to concentrate and dilute the
urine. Part of the improvement in renal function is the establishment of gradients in the medullary interstitium that promotes
resorption of sodium. The maturation continues, and by the
time the normal full-term infant is 1 month of age, the kidneys
are approximately 60% mature. Urine output is low in the irst
24 hours, but then increases to an expected level of at least 1 to
2 mL/kg/hr. Diuresis after the irst day of life <1 mL/kg/hr should
be considered indicative of either hypovolemia or decreased renal
function for another reason.
Despite the rapid maturation of renal function and the
increased capacity of the neonatal kidneys, they still have limitations.15 From an anesthetic standpoint, the half-life of medications excreted by means of glomerular iltration will be prolonged.16 The relative inability to conserve water means that
neonates, especially in the irst week of life, tolerate luid restriction poorly. In addition, the inability to excrete large amounts
of water means the newborn tolerates luid overload poorly. The
newborn kidney is better able to conserve sodium than excrete
sodium, making hypernatremia a risk if excess sodium is administered. However, because of the lack of tonicity in the medullary interstitium shortly after birth, there will be some obligate
sodium loss in the irst days of life. This improves as the countercurrent multiplier is developed in the interstitium.

Fluid and Electrolyte Therapy in the Neonate
Total body water (TBW), which is usually described in terms of
percent of body weight, varies by both age and gestational status.
The highest TBW is found in the fetus, but decreases to about 75%
of body weight for a term infant at birth. Preterm infants have a
higher TBW than term infants, often in the 80% to 85% range.
TBW decreases during the irst 12 months of life to about 60%
to 65% of body weight and stays at this level through childhood.
TBW is distributed between two compartments, intracellular luid (ICF) and extracellular luid (ECF). The ECF volume
is larger than the ICF volume in the fetus and newborn, usually
in the 40% (ECF) and 20% (ICF) of body weight ranges. This
is the opposite of the situation in infants and children. There is
a signiicant diuresis after birth that produces a decrease in the
ECF volume. In addition, ICF volume increases because of the
growth of cells in the body. The ECF/ICF volumes (20% and 40%
of body weight) approach adult values by about 1 year of age.
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This dramatic shift is beneicial to the child, especially in increasing the mobility of reserves in the face of dehydration. Fluid can
be easily mobilized from ICF volumes to replenish intravascular
volume that is lost from fasting, fever, diarrhea, or other causes.
This means that the nonneonate is better situated to maintain
intravascular volume in these situations than the neonate.
The ECF is divided into the plasma and the interstitial luid.
The plasma water is usually about 5% of body weight and the
related blood volume, assuming a hematocrit of 45%, is about
8% of body weight in infants and children. The water content is
slightly higher in neonates and may approach 10% of body weight
in preterms. The interstitial luid, usually about 15% of body
weight, can demonstrate large increases in disease states associated with liver failure, heart failure, renal failure, and other causes
of conditions such as pleural effusions or ascites. The reason for
this is the balance between oncotic and hydrostatic forces. Any
condition that decreases oncotic pressure, such as loss of albumin
in liver failure, promotes the loss of luid into the interstitial luid.
On the other hand, raised hydrostatic pressures, such as seen in
heart failure, can result in luid leaving the plasma and accumulating in the interstitial space. Conditions that result in translocation of luid from the plasma to the interstitial spaces, whether
because of decreased oncotic pressure or increased oncotic pressure, are of signiicant consequence to the neonate. Loss of luid
from the plasma volume compromises the intravascular volume,
potentially decreasing the perfusion of vital organs and systems.
The blood volume in the normal full-term newborn is approximately 85 mL/kg and approximately 90 to 100 mL/kg in the
preterm, although estimates of these volumes can vary between
studies. Approximately 50 mL/kg of this volume is the plasma
volume. For all practical purposes, the electrolyte values in the
neonatal period are the same as in the child and adult with the
exception of potassium, which can be about 1 to 2 mmol/L higher
than average for the irst 2 days of life.17
Maintenance luid requirements increase during the irst days
of life. They have been estimated to be 60, 80, 100, and 120 mL/
kg/24 hr for the irst 4 days of life, respectively. For the rest of
the neonatal period, a maintenance rate of 150 mL/kg/24 hr is
appropriate.
The appropriate type of maintenance luid depends on several
issues. Because of ongoing sodium loss secondary to the inability of the neonatal distal tubule to respond fully to aldosterone,
intravenous luids in the neonate must contain some sodium.
Most operations on neonates involve loss of blood and ECF,
which must be replaced with a luid of similar electrolyte content
(i.e., a balanced salt solution such as lactated Ringer or PlasmaLyte). Hypotonic solutions should not be used to replace these
losses because they can cause signiicant hyponatremia. Thus, if
the neonate is already stable on a maintenance solution, it is reasonable to continue this maintenance at a constant rate, adding
balanced salt solution or colloid or blood products as needed.
The other issues for luid choice in the neonate center on
appropriate glucose administration. In most cases, maintenance luids containing 10% glucose and 0.2 normal saline with
20 mmol/L of potassium are reasonable in the irst 48 hours of
life. Beyond that time period, full-term infants may do well with
5% glucose instead of 10%, although preterms will often require
the higher glucose load longer. Newborns of diabetic mothers,
those who are small for gestational age, and those who have had
continuous glucose infusions stopped have particular problems
with hypoglycemia. These infants need to have their blood glucose values monitored. Neonates who are scheduled for surgery
and have been receiving hyperalimentation luids or supplementary glucose must continue to receive that luid during surgery
or must have their glucose levels monitored because of concerns

of hypoglycemia. There is little consensus on the issue of what
constitutes hypoglycemia.18
The concern about hypoglycemia must be balanced against
the potential augmentation of ischemic injury by the administration of glucose leading to hyperglycemia. Interestingly, there
are observational reports examining neonates undergoing cardiac surgery in which high glucose concentrations during or after
the surgery were not associated with worse neurodevelopmental
outcomes.19,20 These studies support the contention that avoiding hypoglycemia may be preferable to restricting glucose in newborns and risking hypoglycemia, at least in those having cardiac
surgery.

Blood Component Therapy in the Neonate
Most of the basic principles of blood component therapy are the
same in newborns and older children and adults. The irst principle is to ensure adequate circulating intravascular volume and
add components, as needed. However, there are a few important
differences. These differences are related to the interconnection
of maternal and fetal blood circulations and the low of some,
but not all elements, across the placenta, the incompletely developed immune system of the neonate, and the small blood volume
of the neonate. The indications in the perioperative period for
red blood cells are similar to those for adults, but the target values in available guidelines are higher.21 Transfusion is indicated
for a hemoglobin <10 g/dL for major surgery or in a newborn
with moderate cardiopulmonary disease, while transfusion for a
hemoglobin <13 g/dL is indicated in a newborn with severe cardiopulmonary disease. It is also recommended that platelets be
kept above 50,000 for invasive procedures. These recommendations are based on expert consensus, not prospective studies.
The hemoglobin in transfused blood is hemoglobin A, as
opposed to the hemoglobin F in the neonate at birth. An advantage of the transfused blood is better release of oxygen at the tissue
level from hemoglobin A. Fresh blood cells have the advantage
of lower potassium levels, especially during rapid transfusion,
than older blood, although washed or frozen cells prevent this
problem. Transfusion-associated graft-versus-host disease is a
rare but potentially deadly complication of red blood cell transfusion. Transfused lymphocytes in the donor blood attack the
recipient bone marrow and other tissues, causing fever, pancytopenia, diarrhea, and hepatitis. To prevent this, gamma irradiation of cellular blood components is used to destroy lymphocytes
and prevent transfusion-associated graft-versus-host disease. For
this reason, irradiated blood is routinely used for transfusion of
preterm newborns and, in many centers, for all newborns under
6 months of age. Leukoreduction by iltration is also used to
reduce cytomegalic virus transmission. Lastly, because there is very
weak expression of the ABO antigens at birth, ABO typing, Rh typing, and an initial antibody screen are commonly done, although
cross-matching is not.

The Hepatic System
The functional capacity of the liver is immature in the newborn,
especially synthetic and metabolic functions. Although most
enzyme systems for both normal function and drug metabolism
are present at birth, the systems have not yet been induced.22 In
utero, the maternal circulation and metabolism were responsible
for the majority of elimination of drugs. As the newborn develops, the different hepatic metabolic pathways mature at different
rates. Conjugation by sulfation and acetylation are relatively well

breathers, the majority of neonates are actually preferential nose
developed in the newborn, with conjugation with glutathione and
breathers.30 Anything that obstructs the nares can compromise
glucuronidation less well-developed.23 Some of these pathways do
the neonate’s ability to breathe.31 For this reason, bilateral chonot achieve adult levels of activity until after 1 year of age.24,25
anal atresia of the nasopharynx can be a life-threatening surgiBecause of this immaturity, some drugs that undergo hepatic biocal problem for the neonate, and the airway needs to be secured
transformation, such as morphine, have prolonged elimination
or the atresia opened to ensure adequate ventilation. The large
half-lives in newborns.26 Other drugs, such as lidocaine, do not
tongue occupies relatively more space in the infant’s oropharynx,
undergo prolonged elimination in the newborn. In some drugs,
promoting both soft tissue obstruction of the upper airway and
such as caffeine, the lack of hepatic metabolism of the drug is balincreasing the dificulty of direct laryngoscopic examination and
anced by excretion of an increased amount of unchanged drug
intubation of the infant’s trachea. In the normal adult, the glotthrough the kidney. Up to 85% of unmetabolized caffeine may
be found in the urine in the newborn, compared with 1% in the 4 tis is at the level of C5–C6. In the full-term infant, the glottis is
at the level of C4, and in the premature infant, it is at the level
adult.27
of C3. The combination of a large tongue and a relatively high
Lastly, decreased metabolism of a drug may actually increase
glottis means that on laryngoscopic examination it is more difits safety proile. Acetaminophen undergoes less biotransformaicult to establish a direct line of vision between the mouth and
tion by the cytochrome P450 system in the newborn, producing
the larynx; there is relatively more tissue in less distance. Thereless reactive metabolites that are toxic. Paradoxically, neonates
fore, the infant’s larynx appears to be “anterior,” although the
can tolerate dosages of acetaminophen that would be hepatotoxic
true description is cephalad. The epiglottis is omega- or tubularin adults.28,29 Synthetic function of the liver is also altered in the
shaped, with a stubby base and thick and bulky aryepiglottic folds,
neonatal period. Levels of albumin and other proteins necessary
making it dificult to ix with laryngoscope blade. Because the tip
for binding of drugs are low in term newborns (and are even
of the epiglottis lies at C1, the close apposition with the soft pallower in preterm infants) and impacts the ability to bind drugs,
ate allows the newborn to simultaneously suckle and breathe, and
producing greater levels of free drug. This phenomenon is especontributes to the preferential nasal breathing found in the neocially true for the binding of alkaline drugs that bind to a1—acid
nate. The vocal cords are anterior-slanting, making visualization
glycoprotein such as synthetic opioids and local anesthetics. The
more dificult, but also occasionally providing some obstruction
ability to bind to existing albumin may also be altered by hyperto the passage of the endotracheal tube. This phenomenon is
bilirubinemia for some medications. The need for exogenous
especially true with either nasal or “blind” intubation attempts
vitamin K in the newborn is another consequence of this decrease
because the bevel of the blade may hang up in the anterior comability. Because of decreased synthetic function, neonatal hepatic
missure of the angulated vocal cords instead of easily passing into
glycogen stores are low, especially in the preterm, increasing the
the subglottic larynx.
risk of hypoglycemia in response to stress.
The subglottic area is funnel-shaped, unlike the adult airway
(Fig. 41-7). In adults, the narrowest aspect of the upper airway is at
Anatomy of the Neonatal Airway
the vocal cords, but in the neonate there is further narrowing until
the level of the cricoid ring, the irst complete cartilaginous ring.
The anatomic and maturational factors unique to the neonatal
Because this narrowing is susceptible to trauma from intubation
airway are important to understand in order to effectively manor too large an endotracheal tube, uncuffed tubes have traditionage the airway (Fig. 41-6). Although previous thinking suggested
ally been used in the neonatal period, although cuffed tubes are
that all neonates, especially preterm babies, are obligate nasal
increasingly popular beyond the irst few months of life. The use
of cuffed, small volume, high resistance endotracheal tubes have
been demonstrated to provide an adequate airway with marginal
changes to the diameter of the airway leading most practitioners
Complicating anatomic factors in infants
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figure 41-6. Complicating anatomic factors in infants. (Modified
from: Smith RM. Anesthesia for Infants and Children, 4th ed. St Louis:
Mosby; 1980:16, with permission.)

A

B

figure 41-7. Configuration of the adult (A) versus the infant (B) larynx. The adult larynx has a cylindrical shape. The infant larynx is funnelshaped because of the narrow, undeveloped cricoid cartilage. A, Anterior; P, posterior. (Reprinted from: The pediatric airway, In: Ryan JF,
Coté CJ, Todres ID, eds. A Practice of Anesthesia for Infants and Children,
2nd ed. Orlando, FL: Grune & Stratton; 1992:61, with permission.)
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to now use a cuffed tube in even neonates and young infants.32
A narrow cricoid ring is signiicant because it means that the narrowest portion of the neonate’s airway is not the vocal cords but
the cricoid ring, this has to be kept in mind especially if an attempt
to push an endotracheal tube after entrance to the glottis is
considered.
Finally, the infant has a large occiput so the head lexes forward onto the chest when the infant is lying supine with his head
in the midline. Further lexion of the neck can cause obstruction.
Extreme extension can also obstruct the airway, so a midposition
of the head with slight extension is preferred for airway maintenance. Rarely, this may require placing a small roll at the base of
the neck and shoulders.

Anesthetic Drugs in Neonates
The pharmacokinetics of drugs in neonates are different than
5 in older children and adults. Factors affecting the metabolism
of drugs in neonates include a larger volume of distribution,
decreased protein binding, and decreased fat stores and immature renal and hepatic function. These physiologic changes alter
the amount of drugs used in neonates.
■

■

■

Volume of distribution. Water is predominantly in greater proportion in premature and full-term infants,33 which increases
the need for larger doses of medications that are water-soluble.
Protein binding. Neonates have decreased protein and hence
have a decrease in protein binding of most drugs. This leads to
increased free drug levels, which leads to increased toxicity of
drugs that are predominantly protein bound.34
Fat content. Neonates have a decreased amount of fat and
muscle mass, which leads to greater levels of drugs that are
primarily redistributed to muscle and fat. Decreased renal and
hepatic function predisposes neonates to increased blood
levels from normal doses that are used for induction and
maintenance of anesthesia.

doses of opioids. Our recommendation is to stop midazolam during surgery, although it is recommended to resume the infusion
after surgery to avoid withdrawal symptoms.

Sedative/Hypnotics
The common sedative/hypnotics used in neonates include propofol, thiopental, and ketamine.

Thiopental
Because of the large volume of distribution in neonates, it may
be necessary to use large doses of thiopental for induction of
anesthesia. There has been an acute shortage of thiopental for
induction of anesthesia and hence is now rarely used in North
America. However, because of their reduced clearance, the effect
may last longer than anticipated. Thiopental can cause hypotension in neonates who are volume depleted, especially in infants
who are scheduled for emergency surgery. It should be avoided
in neonates with congenital heart disease because of its effect
on myocardial function leading to hypotension. A dose of 2 to
4 mg/kg is usually well tolerated by most neonates for induction
of anesthesia. When compared with intubation without any hypnotic, the use of intravenous thiopental demonstrated adequate
maintenance of heart rate and blood pressure.35

Propofol
Propofol, a phenyl sedative/hypnotic, is a commonly used induction agent in infants and children. In a randomized trial comparing intravenous propofol with atropine, succinylcholine,
and morphine, it was noted that propofol maintained adequate
hemodynamics in neonates.36 There is variability in elimination
of propofol in neonates and preterm infants with longer elimination times.37 Hence, while using propofol, it is important to
reduce the dose to ensure early wake up and extubation. This is
the most common intravenous induction agent that is used in the
United States.

Intravenous Agents
Anticholinergics

Ketamine

Anticholinergics such as atropine and glycopyrrolate are used frequently in neonates. They may be helpful in decreasing secretions
and decreasing the response to vagal stimulation on intubation.
The dose of atropine is 10 mg/kg given intravenously and 20 mg/kg
if given intramuscularly. It may be desirable intramuscularly in
certain situations prior to induction of anesthesia, especially in
emergency surgeries. Caution should be exercised if neonates
have other associated congenital abnormalities, particularly narrow angle glaucoma in which case it could increase intraocular
pressure. Glycopyrrolate, a synthetic quaternary ammonium
compound, has a longer duration of action than atropine and
may potentially have less central effects because of decreased penetration of the blood–brain barrier.

Ketamine, an N-methyl-d-aspartic acid (NMDA) antagonist, is
used for induction of anesthesia in neonates who may have cardiovascular instability. An induction dose of 2 mg/kg intravenously with a higher dose of 4 to 5 mg/kg is used intramuscularly.
Although it produces hemodynamic stability, it can cause an
increase in oral secretions. Recently, there have been signiicant
alterations in excitotoxic cells in the animal model when exposed
to NMDA receptor antagonists like ketamine with resultant concern about potential neurodegenerative changes with their exposure.38,39 All of these experimental models were using very high
doses of ketamine unlike what is routinely recommended for
induction of anesthesia in neonates. In addition, there are also
another set of experimental data in animal studies that demonstrated a beneicial effect of ketamine in an experimental pain
model.40 Ketamine is still used frequently in neonates with congenital heart disease for induction of anesthesia.41

Midazolam
This is a water-soluble benzodiazepine that can be used for premedicating infants prior to surgery. Clearance of midazolam is
lower in neonates and premature infants, and hence caution has
to be exercised with the amount of midazolam used. If combined
with opioids, intravenous midazolam can cause severe hypotension. A common modality for midazolam administration in neonatal intensive care units is by continuous infusion. If a patient is
receiving midazolam infusion, care should be taken to avoid large

Opioids
Opioids are used extensively in the management of anesthesia
in neonates. The advantage of using opioids is their ability to
maintain cardiovascular stability during major surgery. The common opioids used in neonates include fentanyl, morphine, and
remifentanil. Infants who are on long-term doses of opioids may
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Fentanyl
This synthetic opioid is commonly used for sedation in the neonate in the intensive care unit as well as in the operating room.
A dose of 2 to 4 mg/kg/hr can maintain hemodynamic stability in these infants during surgery. The pharmacokinetics of
fentanyl have been well studied in newborns.43 The use of fentanyl in association with benzodiazepines may lead to hypotension and hemodynamic instability.44 Caution must be exercised
when the combination is administered during the perioperative
period. Fentanyl may result in respiratory depression even with
small doses. Continuous infusions may predispose to respiratory
depression more frequently than bolus doses.45 Chest wall rigidity and glottic rigidity has been described with fentanyl.46 Small
doses, as little as 1 to 2 mg/kg, can result in signiicant chest wall
rigidity, leading to desaturation and need for mechanical ventilation. There is no signiicant maturational change on the brain
associated with fentanyl compared with morphine. Hence, the
sensitivity to fentanyl will not signiicantly change as the infant
matures signiicantly. Fentanyl still continues to be the mainstay
in newborns for sedation and analgesia.

Morphine
The kinetics of morphine have been studied in newborns.47 Premature babies have been shown to have decreased clearance. Morphine
clearance (range, 0.8 to 6.5 mL/min/kg) correlated signiicantly
with gestational age (r = 0.60; p < 0.01) and birth weight (r = 0.55;
p < 0.01).48 Because of decreased clearance, dosing in neonates,
especially premature infants, should be adjusted to be provided
every 6 hours to allow for clearance of the drug.47 Morphine is used
frequently in the intensive care unit for postoperative pain control. Morphine infusions in the perioperative period have resulted
in minor prolongation of postoperative ventilation. However, the
incidence of apnea or hypotension was not observed in neonates
despite prolonged morphine infusions after successful extubation.49
A large multicenter neonatal trial (NEOPAIN) demonstrated very
little neurobehavioral changes associated with preemptive analgesia with morphine in neonates in the neonatal intensive care unit.50
Morphine is metabolized to morphine-3-glucoronide and
morphine-6-glucoronide. Morphine-6-glucoronide predisposes
to respiratory depression. The sensitivity to morphine-6-glucoronide increases with increase in age because of increased maturation of the neuronal receptors.51 A minority of infants who are
scheduled for surgery may have been on ECMO. Kinetics of morphine have been carefully studied in neonates undergoing ECMO
and do not show signiicant variability.52

Remifentanil
Remifentanil is an ultra short-acting opioid that is metabolized by
nonspeciic esterases in plasma and tissues and has a half-life of
<10 minutes. The pharmacokinetics of remifentanil in neonates
are similar to that of older children.53 Remifentanil is used for
maintenance of anesthesia by avoiding volatile anesthetic agents.
The use of remifentanil infusion facilitated tracheal extubation in
infants in a randomized trial when compared with volatile agents.54

Methadone
Methadone is a long-acting opioid that is used in neonates and
infants in neonatal intensive care units, particularly when with-

drawal from opioids is suspected. The pharmacokinetics of methadone are being studied in neonates; however, published data is
not available. The “black box” warning against the use in infants
with prolonged QT intervals is real and infants on long-term
methadone use should be carefully monitored with serial ECGs.
However, it is used frequently in managing opioid tolerance.42

Neuromuscular Blocking Agents
Neuromuscular blocking agents (NMBAs) are frequently used
during neonatal anesthesia to facilitate tracheal intubation, assist
with controlled ventilation, relax abdominal musculature, and
ensure immobility. Factors that inluence the choice of agent
include the time of onset, duration of action, cardiovascular
effects, and mechanism of clearance/elimination.

Succinylcholine
Succinylcholine, the only depolarizing muscle relaxant available, has the most rapid onset time of all the NMBAs. Neonates
and infants have a larger ECF volume, leading to a larger volume
of distribution and an increased dose requirement compared
with children and adults. Thus, the recommended intravenous
dose of succinylcholine for neonates and infants is 3 mg/kg,
compared with 2 mg/kg in children, with an onset time of 30 to
45 seconds and duration of 5 to 10 minutes. The recommended
intramuscular dose of succinylcholine is 4 mg/kg, with an onset
time of 3 to 4 minutes and duration of approximately 20 minutes. Caution should be exercised when administering a second
dose of succinylcholine because this can lead to vagally mediated bradycardia or sinus arrest. Pretreatment with atropine is
recommended.55
The more recent succinylcholine controversy has called into
question the use of succinylcholine in boys younger than 8 years.56
The reports of hyperkalemia with cardiac arrest in such children
with unrecognized muscular dystrophy have led some clinicians
to take the position that succinylcholine should not be used routinely for this group of patients. The occurrence of this problem
is somewhere in the range of 1 in 250,000 anesthetics, with a mortality rate of 50%. Although a concern in young children, it is not
a problem in the neonatal period. Succinylcholine is still recommended in rapid-sequence situations, potential dificult airway,
or if there are airway emergencies with progressive desaturation.
When it is evident that a neonatal airway is obstructed by laryngospasm or other reason and no progress is made in ventilation,
intramuscular or intravenous succinylcholine should be administered. Hyperkalemia can be recognized by peaked T waves. However, the clinician may not see this particular electrocardiographic
change because it occurs 2 to 3 minutes after drug administration,
when the anesthesiologist is attending to the airway. The hyperkalemia interferes with conduction, leading to a bradycardia and,
if severe enough, cardiac arrest. The drug of irst choice is intravenous calcium, 10 mg/kg. The use of sodium bicarbonate, 1 mEq/
kg, to treat any metabolic acidosis that may occur with arrest is
also believed to be useful because alkalosis decreases hyperkalemia. At the same time, the patient should be hyperventilated to
reduce the CO2, thereby encouraging a respiratory alkalosis. If
there is refractory hypotension, an option is to administer epinephrine 5 to 10 mg/kg. One of the actions of epinephrine is to
stimulate the sodium–potassium pump and cause the potassium
to re-enter the cell, thereby reducing the serum level. If there is no
response at this dose level, it should be increased incrementally
until there is a response. Lastly, magnesium has been described
as a treatment for hyperkalemia because it also antagonizes the
effects of hyperkalemia, as does calcium.
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Nondepolarizing Agents

Reversal Agents

The neonate’s neuromuscular junction is more sensitive to nondepolarizing muscle relaxants, and the neonate has a larger volume of
distribution because of a large ECF volume.57 These two effects tend
to balance each other so, roughly speaking, the dose of a nondepolarizing muscle relaxant for an infant is similar to that for a child on a
milligram per kilogram basis. The ongoing organ maturation, which
continues during the neonatal period, has a tremendous impact on
the metabolism and clearance of the nondepolarizing agents. As a
result, there is considerable variability and unpredictability in the
duration of action of these agents in the neonatal period. Dosing
should be titrated to effect and, when possible, guided by monitoring neuromuscular function with a nerve stimulator.

The unpredictable nature of the NMBAs in the neonatal population, as well as the inability to accurately assess neuromuscular
function in many situations, necessitates reversal of all nondepolarizing NMBA in neonates. The two commonly used reversal agents are edrophonium and neostigmine. Edrophonium in
a dose of 1 mg/kg achieves a 90% reversal of a neuromuscular
block in 2 minutes, whereas neostigmine in a dose of 0.07 mg/kg
requires 10 minutes for a 90% reversal of neuromuscular block.
This difference in time to peak effect allows the anesthesiologist
to decide which agent is needed. Anticholinergic drugs like atropine or glycopyrrolate is coadministered to decrease the incidence
of bradycardia. Neostigmine is the most common agent used for
reversal of nondepolarizing muscle relaxants in neonates. The
advantages of edrophonium over neostigmine are a more rapid
reversal and fewer muscarinic side effects.

Intermediate Nondepolarizing Agents
Rocuronium
Rocuronium appears to be the drug of choice among the intermediate-acting, nondepolarizing muscle relaxants for neonates.
The intubating dose of rocuronium is 0.6 mg/kg. The length of
action of rocuronium in the neonate is similar to that in the older
infant or child following an equipotent dose.58 Smaller doses
(0.45 mg/kg) have been demonstrated to provide adequate relaxation but predictable recovery in newborn infants. However, if
a larger dose of rocuronium, 1 to 1.2 mg/kg, is administered to
avoid using succinylcholine during a rapid-sequence induction,
then rocuronium will be a relatively long-acting muscle relaxant. Rocuronium is metabolized by the liver; however, unlike
vecuronium there are no active metabolites. Rocuronium has
mild vagolytic properties and may slightly increase heart rate.

Vecuronium
Although vecuronium is considered an intermediate-acting muscle relaxant in children and adults, in infants younger than 1 year
it is considered a long-acting muscle relaxant. The duration of
action of vecuronium is approximately twice that observed in children because of liver immaturity.59 Vecuronium undergoes primarily hepatic metabolism with production of active metabolites
that are dependent on renal excretion. The recommended dose of
vecuronium is 0.1 to 0.15 mg/kg, with an onset time of 90 seconds
and duration of action of 60 to 90 minutes in the neonate. Even
with increased doses, vecuronium has no effect on the cardiovascular system.

Pancuronium
Pancuronium is a long-acting NMBA with a pharmacokinetic
proile similar to vecuronium. The recommended dose of 0.1 to
0.15 mg/kg has an onset time of 120 seconds and duration of 60
to 75 minutes. Unlike vecuronium, however, pancuronium primarily undergoes renal excretion.60 Pancuronium has vagolytic
and sympathomimetic actions that cause tachycardia and an
increase in blood pressure.61 In a relatively normal neonate with
a normal blood pressure and normal blood volume, the use of
pancuronium may result in hypertension, which has the potential to increase blood loss and increase the risk of hemorrhage in
the extremely premature neonate. The risk for prolonged neuromuscular blockade in neonates, especially with altered renal function, makes pancuronium less desirable in neonates and infants
undergoing minor outpatient surgical procedures.62 The use of
pancuronium for prolonged durations especially in the intensive
care units can lead to muscle weakness. Prolonged use has also
been associated with sensorineural hearing loss in infants.63

Volatile Agents
Volatile agents are used for maintenance of anesthesia in the neonatal period. Although halothane was the most commonly used
volatile agent for many years and had a reasonable safety proile,
the introduction of sevolurane has clearly made a difference to
the use of volatile agents in neonates. Deslurane, another potent
volatile agent has limited application in children. Isolurane is
used for maintenance of anesthesia for longer surgical procedures. A brief synopsis of halothane followed by a more detailed
description of sevolurane will be described in this chapter.

Halothane
Halothane is still commonly used in many parts of the world as
the primary inhaled anesthetic, although it is not currently used
in the United States. Its long history for induction of anesthesia
and its ease of use still make it a desirable agent in children. Halothane has a weak muscle relaxant property, facilitating induction
and intubation without the use of a muscle relaxant. Halothane
is a potent bronchodilator and may reduce the airway relexes
associated with intubation. The use of high doses of halothane
for procedures including bronchoscopic evaluation of the airway may lead to signiicant myocardial depression and pump
failure.64 Infants <8 weeks old and with a history of RDS with
longer period of preoperative fasting are prone to hypotension.
Halothane also sensitizes the myocardium to cardiac dysrhythmias. Animal experiments demonstrate the increased sensitivity
to epinephrine with halothane when compared with isolurane
or sevolurane.65 Hence, when concurrent exogenous catecholamines are administered (including epinephrine in local anesthetic solution), careful attention to the maximum dose should
be carefully monitored. With the advent of sevolurane, the use of
halothane has decreased signiicantly in North America.

Isoflurane
Isolurane has become a common maintenance volatile agent in
neonates and infants. Its pungent odor does not allow its use for
mask induction. Isolurane increases the heart rate and hence
may predispose to cardiac dysrhythmias. It has a greater effect in
potentiation of muscle relaxation and hence plays an important
role as a maintenance anesthetic. It is important to remember that
the dose of muscle relaxants has to be reduced when isolurane
anesthesia is used. The dose of rocuronium bromide may have to
be reduced to 0.45 mg/kg compared with a normal maintenance
dose of 0.6 mg/kg.58 Isolurane has less myocardial depression
when compared with halothane in neonates.66
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Sevoflurane

Toxicity of Local Anesthetic Solutions

This is the newer volatile agent that offers an advantage for rapid
induction and rapid awakening. It has a less pungent smell than
isolurane. Its pharmacodynamics have been studied in neonates
and children with a fairly reasonable safety proile.67 In children
with congenial cardiac disease, it has been shown to produce
fewer hemodynamic changes when compared with isolurane.68
Although it produces less myocardial depression, it has a greater
effect on respiratory depression compared with halothane. Minute ventilation and respiratory frequency were signiicantly lower
during sevolurane than halothane anesthesia (4.5 compared with
5.4 L/m2/min, and 37.5 compared with 46.7 breaths per minute,
respectively, p < 0.05). There was also signiicantly less thoracoabdominal asynchrony during sevolurane anesthesia.69

Local anesthetic toxicity includes cardiac toxicity, central nervous system (CNS) toxicity, local reactions, and allergic reactions. Amide local anesthetic solutions may have a greater cardiac
depressing effect than ester local anesthetic solution. Common
local anesthetic compounds used in the neonatal and infant
period include amide local anesthetics such as lidocaine, bupivacaine, ropivacaine, and levobupivacaine, and ester local anesthetics such as chloroprocaine. A brief description of each of these
agents in children is provided here.

Local Anesthetic Solutions
Local anesthetic solutions are represented by two main classes, the
amino-amides (amides) and the amino-esters (esters). The main
difference between the two classes is that the amides undergo
enzymatic degradation by the liver and the esters are hydrolyzed
by plasma cholinesterases.72

Amides
These are commonly used local anesthetic solutions in neonates
and infants. Local anesthetics used in common clinical practice
belonging to this class include lidocaine, bupivacaine, ropivacaine and, more recently, levobupivacaine. The main characteristics differentiating these drugs are their speed of onset, duration
of action, and potential for cardiac toxicity. The ability of neonatal liver enzymes to metabolize and their ability to oxidize and
reduce these drugs are decreased when compared with adults.33,73
At approximately 3 months of age, the conjugation of these drugs
in the liver reaches adult levels. Older children can also achieve
higher levels of local anesthetic solution than adults because of
alteration in pharmacokinetics of the drugs. Local anesthetic solution levels have been shown to be higher in children undergoing
intercostal nerve blocks compared with adults.74 After caudal
administration of local anesthetics, peak plasma level is obtained
in children and adults in approximately 30 minutes.75 The steadystate volume of distribution (VdSS) for amides is increased in children compared with adults, although clearance (CL) is similar.75
Elimination half-life (t1/2) is related to the volume of distribution
and clearance as follows: t1/2 = (0.693 × VdSS)/CL. This results in a
larger VdSS and prolongation of the elimination half-life, especially
if a continuous infusion is used. The systemic absorption of local
anesthetics is often based on the site of injection. On a decreasing
scale, the incidence of complications with local anesthetic solution
injections decrease, with the highest concentrations seen in the
intercostal area followed by the caudal space, the epidural space,
and peripheral nerve blocks. With newer technique in regional
anesthesia, including ultrasound guidance, the volume and dose
of local anesthetic solution can be signiicantly reduced.76

Bupivacaine is the most commonly used local anesthetic solution
in infants and children in North America. The pharmacokinetics and the pharmacodynamics have been well studied in infants
and children.77 The concentration of the local anesthetic used
depends on the site, the desired density of blockade (motor and
sensory), postoperative “street readiness,” and the potential for
cardiovascular and neurotoxicity. The concomitant use of other
local anesthetics including iniltration anesthesia has to be taken
into consideration before a total volume of local anesthetic solution is taken into consideration. This is especially true in neonatal
surgery in which large quantities of local anesthetic solution can
sometimes be injected for skin iniltration. If upper safe limits are
likely to be approached, it is reasonable to avoid local anesthetic
solution for iniltration and use a dilute epinephrine solution
instead. The preferred concentration for peripheral nerve blockade is 0.25% bupivacaine or 0.2% ropivacaine, and the preferred
concentration for single dose bolus doses is 0.25% or 0.125%
solution of bupivacaine or 0.2% ropivacaine. When a continuous
infusion is desired, a 0.1% or 0.125% solution of bupivacaine is
preferred. In premature infants and in infants weighing under 1
kg, we prefer using 0.0625% bupivacaine, or in some cases bolus
doses given every 12 hours. Although clear guidelines do not exist
for local anesthetic solutions, a rough rule of thumb is to use 0.2
mg/kg/hr for continuous infusions of bupivacaine and 2 mg/kg
for bolus doses.78

Metabolism
Bupivacaine is bound to a1-glycoprotein. This may be altered in
the newborn period.79 It is a racemic mixture of the levo and dextro enantiomers. Although the levo enantiomer is the active form
that provides the clinical effect of the local anesthetic solution, the
dextro enantiomer is responsible for the adverse effects related
to local anesthesia, including cardiac toxicity and neurotoxicity.

Toxicity
The major adverse effect of bupivacaine is toxicity related to the
cardiovascular and the CNS. Local anesthetics have the ability to
cross the blood–brain barrier and can cause alterations in the CNS
functions. Continuous infusions in neonates can predispose them
to CNS toxicity sooner than older infants.80 In pediatric patients,
the incidence of cardiac toxicity occurs sooner than neurotoxicity,80 which may be partly because children may be anesthetized
and devastating neurotoxicity may not be noticed until signiicant cardiac toxicity is seen. Manifestation of bupivacaine toxicity
may also be affected by the concomitant use of volatile agents for
general anesthesia.
DOSAGE.

Bupivacaine can be used for most peripheral nerve
blocks as well as for epidural and caudal infusions in infants and
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Desflurane
Deslurane was touted to be the best volatile agent in children
because of its partition coeficient being close to that of nitrous
oxide, thereby allowing a rapid uptake. However, the pungent
nature of the drug has made it dificult to use it for induction of
anesthesia.70 When compared with sevolurane, infants who were
preterm were noted to wake up sooner with deslurane, although
there were no reductions in postoperative respiratory events.71

Bupivacaine
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children. The maximum dosage suggested for bolus injections in
the caudal space or epidural space for older children is 4 mg/kg
and 2 mg/kg for neonates and infants.78 Dosage recommendations for continuous infusions is 0.4 mg/kg/hr in older children
and 0.2 mg/kg/hr in neonates and infants.22 The concentration of
the solution used for peripheral nerve blocks is usually 0.25% or
0.5%, bearing in mind the ceiling limit for maximum dosage. An
example of a continuous infusion in a 4-kg neonate will be
0.2 mg/kg/hr; this will be equivalent to 0.8 mL/hr of a 0.1% solution of bupivacaine (1 mg/mL of bupivacaine).

Dosing
After a bolus dose of 1 mL/kg, a continuous infusion of chloroprocaine at 0.3 mL/kg of a 3% 2-chloroprocaine is recommended
to achieve a level of T4 to T2.85 This will be effective in producing complete surgical anesthesia for neonates undergoing hernia
repair. Although the drug is not commonly used in pediatric
practice, the advantage of its use is the capacity to provide complete motor block that is not prolonged.

Management of Local Anesthetic Toxicity
Ropivacaine
Ropivacaine is a newer amide local anesthetic. It is a levo enantiomer with relatively less cardiovascular and CNS side effects
compared with bupivacaine.81 The pharmacokinetics of ropivacaine are such that caudal blocks with ropivacaine (2 mg/kg) in
children (aged 1 to 8 years) result in plasma concentrations of
ropivacaine well below toxic levels in adults.81 This dose was also
noted to produce less motor block, but provide adequate analgesia. Mean maximum plasma concentration of total ropivacaine at
2 mg/kg was 0.47 mg/L. A threshold of CNS toxicity was noted at
a plasma concentration of 0.6 mg/L. Body weight-adjusted clearance was the same as in adults (5 mL/min/kg). Ropivacaine clearance depends on the unbound fraction of ropivacaine rather than
the liver blood low.
TOXICITY.

Although the safety of ropivacaine has been demonstrated in animal experiments, there have been reports of CNS
toxicity and cardiac toxicity associated with the use of epidural
ropivacaine. It is important to understand that an overdose of
ropivacaine can cause toxicity, making close attention to dosage
as important with ropivacaine as with other local anesthetics. Our
recommended dose is bolus dose of 2 mg/kg and an infusion rate of
0.2 mg/kg/hr.

Levobupivacaine
Levobupivacaine is a newer levo enantiomer that has fewer
adverse effects than bupivacaine.82 There are fewer pediatric trials
available in literature. Because of the common use of bupivacaine
in children and its low incidence of complications, levobupivacaine is not used abundantly in general pediatric anesthesiology
practice. It is currently not available for use in the United States,
although it is widely used in other parts of the world.
TOXICITY.

Levobupivacaine, in the animal model, has been shown
to have less cardiac toxicity with lower degree of myocardial depression than bupivacaine.83

Esters
Ester local anesthetics are metabolized by plasma cholinesterases.84
As a result, in populations with lower pseudocholinesterases as
in neonates, we see an increase in the duration of local anesthetic
activity. This includes infants and neonates particularly. The
duration of action of the drug is limited; hence, a continuous
infusion of chloroprocaine is recommended.

Toxicity
Toxicity is based on the absence of pseudocholinesterase in the
neonate.

Lipid emulsion therapy has been demonstrated to reverse the
effects of local anesthetic toxicity in experimental animal models.86 Its effect on human models was parlayed in a case report
where lipid was used as a last resort to reverse the effects of bupivacaine following a regional anesthesia technique.87 Lipid should
be readily available if local anesthesia is being used in infants.
More recently an infant receiving a caudal block which resulted in
cardiac toxicity was treated successfully with lipid rescue.88

Topical Anesthesia
Several local anesthetic preparations are now available for
topical use. The most common local anesthetic preparations for
topical use include lidocaine, tetracaine, benzocaine, and prilocaine. When these are applied to skin they produce effective but
relatively short duration of analgesia. A topical anesthetic formulation EMLA (eutectic mixture of local anesthetic) is a mixture of
lidocaine 2.5% and prilocaine 2.5%89 and is used extensively for
topical anesthesia in neonates, particularly for circumcision and
venipunctures. The preparation has to be applied under an occlusive bandage for 45 to 60 minutes to obtain effective cutaneous
analgesia. Although the incidence of methemoglobinemia from
prilocaine is not very common in neonates, caution should be
exercised when applying large doses of EMLA and caution should
be exercised while applying large doses for procedures.90
Newer topical anesthetic solutions are now available that may
offer a faster rate of onset. LMX-4, a 4% liposomal lidocaine solution can be used as topical anesthesia. There is no need for an
occlusive dressing when LMX-4 is used, and it has the same eficacy as EMLA.91,92 Liposome-encapsulated lidocaine or tetracaine
has been shown to remain in the epidermis after topical application, affording a fast and lasting anesthetic effect.

anesthetic ManageMent
of the neonate
Effective evaluation, preparation, and anesthetic management of
the neonate depend on appropriate knowledge, clinical skills, and
vigilance by the anesthesiologist. For safe and effective care, the
anesthesiologist must take extraordinary care to understand the
current status of the patient, the nature of the planned surgery,
and the potential need for stabilization and preparation before
surgery. After ensuring that the patient has been adequately prepared, the anesthesiologist needs to develop a detailed plan that
encompasses the issues of anesthetic equipment and monitoring,
airway management, drug choice, luid management, temperature control, anticipated surgical needs, pain management, and
postoperative care.
Studies have shown that morbidity and mortality related to
anesthesia is higher in infants, especially neonates, compared
with infants, older children, and adults.93–96 There are probably

several causes for this higher complication rate, including the
emergent nature of most surgical procedures that are performed
at this age, the physiologic instability of the neonate, the relative
lack of experience most clinicians have with patients in this age
range, and the technical challenges of monitoring and treating
a very small patient. Because of the specialized nature of neonatal surgery and care, it is important that each institution that
provides care to these patients have the resources of equipment,
critical care facilities, nursing, laboratory, blood bank, and social
work necessary to meet the needs of these patients and their
families, as well as systems in place to guarantee a robust quality
assurance emphasis on the provision of care. Both the American
Academy of Pediatrics and the American Society of Anesthesiologists have provided guidance to many of the systems issues that
should be addressed in institutions caring for these patients.97
Physicians who agree to participate in this care need to have the
preparation and ongoing experience needed to provide a consistent, high level of care.
In the distant past, concerns about physiologic instability
and other challenges of caring for neonates led some practitioners to use minimal or no anesthesia for both minor and major
procedures.98–100 It is now widely recognized that neonates have
stress responses similar to those of older patients, and the lack of
adequate anesthetic care is as inhumane in the neonate as it is in
the older child or adult.101 Consequently, the same attention to
adequate analgesia and anesthesia needs to be paid to the neonate
as to other patients.

Preoperative Considerations
Preanesthetic Evaluation—History
The preanesthetic planning process starts with an evaluation of
the course of intrauterine growth, followed by labor and delivery
and the immediate postpartum course. The amount of history
available to the anesthesiologist may vary widely. If the mother
had received prepartum and postpartum care in the institution
in which one is working, a signiicant amount of detail may be
available. If the newborn is transferred from another institution,
there may be limited information available. Best efforts should
be made to get as much relevant information as possible, with an
emphasis on maternal factors that may have affected fetal growth
as well as the current status of the newborn. Additional history
of the child’s course since birth is important, with a particular
focus on the signs that identiied the surgical condition that is to
be treated. Important factors include the history of feeding and
hydration, need for oxygenation or ventilatory support, cardiovascular abnormalities and need for support, and any evidence of
CNS problems such as seizures or intraventricular hemorrhage.
Lastly, an estimation of the gestational status is made, with an
emphasis on the issues of prematurity and intrauterine growth
retardation with subsequent small-for-gestational age status.
The World Health Organization deinition of prematurity is
<37 weeks’ gestation at birth. The determination of gestational
age is based on the estimated date of full-term delivery, as well as
physical examination of the newborn. Although these indicators
are generally widely agreed on, they are subject to some degree
of variation in interpretation. The greater the degree of prematurity, the more physiologic abnormalities will be expected. As
one neonatologist explained, “Preterms obey no known law of
physics” (Ogata E, personal communication, 2008). The implications for anesthesiologists are that the more preterm a newborn,
the greater the variability of responsiveness to anesthetic agents,
luids, cardioactive drugs, and the stress of the surgical procedure.
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In addition to prematurity, there is a second, related classiication system. Low birth weight, deined as a birth weight of
≤2,500 g, can be due to prematurity, poor intrauterine growth,
or both. Prematurity and intrauterine growth retardation are
associated with increased neonatal morbidity and mortality, and
it is dificult to completely separate factors associated with prematurity from those associated with intrauterine growth retardation. For discussion purposes, preterm infants are often divided
into subgroups. Newborns born at 35 to 37 weeks’ gestation are
considered near term. These newborns have a lower incidence
of major physiologic abnormalities typical of the more preterm
newborn. Although they usually do not have signiicant pulmonary abnormalities, they may have some feeding problems or
hyperbilirubinemia. This degree of prematurity does not usually
have a signiicant impact on anesthetic management. However,
infants born between 30 and 34 weeks’ gestation are much more
likely to show some abnormalities related to prematurity that can
complicate anesthetic management.102
Although RDS used to be a signiicant source of morbidity in
this population, the widespread use of exogenous surfactant has
decreased the incidence dramatically, as well as the later complications of chronic lung disease. This group does have more problems with inadequate feeding, persistent patency of the ductus
arteriosus, apnea in response to stress, and temperature instability. However, infants born more premature than this begin
to demonstrate signiicant physiologic abnormalities related to
prematurity. For infants with very low birth weight, deined as
<1,500 g, the presence of complicating problems and morbidity
and mortality are inversely related to birth weight. RDS is found
in approximately 80% of infants weighing 501 to 750 g, in 65%
of those 751 to 1,000 g, in 45% between 1,001 and 1,250 g, and in
25% between 1,251 and 1,500 g. In addition, symptomatic intraventricular hemorrhage is found in about 25% of infants weighing 501 to 750 g, in 12% between 751 and 1,000 g, in 8% between
1,001 and 1,250 g, and in 3% between 1,251 and 1,500 g. Other
complications, such as sepsis, necrotizing enterocolitis (NEC),
and bronchopulmonary dysplasia, are very high in infants with
very low birth weight. Table 41-3 lists some of the most common
abnormalities found in the preterm population that have implications for anesthetic evaluation, preparation, and management.

Preanesthetic Evaluation—Physical Examination
Physical examination of the newborn is focused by the condition
requiring surgical intervention. Hydration is often an important
issue because of both fasting and losses related to the surgical
lesion. Clinical signs of dehydration include a sunken fontanelle,
poor skin turgor, dry mucus membranes, sunken eyes, poor skin
perfusion, delayed capillary reill, hypothermia, and a history of
tachycardia or absent urine output. If there are clinical signs of
dehydration, efforts should be made to correct the deicits before
surgery, except in extreme, life-threatening situations. Physical
examination also focuses on the respiratory and cardiovascular
systems. The presence of any cardiovascular abnormalities should
be noted, including poor perfusion or pulses, abnormal rhythm
or rate, a murmur or gallop, hepatomegaly, or other signs of
either heart failure or poor perfusion. The presence of a murmur
is of concern in the neonatal period and warrants further evaluation, which is best done by a pediatric cardiologist. An electrocardiogram and echocardiogram will help deine whether there
is signiicant cardiovascular disease present that can affect the
anesthetic management. Although this evaluation may take some
effort and time, it is worthwhile to ensure that the anesthesiologist can plan the child’s care with full knowledge of the limitations
cardiovascular disease can impose.
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Preanesthetic Evaluation—Laboratory

table 41-3. ABNORMALITIES ASSOCIATED
WITH THE PRETERM—COMMON
ANESTHETIC CONCERNS
Respiratory

Cardiovascular

Central nervous system

Metabolic

Renal

Gastrointestinal

Hematologic

Other

Respiratory distress syndrome
Apnea
Pneumothorax,
pneumomediastinum
Pneumonia
Pulmonary hemorrhage
Bronchopulmonary dysplasia
Patent ductus arteriosus
Hypotension
Bradycardia
Pulmonary hypertension
Persistent transitional
circulation
Congenital heart disease
Intraventricular hemorrhage
Hypoxic–ischemic
encephalopathy
Seizures
Kernicterus
Drug withdrawal
Hypoglycemia
Hyperglycemia
Hypocalcemia
Hypothermia
Metabolic acidosis
Hyponatremia
Hypernatremia
Hyperkalemia
Poor urine output
Poor feeding
Necrotizing enterocolitis
Intestinal obstruction
Anemia
Hyperbilirubinemia
Vitamin K deiciency
Retinopathy of prematurity
Sepsis and infections

The respiratory system also must be examined in some detail.
The presence of stridor or other evidence of airway obstruction,
such as sternal or chest wall retractions, should be identiied and
investigated. Although upper airway obstruction is relatively rare
in the newborn, laryngeal webs, cysts of the tongue or supraglottic region, vocal cord paralysis after a traumatic delivery, and
hemangiomas of the airway can cause obstruction and need to
be identiied. In addition, newborns that have been previously
intubated may have some degree of subglottic edema related to
previous intubation. More likely are signs of lower airway disease
such as tachypnea, grunting, rhonchi, retractions, and cyanosis.
This may be related to the early development of RDS, but may
also represent meconium aspiration, pneumonia, pneumothorax,
or heart failure. The cause of any respiratory distress needs to be
evaluated expeditiously prior to anesthesia to identify treatable
causes and begin therapy.

Most laboratory investigations are related to the underlying
surgical condition such as radiologic investigations, computed
tomography or magnetic resonance imaging studies, and echocardiography. However, most newborns will have, at a minimum,
a blood count and glucose level drawn. The hemoglobin in a newborn is primarily fetal hemoglobin, which has a higher afinity for
oxygen than adult hemoglobin. Because of this higher afinity, the
hemoglobin dissociation curve is shifted to the left, releasing less
oxygen to the tissues than adult hemoglobin. Newborns have a
higher hemoglobin than the infant or child, often in the 15 to
18 g/dL range.103 Rarely, a newborn will have signiicant polycythemia, with hemoglobin levels above 20 g/dL. If symptomatic, these
patients may beneit from a lowering of the hemoglobin levels.
Glucose levels obtained close to the time of the proposed surgery are important. The stressed newborn, especially the stressed
preterm or small-for-gestational age newborn, are at particular
risk for hypoglycemia.104 A glucose level between 60 and 80 mg/dL
is expected in a full-term newborn, with a preterm often 10 mg/dL
below that. Although there is some controversy about what
actually constitutes hypoglycemia in these populations, most
agree that levels <45 mg/dL warrant therapy with additional dextrose. Patients with diabetic mothers, those who have not been
receiving either enteral or parenteral feeds, those who are very
low birth weight, and those who have been septic are especially
susceptible to hypoglycemia and require frequent monitoring
and modiication of parenteral luids.
Other laboratory studies, such as electrolyte determinations
and coagulation proiles, are indicated in speciic patients. Hypocalcemia, in particular, can be troubling because signs of hypocalcemia are nonspeciic. Unexplained hypotension, irritability,
or even seizures can be presenting signs. Hypocalcemia is a problem with preterm newborns, but can also be seen in full-term
newborns who have a delay in starting enteral feedings. Hyponatremia is not uncommon in newborns who have been receiving solutions with little or no salt in the irst days of life, while
hypernatremia may occur if there is inadequate resuscitation
of the dehydrated patient when water loss is greater than salt loss.
The longer a newborn has received parenteral luids, the greater
the chance of electrolyte abnormalities because of the dificulty in
matching ongoing losses with replacement in the presence of an
immature kidney.
Coagulation parameters are different in newborns compared
with adults.105 Although platelet counts in term newborns are
usually similar to adult values, lower values are frequently seen
in the preterm. Unexplained thrombocytopenia can be an early
sign of sepsis, and a falling count should be an impetus to look for
other signs of sepsis. Other coagulation tests are different in both
the full-term and preterm newborn. The prothrombin time and
partial thromboplastin time levels are about 10% longer in the
newborn, but prothrombin time values approach adult levels in
the irst week of life and partial thromboplastin time levels within
the irst month of life.

Preanesthetic Plan
The anesthesiologist has a host of anesthetic techniques from
which to choose and can tailor the anesthetic to the requirements
of the surgery and the condition of the neonate. Major factors
that should be considered in planning the anesthetic include
(1) the need to have blood and blood products available before
beginning the case, (2) the need for invasive monitoring, (3) the
need for additional equipment for securing the airway or establishing vascular access, (4) the need to transport the child to and

from the operating room, (5) the likelihood of postoperative ventilation, and (6) the plan for postoperative pain relief. Both the
medical status of the patient and the planned surgical procedure
will impact this planning. The anesthesiologist has the responsibility of clarifying any medical issues with the neonatologist
before inalizing the plan, as well as clarifying any issues relates
to the planned procedure with the surgeon. Occasionally, as planning progresses, it becomes obvious that the patient needs further
medical resuscitation or evaluation before it is prudent to proceed with the procedure.
Once the anesthetic plan is clear, it should be discussed with
the available parent or caregiver who has legal custody of the
child. Informed consent is a process by which the anesthesiologist
explains his/her understanding of the patient’s status, the planned
procedure, the plan for anesthetic management, alternatives to
the plan, and some discussion of risks and beneits. Although
there may be rare circumstances in which the legal guardian is not
available to provide consent, efforts should be made in all except
the most emergent of situations to have this discussion. It should
be stressed that informed consent is a process, not a document.
The goal of informed consent is to help the parent understand
what care is being proposed, the risks and beneits involved, and
reasonable alternatives. It is the discussion, in terms understandable to the parent, that is the basis of true informed consent.

Premedication
Premedication is not commonly used for neonatal anesthetics.
Sedation is not usually appropriate, and analgesics are rarely
indicated before taking the patient to the operating room. In the
past, premedication with atropine was occasionally used, especially for older neonates, above a month of age, where an inhala1 tion induction was considered. Because of the dominance of the
parasympathetic nervous system, bradycardia on induction or in
response to inhalation agents is of concern. There are some data
that in the older neonate, the vagolytic activity of atropine does
decrease the bradycardia and hypotension associated with volatile
agents.106,107 In older neonates, an inhalation agent may be the
primary anesthetic for the case, making the addition of atropine
useful. However, it is more common in neonates under a year of
age to use opioids as the basis of the anesthetic, with lower doses
of an inhalation agent titrated to effect. In this situation, atropine is less commonly indicated and can always be added intravenously as the anesthetic proceeds.

Intraoperative Considerations
Monitoring
Neonatal patients are at a disadvantage when it comes to perioperative monitoring because of their small size. Many of the
monitoring modalities that are used in older children and adults
are not available for the neonate. Examples of this include transesophageal echocardiography, pulmonary artery catheterization,
and brain function monitoring. Other monitors that are used
may occasionally not provide reliable information for technical
reasons. Examples of this include neuromuscular blockade monitoring and automated blood pressure monitoring. Invasive monitoring such as arterial line and central venous line catheters may
be technically dificult to insert, especially in the preterm. Consequently, the goal of monitoring should be to establish American
Society of Anesthesiologists standard monitors of pulse oximetry,
blood pressure, at the beginning of the case and add invasive
monitoring, as appropriate.
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Although physical observation of the patient is important in
preanesthetic evaluation, it is dificult to use this monitor during a surgical procedure. Observation of the patient’s color, capillary reill, warmth of skin, muscle tone, fullness of fontanelle,
and chest expansion are useful monitors, but they are dificult to
reliably observe once the patient is covered with surgical drapes.
There is a large dependence on electronic monitors during the
majority of the procedure. However, it should be remembered
that heart and breath sounds heard through a precordial or
esophageal stethoscope, the compliance determined during hand
ventilation, the appearance of bleeding in the surgical ield, and
trends noted in the anesthetic record are all important observations that the anesthesiologist can use as part of the overall assessment of the patient.
Pulse oximetry is one of the most important monitors in neonatal anesthesia. Flexible probes designed for pediatric patients
should be used. Placement is sometimes dificult because of the
small ingers of the neonate. It may be necessary to place the
probe across the web space between the thumb and the irst inger, around the lateral aspect of the hand, or on the foot. Many
anesthesiologists will place and check two pulse oximeter probes
at the beginning of the case because of the clinical experience of
having one probe malfunctioning secondary to changes in perfusion during the case. Because there may be differences in preductal and postductal saturations, probes on the left hand or either
leg may give lower values than a probe on the right hand.108 Especially in the irst 2 weeks of life, there is a preponderance of fetal
hemoglobin. The pulse oximeter does not compensate for the left
shift of the hemoglobin desaturation curve, and pulse oximeter
values read about 2% higher than arterial blood saturations.109
The hallmark of the pediatric anesthesiologist has been the
precordial stethoscope. It has the advantages of being simple and
effective in allowing continuous monitoring of heart rate, heart
rhythm, strength of heart sounds, and breath sounds. A softening
of heart sounds often is indicative of a drop in blood pressure.
The esophageal stethoscope is more secure and less susceptible
to external noise as the precordial stethoscope, while also providing the ability to measure core temperature. Although there has
been recent skepticism about the usefulness of the stethoscope,110
the stethoscope continues to be a quick, continuously available
monitor that can be used to detect changes in both the circulatory
and ventilatory status of the newborn.
The electrocardiograph is useful primarily to assess heart rate
and rhythm. It is sometimes dificult to get the leads to adhere
properly, but wiping the skin with alcohol before placement is
often helpful. These leads, once applied, can bind tightly to skin,
and care must be taken when removing them to avoid removal
of skin, especially in the preterm. ST–T wave abnormalities may
be an indicator of signiicant electrolyte disturbances, but abnormalities related to myocardial ischemia are not common in the
perioperative period.
Blood pressure measurements are important in the management of all newborns. Noninvasive automated machines are
commonly used, but it is important that a proper-sized cuff—
one-half to two-thirds of the length of the upper arm—be used,
and that the arterial indicator, adjacent to the exit of the hoses,
be placed over the artery. The cuff should not be routinely cycled
excessively, more than every 3 minutes, because of the danger
of venous stasis, especially in preterms. In some cases, it is not
possible to get reliable readings from an automated machine. An
effective alternative is to use a manual cuff and place a Doppler
probe over the brachial or radial artery. This system gives reliable systolic blood pressures over a very wide range; the Doppler
probe can detect low, even at very low blood pressures when the
automated cuff may fail.
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Direct arterial blood pressure monitoring offers the double
advantage of accurate blood pressure readings and the ability to
withdraw blood samples. A 22-gauge catheter is often used in fullterm neonates and a 24-gauge catheter in preterms. A variety of
sites can be used, including the radial, dorsalis pedal, and posterior tibial arteries. Less commonly, the brachial or femoral arteries are used. More recently, with the use of point of care ultrasonography, it is imperative that this measure be attempted before
resorting to a cutdown using an invasive technique for access.
Some patients may come to the operating room with an umbilical
artery line in place. Although these can be used for monitoring,
umbilical lines have both infectious and embolic risks, and may be
in the way of the surgical ield. All arterial lines should be lushed,
either continuously or intermittently, with small amounts of heparinized saline, but caution should be used because even small
amounts of lush can transmit signiicant pressure retrograde and
cause embolic damage to the brain.
Central venous monitoring is occasionally used in neonatal
surgery. Access to blood samples and central venous pressures
can be especially useful in procedures, such as gastroschisis repair,
in which there are anticipated large changes in both blood loss
and third-space losses. Central catheters can also be used for the
administration of blood, total parenteral nutrition, and cardioactive drug infusion. Insertion of these lines can be in a variety of
sites, including the subclavian, internal jugular, femoral, or external jugular veins using special precautions to maintain sterile technique. The umbilical vein is not recommended as a site for central
monitoring because of the risk of portal vein thrombosis. Percutaneous insertion may be assisted by ultrasound guidance. Central
lines can be both challenging to insert, but also associated with
signiicant complications related to infection, thrombosis, and
emboli.111 Meticulous technique with insertion and maintenance
of the line will help minimize these complications. The use of
ultrasound guidance is now routinely used in many US children’s
hospitals to provide a presumably safe and consistent method for
gaining central venous access although a recent meta-analysis did
not demonstrate any signiicant differences between groups.112
Although there may be some differential between capnography and arterial PCO2 readings, the trend data are accurate and
the shape of the waveform can give signiicant information about
changes in ventilation, obstruction, and rebreathing. Airway pressure measurements are particularly useful in assessing changes in
resistance or compliance. Although it has been traditional that
hand ventilation was important in determining changes in airway
and chest compliance, there is controversy about the reliability of
the “feel of the hand on the bag.”113,114 Airway pressure measurements are also useful in adopting adult anesthesia ventilators for
use in neonatal and pediatric patients, using peak airway pressures as a guide for setting tidal volume.115

Anesthetic Systems
There is a long tradition in pediatric anesthesia of using semiopen, nonrebreathing systems for general anesthesia in newborns.116,117 Circuits such as the Jackson-Rees adaptation of the
Ayre’s T-piece and the Bain circuit have been the most commonly
used in the United States.118 These and related circuits have the
advantage of lightweight, easy-to-open valves or lack of valves,
rapid changes in anesthetic concentration, minimal work of
breathing, and high circuit compliance. On the other hand, they
require relatively high gas lows and require some modiication
for mechanical ventilation. These circuits were especially popular
when spontaneous ventilation was more commonly used than it
is now in neonatal patients. As the use of these circuits has diminished, familiarity with their use and application has dropped in

favor of the semi-closed, rebreathing circle systems used in adult
patients. There will be slower change in anesthetic concentration,
less circuit compliance, and larger compression volume with
these circuits, but they give the advantage of using the same circuit on patients of all ages.
Because the loss of both heat and humidity through the endotracheal tube is of concern in the neonate, the anesthetic circuit
should incorporate features to minimize water and heat loss. In
the past, heated vaporizers were added to the circuit for this purpose. However, there is a danger of patient absorption of water
and luid overload with their use, as well as concerns about overheating the patient or an airway burn. It is now common to use
a combination of low gas lows119 and a disposable, neonatal
humidity and heat exchanger to the circuit, with warming of the
gases and retention of some of the exhaled humidity.120,121
Lastly, the anesthesia machine used for anesthetizing neonates
should have the capacity to administer medical air. There are two
reasons for this. First, if nitrous oxide is contraindicated, such as
in the newborn with bowel obstruction, air is mixed with oxygen
to prevent the administration of only 100% oxygen. This is also
used to minimize the risk of retinopathy of prematurity (ROP)
by avoiding prolonged administration of 100% oxygen. Second,
some patients, such as those with hypoplastic left heart syndrome,
may beneit from the administration of air with additional oxygen.
Without an air lowmeter in the system, this will not be possible.

Induction of Anesthesia
There is no one method of induction and maintenance of anesthesia that is best for all patients. The current medical status of
the patient, the surgical condition, the presence of ongoing luid
or blood losses, the gestational age of the patient, recent fasting,
and the experience of the anesthesiologist are all important considerations. Most neonates who come to the operating room will
have vascular access already established; if not, the irst task before
induction is to establish adequate vascular access after applying
monitors. Although it may rarely be appropriate to use an inhalational induction if vascular access is dificult in the older newborn,
near a month of age, it is mandatory to establish access irst in the
newborn who is preterm, medically unstable, has a full stomach,
has a potentially dificult airway, or has ongoing luid losses.

Airway Management
Establishing the airway in the neonate requires an appreciation of
the differences between the newborn and the adult airway, as discussed earlier. It is rare to administer anesthesia in the newborn
period without establishing an artiicial airway. Although, with
meticulous technique, a mask airway can successfully be used for
short periods of time, the tolerances of mask it, adequate airway
pressure, and avoidance of gastric distention are small, making
this a poor choice for any but the briefest of operations. In addition, controlled ventilation is used more commonly today than
spontaneous ventilation for surgical procedures, making an artiicial airway necessary.
Awake intubation has been used to secure the airway without the danger of loss of airway during the procedure, but it can
be a traumatic experience for both the patient and the anesthesiologist, accompanied by pain, breath holding, desaturation, and
tissue trauma.122 The desaturation associated with this technique
can be ameliorated by using an oxyscope, a Miller laryngoscope
blade that has a side channel to allow insuflation of oxygen
during the procedure.123,124 However, this technique is usually
reserved for patients with severe hemodynamic compromise,
an extraordinarily distended and tense abdomen, or a presumed
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figure 41-8. Insertion of Miller blade down the right side of the
tongue. The blade is then turned and pressure is applied in the direction of the handle.

figure 41-9. Cricoid pressure applied with little finger.

dificult airway, especially the newborn with micrognathia. In the
latter situation, the addition of sedation with an opioid or topical application of local anesthetic can help decrease some of the
trauma of the procedure. It has also been suggested that an awake
intubation may be best for the anesthesiologist who is not very
experienced in intubating newborns. It may be better to have a
more experienced clinician, if available, attend to the airway in
that situation.
Most newborns are intubated after a rapid-sequence induction. Preoxygenation is useful in adding additional safety to the
procedure. Although there may be a minor concern about a
period of hyperoxia in the preterm, there is no evidence that a
short exposure such as preoxygenation will increase the risk of
ROP. Agents for induction and muscle relaxation are discussed
later. If there is concern about the dificulty of intubation, it may
be prudent to induce anesthesia, ensure adequacy of mask ventilation, and then give the muscle relaxant.
Positioning for intubation is based on the known differences
in the neonatal airway. Because of the large occiput of the head,
the newborn already has a lexed neck. No changes in position are
usually needed, although additional extension of the head may
be accomplished by a shoulder roll. A Miller no. 1 blade is commonly used for the full-term newborn and a Miller no. 0 in the
preterm, although there are other available blades that individual
practitioners may prefer. Sliding the blade down the right side of
the mouth allows the blade to be seated with minimal overlap by
the tongue (Fig. 41-8). The tip of the blade is advanced to lift the
epiglottis directly instead of placing it in the vallecula, as is commonly done with older patients. Every patient’s anatomy is different, but if the laryngoscope is advanced in the direction parallel to
the handle, one will get the best visualization. If the glottis is not
easily seen, cricoid pressure can be applied with the little inger of
the hand holding the handle or by an assistant, often improving
the view (Fig. 41-9).
Uncuffed tubes have traditionally been used in newborns to
minimize cuff pressure on the subglottic larynx, especially at the
level of the cricoids. Although there has been interest in the use
of cuffed tubes in newborns and infants,125 most clinicians continue to use uncuffed tubes in newborns to maximize the internal
diameter and gas low characteristics for a given external diameter
of tube. Although various formulas have been proposed for how

far to advance an uncuffed tube, it is prudent to use the depth
markers at the end of the tube to ensure under direct vision that
the tip is advanced 2 or 3 cm past the vocal cords. A 3- or 3.5-mm
internal diameter (ID) uncuffed tube is usually appropriate for
a full-term newborn and a 2.5-mm ID tube is used in preterms,
especially those under 1,500 g body weight. Once inserted, the
presence of a positive capnograph tracing, bilateral expansion of
the thorax, and bilateral breath sounds are used to ensure proper
placement. Although some anesthesiologists prefer to advance the
endotracheal tube past the carina and then withdraw until bilateral breath sounds are heard, there are two major disadvantages
to the technique: Trauma to the airway and lack of a guarantee
that the tip of the tube is not sitting right at the carina, increasing
the chance of migration into a bronchus with head movement.
Lastly, listen for an air leak at an airway pressure of about 20 cm
H2O to ensure that the tube is not too large for the airway, increasing the chances of subglottic edema and damage.
If intubation proves dificult, there are a variety of options.
A laryngeal mask airway (LMA) can be used to provide ventilation in newborns as small as 1-kg body weight as preparations
are made to use other intubating techniques.126 It is possible to
use the LMA as a guide for blind intubations in newborns with
the use of a styletted tube.127 The light wand can also be used in
newborns,128 and can be particularly useful in the newborn with
micrognathia or retrognathia because of the ability to mold the
wand to a “hockey stick” coniguration with a sharp angle. Fiberoptic laryngoscopy, the most lexible of intubating pools routinely used in older children and adults, can also be used in the
newborn. Fiberscopes are currently available that accept endotracheal tubes as small as 2.5-mm ID, although these scopes do
not currently have the ability to change direction and are useful
more for conirmation of tube placement. Fiberscopes that can
actively change direction accept a 3.5-mm ID tube at the smallest. Insertion of the iberscope can be done directly or through
an LMA. An LMA as a conduit has been particularly useful in
directly intubating newborns that could not be visualized by routine approaches.129,130
Lastly, an old technique that is used infrequently is digital
intubation in which two ingers are advanced along the midline
of the tongue and onto the epiglottis, with a styletted tube then
advanced between the two ingers.131 Once the airway is secured,
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ventilation is usually controlled during neonatal surgical procedures with hand ventilation or, more commonly, mechanical ventilation.132 After establishing a baseline of acceptable ventilation, it
is important to continuously monitor the peak airway pressures,
chest expansion, return volume, pulse oximetry, and capnograph
tracings for changes. Underlying pulmonary disease, a shift in the
endotracheal tube, and surgical manipulation can be responsible
for signiicant changes in compliance and ventilation. Initial tidal
volumes of 10 mL/kg and rates of 20 to 25 breaths per minute are
a reasonable starting point for most patients. With this rate and
volume setting, it would be expected that peak airway pressures
be approximately 20 cm H2O. A level of positive end-expiratory
pressure (PEEP) of 3 to 5 cm H2O can be useful in preventing
atelectasis. If the patient has signiicant pulmonary disease, he or
she may require signiicantly higher volumes. The patient may
have previously been ventilated in the neonatal intensive care unit
with a ventilator modality not supported by the anesthesia ventilator. Consequently, parameters must be adjusted against physical examination and, if necessary, an arterial blood gas to ensure
appropriate ventilation. If the patient has been dependent on
special ventilator techniques such as high-frequency ventilation,
oscillation, or nitric oxide inhalation, arrangements should be
made to bring the needed equipment to the operating room and
have a respiratory therapist or neonatologist who is familiar with
the equipment assist in setup and, if necessary, troubleshooting.

Impact of Surgical Requirements on
Anesthetic Technique
6 Every procedure has its own unique challenges. With any surgery,
issues related to presurgical resuscitation, perioperative luid and
blood loss, heat loss from the surgical ield, likely perioperative
complications, and the likely need for postoperative intubation and ventilation should be anticipated, both on the basis of
experience and communication about the unique needs of the
upcoming procedure. There is a dramatic increase in the use of
laparoscopic and thoracoscopic approaches to lesions, even in the
smallest neonates. The considerations for these approaches are
different from open procedures. There may be less blood, luid,
and heat loss, but there are additional issues related to positioning, insuflation pressures in the chest and abdomen, and prolonged surgical time. As new techniques evolve, close communication between the anesthesiologist and the surgeon is necessary
to ensure adequate preparation and resolution of problems or
complications.

Uptake and Distribution of
Anesthetics in Neonates
Various reasons for the faster uptake of anesthetics in infants have
been proposed: (1) the ratio of alveolar ventilation to FRC is 5:1
in the infant and 1.5:1 in the adult; (2) in the neonate, more of
the cardiac output goes to the vessel-rich group of organs, which
includes the heart and the brain; (3) the neonate has a greater
cardiac output per kilogram of body mass; and (4) the infant has
a lower blood gas partition coeficient for volatile anesthetics.
One not well-recognized factor that may result in higher concentrations of volatile anesthetics being administered to infants has
to do with the use of nonrebreathing systems such as the Bain
or a Mapleson “D” circuit. When an adult circle system is used
with infant tubes and bag, the clinician experienced with this
equipment is used to reading the inspired, end-tidal, and dialed

concentrations of the volatile anesthetic. In the circle system,
the inspired concentration is a result of the combination of the
end-tidal concentration that is rebreathed through the soda lime
absorber and the dialed concentration. The inspired concentration is always lower than the dialed concentration, unless the
low rates are so high that a nonrebreathing system has been created. In the nonrebreathing system, the dialed concentration is
the inspired concentration. Clinicians who use both systems are
accustomed to these subtle differences. However, if the clinician
switches back and forth between the circle system and a nonrebreathing circuit, but does so infrequently, there is a danger of
not recognizing the possibility of excessive overpressure of volatile anesthetics with the nonrebreathing systems.

Anesthetic Dose Requirements of Neonates
Neonates and premature infants have lower anesthetic requirements than older infants and children.33 The easiest way to
remember the minimum alveolar concentration (MAC) values
is that the MAC value in the mature state (i.e., late teenager or
adult) is the same as for a full-term infant. By 6 months of age,
the MAC value has increased by 50%. In the premature infant,
the MAC value decreases by 20% to 30%.34,35 The reasons for the
lower MAC requirements are believed to be an immature nervous
system, progesterone from the mother, and elevated blood levels
of endorphins, coupled with an immature blood–brain barrier.
The neonate has an immature CNS with attenuated responses to
nociceptive cutaneous stimuli. These responses rapidly mature in
the irst several months of an infant’s life, along with an increase
in the MAC. Progesterone has been shown to reduce the MAC
of the pregnant mother. The newborn infant has elevated progesterone levels, similar to those of the mother. Elevated levels of
b-endorphin and b-lipotropin have been demonstrated in infants
in the irst few days of postnatal life. Endorphins do not cross
the blood–brain barrier in adults; however, it is believed that
the neonate’s blood–brain barrier is more permeable and that
endorphins might well pass into the CNS, thus elevating the pain
threshold and reducing the MAC requirement.

Regional Anesthesia
There has been a tremendous increase in the use of regional anesthesia in infants and children. In general, regional techniques are
combined with general anesthesia to permit early extubation and
provide postoperative pain relief. Useful regional anesthesia techniques include spinal anesthesia, caudal anesthesia, epidural analgesia, penile block, and other peripheral nerve blocks (Table 41-4).
Combined regional and general anesthesia is commonly provided
for neonates for multiple procedures. The use of ultrasonography has revolutionized the use of regional anesthesia as vascular
structures can be easily avoided while still providing a regional
blockade.133 It is important to remember that the dosage of local
anesthetic solution used is limited and lipid solution is available to potentially treat any intravascular injections.134 A dose of
1.5 mL/kg of intralipid has been suggested as a rescue dose for
toxicity in children.

Spinal Anesthesia
Regional anesthesia can be provided as a sole anesthetic or in
combination with general anesthesia. The use of sole regional
anesthesia in neonates and infants is provided for the expremature infant with a potential for apnea. For patients receiving
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table 41-4. rEGIONAL ANESTHESIA
TECHNIQUES USEFUL IN NEONATES
Central neuraxial
Caudal
Epidural (lumbar, thoracic, caudal)
Spinal
Peripheral nerve blocks
Infraorbital block
Brachial plexus block (axillary, infraclavicular)
Lateral femoral cutaneous block
Penile block
Ilioinguinal block
TAP Block (transversus abdominis plane block)
Scalp blocks

Caudal Block
Caudal epidural block is frequently used for abdominal surgery
in neonates and is probably the most commonly used regional
anesthetic technique in neonates and infants. There are several
different techniques described for performing a caudal block.
The landmarks are the coccyx, the two sacral cornua, and the
posterior superior iliac spines (Fig. 41-10). We prefer a styletted 22-gauge, short-bevel needle; the caudal space is identiied
both by the loss of resistance and the ease of administering the
anesthetic. Once the sacrococcygeal membrane is penetrated
and there is a loss of resistance, gentle aspiration is applied to
the needle to determine if there is blood or cerebrospinal luid.
Injection of the anesthetic is then attempted. If there is dificulty
in injecting the solution, the tip of the needle is not in the caudal space and it needs to be repositioned. If the anesthetic can

be injected easily, this conirms placement in the epidural space.
The needle is not advanced up the caudal canal after proper
placement in the caudal epidural space has been accomplished.
Other methods to identify the caudal space have been described,
including stimulating technique140 and ultrasound guidance.141
Epinephrine is added to local anesthetic solutions for the purposes of determining if there is an intravascular injection of
the anesthetic. Evidence of an intravascular injection includes
(1) peaked T waves (which may be of relatively short duration,
e.g., 30 seconds)142 and (2) increase in heart rate. The other technique to minimize the potential dificulties of an intravascular
injection is to fractionate the dose by dividing the dose into three
aliquots and waiting approximately 20 to 30 seconds between
each aliquot before continuing the injection. Caudal anesthesia
is particularly effective at reducing the concentrations of volatile
anesthetics needed, as well as relaxants and opioids. In addition,
a single-injection caudal anesthetic can provide analgesia for 6
to 8 hours. The two local anesthetics currently in use are 0.125%
bupivacaine or 0.2% ropivacaine. Epinephrine, 1:200,000, is
added to local anesthetics to assist in determining if there has
been an intravenous injection. Ropivacaine has been reported to
be less cardiodepressant than equipotent doses of bupivacaine.
Occasionally, we place a caudal catheter for providing continuous analgesia in the postoperative period. If a caudal catheter is
placed, an infusion of ropivacaine or bupivacaine can be administered and provide analgesia for several days. Current recommendations for infusions in neonates and young infants are for
an initial loading dose of 0.2 to 0.25 mg/kg; after 1 to 2 hours, an
infusion can be begun in a dose of 0.2 mg/kg/hr.78 The addition
of clonidine, 1 to 2 mg/kg, to local anesthetic for caudal block
has been used, although this has not shown to greatly increase
the duration of analgesia.143 Opioids can occasionally be used
for epidural infusions. However, caution must be exercised in
infants who may be prone to apnea with even moderate doses of
opioids in the epidural space. Ultrasonography can be used for
localization of the caudal space in infants whose anatomy may
not be apparent.
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combined general and regional anesthesia, early extubation is
possible because the addition of regional anesthetic techniques
eliminates the need for intraoperative narcotics in neonates,
reduces or eliminates the need for muscle relaxants, and reduces
the concentration of volatile agents needed for relaxation.135 Spinal anesthesia has been reported to be effective when used as the
sole anesthetic technique in premature and high-risk infants, but
this technique requires excellent cooperation between the anesthesiologist and an experienced surgeon.136 Although this is technically feasible, because of increasing advancements in general
anesthesia techniques, we may be able to provide safer anesthesia
with fewer complications.137,138 Even at a dose of 0.5 to 1 mg/kg,
the effects of tetracaine last only approximately 90 minutes in
the neonate.
In the authors’ experiences, patients have additionally beneited by providing a caudal block in addition to the spinal anesthetic and seem to have a longer duration of surgical anesthesia.
Total spinal anesthesia, produced either with a primary spinal
technique or secondary to an attempted epidural puncture,
will present as respiratory insuficiency rather than as hypotension because of the lack of sympathetic tone in infants. The
exact mechanism for the lack of cardiovascular change with spinal anesthesia in infants and young children is not clear. Consequently, the irst indication of a high spinal is falling oxygen
saturation rather than a falling blood pressure. Sedation can be
added to regional anesthesia but may cause problems of apnea in
ex-premature infants.139

figure 41-10. Caudal block. The sacral cornua are identified. A styletted needle is introduced into the caudal space through the sacral
hiatus. A “pop” is felt as the sacrococcygeal ligament is accessed. After
aspiration, 0.8 mL/kg of local anesthetic solution is injected. This provides analgesia for hernia repair, circumcisions, and lower abdominal
surgeries.
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Epidural Analgesia
With the introduction of newer and smaller needles and epidural
catheters, we are now able to provide epidural analgesia in neonates and infants. Although most practitioners prefer using a caudal route to place catheters in the epidural space, we believe that
with the introduction of ultrasound guidance, we are able to place
lumbar catheters in neonates and infants easily.144 It is imperative to limit the dose of local anesthetic solution in neonates and
children to avoid toxicity.

Peripheral Nerve Blocks
Common peripheral nerve blocks in neonates include penile
blocks, ilioinguinal nerve blocks, lateral femoral cutaneous blocks,
transversus abdominis plane block (TAP), brachial plexus
blocks, and head and neck blocks for neurosurgical procedures.

Penile Block
This is a relatively simple block that can be performed easily. The
dorsal nerves of the penis are located on either side of the shaft of
the penis. A ring block using a nonepinephrine-containing solution can be used to provide analgesia following circumcision.145

Ilioinguinal Nerve Block
The ilioinguinal and iliohypogastric nerves supply sensory innervation to the inguinal area. These nerves can be easily visualized
while operating. However, we ind that blockade of these nerves
can provide adequate postoperative analgesia (Fig. 41-11). The
anterior superior iliac spine is identiied. Immediately medial
to the anterior superior iliac spine, a needle is inserted toward
the umbilicus and local anesthesia is fanned into the area. The

figure 41-12. TAP block (Transversus abdominis plane block) Using
a linear ultrasound probe with a small footprint (25 mm), the abdominal
wall is scanned from medial to lateral, the three layers of the abdominal
muscles are recognized, a needle is inserted into the space between the
internal oblique and the transversus abdominis muscle while hydrodissecting to find the plane, 0.5 mL/kg of 0.125% bupivacaine is injected
into each side to provide analgesia for the abdominal wall.

advantage with the use of ultrasonography is the ability to significantly reduce the dose of local anesthesia.76 In our practice, we
routinely use ultrasonography to localize the ilioinguinal nerve,
which is then blocked with minimal quantity of local anesthesia
solution.

TAP Block
The TAP is a virtual space that exists between the internal oblique
and the transversus abdominis muscle. This plane carries the thoraco lumbar ibers from T8 to L1 (Fig. 41-12). We have successfully used this block to provide analgesia for infants and neonates
undergoing major abdominal surgery including colostomy placement.146 This is a block we routinely use in our practice and avoid
the use of opioids facilitating early extubation and return to the
regular loor.

Lateral Femoral Cutaneous Blocks
The lateral femoral cutaneous nerve is a sensory branch of the
lumbar plexus that supplies the lateral aspect of the thigh. This
block is particularly useful in neonates who undergo muscle
biopsies of the muscle of the lateral thigh.135
figure 41-11. Ilioinguinal nerve block. Using a linear ultrasound
probe, the anterior superior iliac spine is identified. The layers of the
abdomen including the external oblique, transversus abdominis, and
iliacus muscles are identified. The ilioinguinal and iliohypogastric nerves
are located under the internal oblique muscle and in the plane between
the internal oblique and the transversus abdominis muscle. A 27-gauge
needle is inserted under ultrasound guidance in this plane. After aspiration, 0.1 mL/kg of local anesthetic solution is injected. This block can be
used for pain relief following hernia surgery.

Brachial Plexus Block
This is performed for major limb surgery including major hand
and arm plastic surgical procedures. The axillary approach to
the brachial plexus is our preferred approach in neonates and
infants. Currently, we use ultrasonography to identify each one
of the branches of the brachial plexus to block them selectively,147
thus allowing us to reduce the dose of local anesthesia needed for
the block. A single shot supraclavicular approach to the brachial
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plexus can also be used for providing analgesia for upper extremity surgery. It is important to visualize using ultrasonography
since the pleura is relatively close to the area of interest and injection. For sustained pain relief, we prefer using an infraclavicular
catheter.148

Neurosurgical Blocks
Peripheral nerve blocks of the head and neck are useful for many
surgical procedures. These may be useful in the sick neonate who
requires a neurosurgical procedure. Peripheral nerve blocks of
the trigeminal nerves, especially the frontal and occipital nerve
branches, may be used to provide analgesia while avoiding general anesthesia.149

Postoperative Pain Management
The concepts of postoperative pain management are well known
to most anesthesiologists. The use of intraoperative epidural
anesthesia followed by postoperative epidural local anesthetics or
opioids has been popular in older children and adults, and these
techniques are being applied to neonates. In addition, most neonatologists are experienced with the intravenous administration
of opioids for patient comfort. Each technique has its own risks
and beneits.
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Postoperative Ventilation
The choice of an anesthetic drug should be guided by the need
for postoperative management of ventilation, as well as the drug’s
effects on the circulation and other organs. If the surgical procedure or the neonate’s condition is such that postoperative ventilation is likely, the prolonged respiratory effects of opioids or any
other drug are of little concern. However, if the surgical procedure is relatively short and by itself does not require postoperative
ventilation, the clinician should carefully select drugs, as well as
doses of anesthetic drugs and relaxants, that will not necessitate
prolonged postoperative ventilation or intubation. Postoperative
ventilation places the neonate at added risk because of the problems associated with mechanical ventilation, the trauma to the
subglottic area, and the potential development of postoperative
subglottic stenosis or edema. However, if there is any question
about the neonate’s ability to maintain protective airway relexes
or normal ventilation after anesthesia, the neonate should be
returned to the recovery room or newborn intensive care unit
with the trachea intubated, and either ventilated or treated with a
small amount of PEEP (2 to 4 cm H2O).

sPecial considerations

Oral Routes
Oral routes of medications have been used for decades in neonates and children for managing pain. The commonly used oral
analgesics include nonsteroidal analgesics including acetaminophen (20 mg/kg) and ibuprofen (5 mg/kg), and opioids including
codeine (0.5 mg/kg) and hydrocodone (0.1 mg/kg). There may be
some pharmacogenetic changes associated with the use of codeine
in infants.150

Rectal Routes
Rectal suppositories are used frequently in neonates and infants
for managing pyrexia. Rectal acetaminophen is commonly used
for postoperative analgesia. A larger dose than is usually given
orally is needed in infants to achieve good blood levels. A dose of
20 to 30 mg/kg is generally recommended for postoperative pain
control.151 Diclofenac, a commonly available rectal suppository
in Europe, is frequently used in infants for postoperative pain
control.152

Intravenous Analgesia
Opioids are the mainstay of analgesia in neonates and infants
in the postoperative period. Morphine and fentanyl are frequently used in the neonatal intensive care unit for analgesia.
However, the potential for opioid tolerance after prolonged
infusion of opioids is not uncommon. To decrease the likelihood
of opioid tolerance,42 one can rotate opioids or add other medications including continuous intravenous naloxone153 and
intravenous methadone. Other intravenous nonsteroidal antiinlammatory medications including intravenous acetaminophen has been introduced. Although not FDA approved for use
in neonates, it has been gaining great interest in children for analgesia.154 Intravenous ketorolac, a nonsteroidal anti-inlammatory
drug, has been used successfully in neonates and infants for pain
control.155

Many drugs taken during pregnancy can affect the fetus and
neonate. One area of special concern is substance abuse. During
pregnancy, maternal drug use of cocaine, marijuana, and others leads to a host of problems for the neonate. Cocaine use, for
instance, results in a reduced catecholamine reuptake, which may
result in the accumulation of catecholamines. This has circulatory
effects on the uterus, the umbilical blood vessels, and the fetal
cardiovascular system. Three major problems affecting the infant
are premature birth, intrauterine growth retardation, and cardiovascular abnormalities, including low cardiac output.156 The
cardiac output and stroke volume are reduced on the irst day of
life but return to normal by the second day. The clinical implication of this inding is that these neonates may be unstable enough
in the irst day of life that it may be advantageous to postpone
surgery, if possible, until the second or third day of life. There is
also an increase in structural cardiovascular malformations and
electrocardiographic abnormalities. The most frequent lesions
are peripheral pulmonic stenosis, right ventricular conduction
delay, right ventricular hypertrophy, and ST segment and T-wave
changes.157 Preanesthetic history should elicit the use of drugs,
including illicit use, if possible, to evaluate potential alteration of
the anesthetic approach.

Temperature Control and Thermogenesis
The newborn is at risk for signiicant metabolic derangements
caused by hypothermia. Newborns, and especially preterms, do
not have the normal compensatory mechanisms that infants and
children have when exposed to a cold environment. The newborn does not shiver, increase activity, or effectively vasoconstrict
like older children or adults do in response to cold. In addition,
the newborn has a larger body surface area-to-weight ratio that
promotes heat loss, as well as low levels of subcutaneous fat for
insulation. The primary mechanism the newborn has to respond
to heat loss is nonshivering thermogenesis.158 When there is a
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2-degree centigrade gradient between core and skin, there is a
release of norepinephrine into the bloodstream. Norepinephrine
stimulates increased metabolism in a specialized tissue, brown fat,
which is high in mitochondria and has abundant vascular supply.
Stimulated lipolysis results in heat production, with side effects of
increased oxygen consumption and production of ketone bodies
and water. Ketone production causes both a metabolic acidosis
and osmotic diuresis. The aerobic activity results in diversion of
cardiac output to the deposits of brown fat around the kidneys,
under the sternum, and between the scapulae. Because the diuresis, diversion of cardiac output away from the core circulation,
and metabolic acidosis are maladaptive, every effort should be
made to prevent nonshivering thermogenesis in the newborn.
Efforts to minimize nonshivering thermogenesis in the newborn are based on minimizing heat loss, both during transport
to and from the neonatal intensive care unit and in the operating
room. Transport should be done with the newborn in an incubator, not an open bed with overhead heaters. This will prevent
heat loss from conduction and radiation. In the operating room,
the room temperature is raised to its maximal level to minimize
loss by conduction. Placing the patient on a forced-air warming
blanket can reduce conductive heat loss dramatically,159 as well as
using plastic wrap or commercially available covers and hats to
minimize heat loss from the head and all other areas not in the
surgical ield. The goal of all these activities is to maintain a neutral thermal environment, minimizing the stress that hypothermia can induce in the perioperative period. A complicating factor
is that anesthetic agents can reduce or eliminate thermogenesis,
removing any ability to compensate for cold stress.160,161

Respiratory Distress Syndrome
Because of the enormous technical ability of the neonatologist
and the resources of neonatal intensive care units, many small
infants survive and some need surgery. One of the frequent problems of preterm infants is the occurrence of the RDS secondary
to a deiciency of surfactant. As discussed earlier, the use of exogenous surfactant has been widely used in premature infants of low
birth weight either to prevent or to treat RDS. As a result, fewer
infants now die of this entity, and the incidence of complications
related to RDS has dropped. One of the long-term consequences
of RDS is bronchopulmonary dysplasia. Bronchopulmonary dysplasia refers to a continuum of chronic disease of the lung parenchyma and airways, as well as neurodevelopment that occurs in
preterms, especially under 32 weeks’ gestation, who have survived RDS.162 The theories of the cause of this condition include
toxicity from oxygen administration, infection, inlammation,
and barotrauma. Characteristics include airway smooth muscle
hyperplasia, peribronchiolar ibrosis, enlarged alveoli, and disorganized pulmonary vasculature. Many patients improve as they
age, but reactive airways, recurrent pulmonary infections, and a
prolonged oxygen requirement are seen in some patients. Anesthetic concerns in these patients include evaluation of baseline
oxygenation and potential presence of active bronchoconstriction. These patients often beneit from additional bronchodilator
before induction. The baseline measure of oxygenation is important because these patients have less pulmonary oxygen reserve
and may desaturate quickly with induction of anesthesia and
hypoventilation. In patients with severe bronchopulmonary dysplasia, ventilatory management may be complicated by poor lung
compliance and hyperinlation, as well as reactive airway disease.
Although postanesthetic intubation is not usually required, a high
index of suspicion should be used if there is signiicant clinical
evidence of poor lung function preoperatively.

Postoperative Apnea
Apnea and bradycardia are well-recognized, major complications
during and after surgery in neonates.163 The infants at highest
risk are those born prematurely, those with multiple congenital
anomalies, those with a history of apnea and bradycardia, and
those with chronic lung disease. The etiology of neonatal apnea
is multifactorial. Decreased ventilatory control and hyporesponsiveness to hypoxia and hypercarbia may be potentiated by
anesthetic agents. Respiratory muscle fatigue may also play a role
because neonates have a smaller percentage of type I ibers in their
diaphragm and intercostal muscles. In addition, hypothermia
and anemia can also contribute to the development of postoperative apnea. The treatment of postoperative apnea or bradycardia
may be as simple as tactile stimulation. However, some infants
require mask ventilation or even prolonged intubation and ventilatory support. Infants with life-threatening apnea and bradycardia before surgery may be receiving CNS stimulants. Caffeine
and theophylline (metabolized to caffeine) act by increasing central respiratory drive and lowering the threshold of response to
hypercarbia, as well as stimulating contractility in the diaphragm.
Caffeine is favored because of its wider therapeutic margin and
decreased propensity for toxicity. Administering caffeine prophylactically to infants at risk of postoperative apnea to ensure adequate serum levels may prevent the need for prolonged periods
of postoperative ventilatory support. The recommended loading
dose is 10 mg/kg caffeine base.164 Those infants at high risk for
development of postoperative apnea may beneit from the use
of a regional anesthetic as opposed to general anesthesia. Spinal
anesthesia without supplemental sedation decreases the incidence
of postoperative apnea and bradycardia in high-risk infants, but
this advantage is lost if supplemental sedation is used.165
The question remains as to which infant should be admitted
and monitored after outpatient surgery and for how long. The
most conservative approach is to monitor all infants younger
than 60 weeks’ postconceptual age overnight after surgery.166
Although the incidence of signiicant apnea and bradycardia is
highest in the irst 4 to 6 hours after surgery, it can occur up to
12 hours after surgery. In addition, the incidence of apnea directly
correlates to postconceptual age. The risk of apnea goes up the
younger the gestational age. An insightful approach to interpreting the various small studies is to stratify the risk of apnea, as
done by Cote et al.167 Using a meta-analysis, the study determined
that the risk of apnea could be correlated with a combination of
gestational age and postconceptual age. Using 95% conidence
limits, the authors found that the probability of apnea in nonanemic infants free of recovery room apnea was not <5% until
postconceptual age was 48 weeks with gestational age of 35 weeks.
This risk was not <1%, until a postconceptual age of 56 weeks
with a gestational age of 32 weeks or a postconceptual age of
54 weeks and gestational age of 35 weeks. This type of analysis
allows the clinician to determine which patients should be admitted not only on the criteria of gestational and postconceptual
ages, but also the amount of risk they are willing to assume.

Retinopathy of Prematurity
As the survival rate of increasingly preterm infants has grown,
there is increasing concern about the development of ROP. The
very preterm infant, especially those under 1,200 g of weight, are
at highest risk, with an incidence of signiicant disease about 2%.
Acute retinal changes are seen in about 45% of susceptible preterms, but there is spontaneous regression in most, permitting
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Stage I. Mildly abnormal blood vessel growth. Many children
who develop stage I improve with no treatment and eventually develop normal vision.
Stage II. Moderately abnormal blood vessel growth. Many children who develop stage II improve with no treatment and
eventually develop normal vision. The disease resolves on its
own without further progression.
Stage III. Severely abnormal blood vessel growth. The abnormal
blood vessels grow toward the center of the eye instead of following their normal growth pattern along the surface of the
retina. Some infants who develop stage III disease improve
with no treatment and eventually develop normal vision.
However, when infants have a certain degree of stage III and
“plus disease” develops, treatment is considered. Plus disease means that the blood vessels of the retina have become
enlarged and twisted, indicating a worsening of the disease.
Treatment at this point provides a good chance of preventing
retinal detachment.
Stage IV. Partially detached retina.
Stage V. Completely detached retina.
The most common cited cause of ROP is hyperoxia from
administered oxygen, but hypoxemia, hypotension, sepsis, intraventricular hemorrhage, and other stresses have been implicated.
At one time, there was concern that exposure to bright ambient
light could cause ROP, but this has been disproven.168 Although
there may be spontaneous regression in early stages, there may
also be progression to advanced stages and retinal detachment.
The most common therapies involve using cryotherapy or laser
therapy to destroy peripheral areas of the retina, slowing or
reversing the abnormal growth of blood vessels. This is done
to preserve the central vision from continuing distortion of the
abnormal vessels in the periphery, although there is some loss
of peripheral vision with this therapy.169 In advanced stages,
partial retinal detachment can be treated with a scleral buckle or
vitrectomy.
The cryotherapy and laser therapies, as well as advanced
procedures, are usually performed under general anesthesia in
the operating room, although it is occasionally done at bedside
with sedation in ventilated patients. The surgical procedures do
not involve blood loss or signiicant surgical stress, but they do
depend on a still surgical ield for periods ranging from 30 to
90 minutes. The primary anesthetic challenge in these patients is
related to the extreme prematurity and small size of the patients.
Adequate monitoring, vascular access, and thermal stability are
common challenges to management.
The risks of the development of ROP from hyperoxia have
been of concern to anesthesiologists who anesthetize preterm
neonates for any type of surgery. Can supplemental oxygen
during an anesthetic start the development of ROP in preterm
patients? We do not have an absolute direct answer to this question, but some evidence from a large collaborative study may

help provide some guidance. Premature infants with conirmed
early stages of ROP and a median pulse oximetry <94% saturation were randomized to a conventional oxygen arm with pulse
oximetry targeted at 89% to 94% saturation or a supplemental
arm with pulse oximetry targeted at 96% to 99% saturation for
at least 2 weeks.170 The patients were then re-examined for progression of disease. Use of supplemental oxygen at pulse oximetry
saturations of 96% to 99% did not cause additional progression
of prethreshold ROP. This study demonstrates that the use of
supplemental oxygen for a prolonged period of time, not just for
the short duration of a general anesthetic, was not deleterious as
long as the pulse oximetry readings were kept in the 96% to 99%
range. Consequently, keeping pulse oximetry readings in this
range during an anesthetic should not be responsible for causing
a progression of ROP in susceptible patients.

Neurodevelopmental Effects of
Anesthetic Agents
There has been recent concern about the potential deleterious
impact of anesthetic drugs on the developing brain. A variety of
studies have shown that prolonged exposure of animal models to
anesthetic agents can lead to neurodegenerative changes in the
developing brain of neonatal rats.171 However, these exposures
to volatile agents and ketamine were for prolonged periods, the
equivalent of several weeks of continuous exposure in the human.
Nonetheless, this is an area of great concern for anesthesiologists.172 Animal experiments have demonstrated neurocognitive
changes in animals exposed to NMDA receptor antagonists like
ketamine, volatile agents like isolurane, as well as other agents
including midazolam. The collective data that are currently available in literature do not support the withdrawal of these drugs
from the practice of pediatric anesthesia. The data seem to be
reproducible in rodents but not in other species. Future prospective trials with prospective neurocognitive testing of infants
exposed to anesthesia is needed to determine if this applies to the
human neonate. At the time of writing this chapter, there was
no conclusive evidence to demonstrate the deleterious effect of
inhaled or intravenous anesthetics on neurocognitive function
in neonates and infants. Prospective studies including a current
study randomizing infants to getting a spinal anesthesia versus
general anesthesia should be able to provide better information
on this very complex problem that may face pediatric anesthesiologists. In the meantime, several retrospective studies including
data about children from a particular county in Minnesota has
some data to lead to believe that there may be an association with
the development of learning disability especially when exposed
to multiple anesthetics before 2 years of age.173 Although the data
generated a lot of interest, it is important to understand that we
need more concrete data and prospective studies to demonstrate
that there are indeed neurocognitive changes associated with
exposure to anesthesia in infants.

surgical Procedures in neonates
Surgical procedures in neonates are functionally divided into two
periods: Those performed in the irst week and those performed
in the irst month. There has been a strong trend in recent years
to put on emphasis of presurgical stabilization before taking the
newborn to the operating room. This has reduced the emergent
nature of newborn surgeries. Many procedures that used to be
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development of normal vision, but other infants will progress to
a severe form of ROP and potential permanent blindness. Several complex factors may be responsible for the development of
ROP. In the fetus, developing blood vessels grow gradually from
the macula toward the edges of the developing retina. In fullterm newborns, this process is complete at birth or in the irst few
weeks, but continues for a longer period in the preterm infant.
These growing vessels are at risk for vasoconstriction and subsequent hemorrhage, followed by disorganized neovascularization or scarring. This scarring and lack of normal growth can
eventually cause the retinal network to peel away resulting in
retinal detachment. The spectrum or stages of disease is classiied
as follows:
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done on an emergent basis, even in the middle of the night, such
as repair of CDH or omphalocele, are now done days later after
initial therapy has been instituted. Exceptions to this include
gastroschisis, which is usually attended to within 12 to 24 hours,
airway lesions such as webs that are causing signiicant airway
obstruction, and acute subdural/epidural hematomas from traumatic delivery. In most cases, however, a period of 1 to 3 days
can be allowed for stabilization of the newborn or transport to an
appropriate pediatric center for treatment. There is more to neonatal emergency surgery than just the immediate anesthetic and
surgical procedures. Many of these infants require the support
services of specialized nursing units, pediatric radiologists, pediatric intensive care physicians, specialized laboratory facilities,
and they must have their complete care be the main consideration
of where their surgery should be done. Many procedures are now
performed using laparoscopic techniques which decreases postoperative morbidity and pain and facilitates early extubation.

consulted in the case of any neonate with a congenital defect who
is considered for surgery. The most serious associated congenital lesion is that of the cardiovascular system. More than 10% of
infants with an isolated CDH have a cardiac anomaly,174 with a
higher incidence in newborns with associated syndromes, and
approximately 15% to 25% of infants with TEF have an associated congenital cardiac anomaly.175

Congenital Diaphragmatic Hernia
CDH occurs with an incidence of approximately 1 in 4,000 live
births. Traditionally, the mortality rate from CDH was in the
range of 40% to 50%. The new strategy of permissive hypercapnia and delayed surgical repair has resulted in survival rates of
>75% in some centers.176 However, the morbidity remains high in
survivors. A brief discussion of the embryologic characteristics of
CDH will help the clinician understand the potentially enormous
postoperative problems that may be encountered.

Surgical Procedures in the First Week of Life
7 The most frequent major surgical procedures performed in the
irst week of life are for CDH, omphalocele and gastroschisis, tracheoesophageal istula (TEF), intestinal obstruction, and meningomyelocele. Some of these conditions, such as CDH, omphalocele and gastroschisis, and meningomyelocele, are obvious at
birth. It may take hours or days for a TEF or intestinal obstruction to become manifest. Because of the lack of expertise many
hospitals have in the care of these patients, the transfer of these
neonates to hospitals with greater expertise is often prudent after
initial stabilization of the patient. Most hospitals that have expertise in these patients have a transport team that is well qualiied
to help with stabilization and transport. Those that do not have
transport teams often have extensive protocols and procedures to
work with the other institution to help ensure the safe transfer of
the patient.
Two confounding factors in neonatal surgery are prematurity
and associated congenital anomalies. The presence of one congenital anomaly increases the likelihood of another one. In conditions such as TEF, the mortality rate from the associated congenital heart defect is higher than that from the surgical correction
of the TEF. Prematurity, particularly when associated with RDS,
may adversely affect surgical outcome. The use of surfactant in
the treatment of the RDS has greatly increased the number of survivors and has decreased the complexity of the issues of the infant
with a combination of TEF and RDS. A neonatologist should be
figure 41-13. Schematic drawings
illustrating the development of the diaphragm. A: The pleuroperitoneal folds
appear at the beginning of the sixth
week. B: The pleuroperitoneal folds
have fused with the septum transversum
and the mesentery of the esophagus in
the seventh week, thus separating the
thoracic cavity from the abdominal
cavity. C: In a transverse section at the
fourth month of development, an additional rim derived from the body wall
forms the most peripheral part of the
diaphragm. (Reprinted from: Langman
J. Body cavities and serous membranes.
In: Sadler TW, ed. Langman’s Medical
Embryology, 5th ed. Baltimore: Williams
& Wilkins; 1985:147, with permission.)

Pleuroperitoneal
fold

Embryology
Early in fetal development, the pleuroperitoneal cavity is a single
compartment. The gut is herniated or extruded to the extraembryonic coelom during the ninth to tenth weeks of fetal life. During this period, the diaphragm develops to separate the thoracic
and abdominal cavities (Fig. 41-13). The development of the
diaphragm is usually completed by the seventh fetal week. In the
ninth to tenth weeks, the developing gut returns to the peritoneal
cavity. If there is delay or incomplete closure of the diaphragm,
or if the gut returns early and prevents normal closure of the diaphragm, a diaphragmatic hernia will develop, producing varying
degrees of herniation of the intestinal contents into the chest. The
left side of the diaphragm closes later than the right side, which
results in the higher incidence of left-sided diaphragmatic hernias
(foramen of Bochdalek). Approximately, 90% of hernias detected
in the irst week of life are on the left side.

Clinical Presentation
The clinical presentation and the outcome from a diaphragmatic
hernia are varied. The bowel contents may compress the lung
buds and prevent development, leading to bilateral hypoplastic lungs with very little chance for survival. In most instances,
however, a moderately small diaphragmatic hernia may develop
later in fetal life so the lung is normal but compressed by the
abdominal viscera. At the mild end of the scale, the infant might
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have a relatively normal pulmonary vascular bed with varying
degrees of persistent pulmonary hypertension that may rapidly
revert to normal. In more severe defects, signiicant pulmonary
hypoplasia and abnormal pulmonary vasculature lead to greater
mortality.
After closure of the pleuroperitoneal membrane, muscular
development of the diaphragm occurs. Incomplete muscularization of the diaphragm results in the development of a hernia sac
because of intra-abdominal pressure. The condition is known as
eventration of the diaphragm, and the diaphragm may extend well
up into the thoracic cavity. The other possibility is that the innervation of the diaphragm is incomplete and the muscle is atonic.
Eventration of the diaphragm is usually not symptomatic in the
irst week of life.

Antenatal Diagnosis

Clinical Presentation
The occurrence of symptoms depends on the degree of herniation and interference with pulmonary function. At times, the
degree of interference is so great that the neonate’s clinical condition begins to deteriorate immediately, whereas in other situations it may be several hours before the infant’s condition is fully
appreciated. In the severely involved newborn, the initial clinical
indings are usually classic and readily discerned. The infant has a
scaphoid abdomen secondary to the absence of intra-abdominal
contents, which have herniated into the chest. Breath sounds
on the affected side are reduced or absent. The diagnosis can be
conirmed with a radiograph (Fig. 41-14). Immediate supportive
care entails tracheal intubation and control of the airway along
with decompression of the stomach. Excessive airway pressure
carries a high risk for pneumothorax and worsening of a bad
situation.

Preoperative Care
CDH was traditionally treated as a surgical emergency. The infants
were taken immediately to surgery for decompression and repair.
The thought was that removing the abdominal viscera from the
thorax would allow for re-expansion of the atelectatic lung and
improved oxygenation. However, as the pathophysiology of CDH
was more clearly deined—pulmonary hypoplasia associated with
a hyperreactive pulmonary vasculature—a strategy of preoperative stabilization with delayed surgical repair was adopted.
The stabilization of an infant with CDH may require multiple
treatment modalities. The use of aggressive ventilation strategies
to induce hyperventilation alkalosis has been abandoned secondary to the high incidence of iatrogenic lung injury. Conventional ventilation with permissive hypercapnia is now favored.

figure 41-14. Infant with congenital diaphragmatic hernia. Note
the loop of bowel gas in left hemithorax.

The goal is to maintain preductal arterial saturation above 85%
using peak inspiratory pressures below 25 cm H2O and allowing
the PCO2 to rise to 45 to 55 mm Hg.176 High-frequency oscillatory ventilation, in addition to nitric oxide, has been used in
place of conventional ventilation in an attempt to reduce barotraumas and has been demonstrated to be beneicial.178 Neonates
born with CDH may also have a component of surfactant deiciency, and studies have shown improvement in oxygenation in
those infants given surfactant prophylactically. These have been
well demonstrated in animal experiments when compared with
tracheal ligation.179
The use of ECMO in infants with CDH was initiated in the
mid-1980s. Despite extensive literature on the subject, there
remains an ongoing debate as to whether ECMO improves survival in neonates with CDH. The Congenital Diaphragmatic
Hernia Study Group analyzed data from the multicenter CDH
Registry and determined that ECMO improves the survival rate
in CDH neonates with a predicted high risk of mortality (≥80%)
based on birth weight and 5-minute Apgar score. A right-sided
CDH may carry a higher mortality and morbidity compared with
a left-sided defect, despite the use of ECMO.180

Perioperative Care
Because delayed surgical repair of CDH is now the norm, neonates with CDH frequently present to the operating room already
intubated and on some form of ventilatory support. Despite a
period of preoperative stabilization, some infants still have a
component of reactive pulmonary hypertension. The goals of
ventilatory management are to ensure adequate oxygenation and
avoid barotrauma. Any sudden deterioration in oxygen saturation with or without associated hypotension should raise suspicion of pneumothorax. It is important to avoid hypothermia
because this increases the oxygen requirement and could precipitate pulmonary hypertension. Blood loss and luid shifts are
usually not a problem, although maintenance of intravascular
volume is essential to avoid acidosis, which could also precipitate
pulmonary hypertension. More recently, these patients are being
operated while on ECMO and mortality of these patients can be
predicted on the basis of fetal lung volumes.181

ANESTHESIA FOR SURGICAL
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The diagnosis of CDH can be made prenatally by fetal ultrasonography or ultrafast fetal magnetic resonance imaging. Antenatal diagnosis has led to the identiication of a “hidden mortality”
in CDH, fetuses who did not survive gestation and neonates who
died before diagnosis. Various factors have been proposed to identify predictability of survival, including early gestation diagnosis,
severe mediastinal shift, polyhydramnios, a small lung-to-thorax
transverse area ratio, and the herniation of liver or stomach. New
techniques in fetal surgery, such as temporary endoscopic fetal
tracheal occlusion, may prove beneicial to fetuses with CDH who
are identiied to be at risk for not surviving to term.177 The other
obvious advantage of prenatal diagnosis is that plans can be made
for maternal or neonatal transport to a center with advanced neonatal critical care with availability of ECMO.
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Anesthetic Technique
The anesthetic technique chosen depends on the size of the defect
and the anticipated postoperative respiratory status. In those
infants who will remain intubated after surgery, inhalation agents
and narcotics may be used as tolerated. In those infants with a
small defect who present to the operating room with little or no
respiratory distress, it may be beneicial to avoid intraoperative
narcotics and provide regional analgesia in anticipation of extubation. The use of nitrous oxide should be avoided, particularly
in those situations in which abdominal closure could be dificult.
Muscle relaxation is often needed to facilitate abdominal closure.

Postoperative Care
Most infants with CDH require intensive postoperative care.
Recovery depends on the degree of pulmonary hypertension and
pulmonary hypoplasia. It was previously believed that pulmonary
hypoplasia was responsible for most deaths; however, it is now
believed that potentially reversible pulmonary hypertension may
be responsible for as much as 25% of reported deaths.
There is evidence to suggest that cardiac development is
impaired in infants with CDH. Relative left ventricular hypoplasia with an attenuated muscle mass and cavity size have been
described.

Omphalocele and Gastroschisis
Although omphalocele and gastroschisis sometimes appear similar and may be confused, they have entirely different origins and
associated congenital anomalies.182 During the ifth to tenth
weeks of fetal life, the abdominal contents are extruded into the
extraembryonic coelom, and the gut returns to the abdominal
cavity at approximately the tenth week. Failure of part of or all
the intestinal contents to return to the abdominal cavity results
in an omphalocele that is covered with a membrane called the
amnion (Fig. 41-15). The amnion protects the abdominal contents from infection and the loss of ECF. The umbilical cord is
found at approximately the apex of the sac. Gastroschisis, in contrast, develops later in fetal life, after the intestinal contents have

figure 41-16. Gastroschisis. (Reprinted from: Berry FA. Physiology and
surgery of the infant. In: Berry FA, ed. Anesthetic Management of
Difficult and Routine Pediatric Patients. New York: Churchill Livingstone;
1990:152, with permission.)

returned to the abdominal cavity. It results from interruption
of the omphalomesenteric artery, which results in ischemia and
atrophy of the various layers of the abdominal wall at the base
of the umbilical cord. The gut then herniates through this tissue
defect. The degree of herniation may be slight, or major amounts
of the abdominal viscera may be found outside the peritoneal
cavity. The umbilical cord is found to one side of the intestinal
contents (Fig. 41-16).
The intestines and viscera are not covered by any membrane
and therefore are highly susceptible to infection and loss of ECF.
There is a very high incidence of associated congenital anomalies with omphalocele, although much lower with gastroschisis.183
The Beckwith–Wiedemann syndrome consists of mental retardation, hypoglycemia, congenital heart disease, a large tongue, and
an omphalocele. Congenital heart lesions are found in approximately 20% of infants with omphalocele. Other associated congenital defects are found with gastroschisis and omphalocele;
most involve the gastrointestinal tract and consist primarily of
intestinal atresia or stenosis and malrotation. Because of the
uncovered gut irritating the uterine lining, premature delivery is
more common in gastroschisis patients.

Antenatal Diagnosis

figure 41-15. Omphalocele. (Reprinted from: Berry FA. Physiology
and surgery of the infant. In: Berry FA, ed. Anesthetic Management
of Difficult and Routine Pediatric Patients. New York: Churchill Livingstone; 1990:152, with permission.)

The overall incidence of these defects is about 1:5,000 live births.
Screening for abdominal wall defects is accomplished through
the use of maternal serum a-fetoprotein (AFP). AFP is a normal
protein present in fetal tissues during fetal development. Closure
of the abdominal wall and the neural tube (see “Meningomyelocele”) prevents release of large quantities of this protein into the
amniotic luid. High levels of AFP in the amniotic luid can cross
the placenta and be detected in maternal blood. Thus, abnormal levels of maternal serum AFP in the mother raise concerns

over the possibility of either an abdominal wall defect or a neural
tube defect in the fetus, as do high levels of AFP in luid obtained
during amniocentesis. Levels tend to be higher when the defect
is gastroschisis instead of omphalocele. The primary method
of deinitive fetal diagnosis of gastroschisis and omphalocele is
ultrasonography. In a recent study, 88% of patients with gastroschisis and 69% with omphalocele were diagnosed prenatally with
ultrasound.184 An advantage of ultrasound is the ability to diagnosis other complicating abnormalities such as cardiac defects.

Preoperative Care
Most neonates with gastroschisis or omphalocele diagnosed prenatally are delivered by cesarean section. The advantages of this
are the ability to prevent trauma to the exposed bowel and allow
better coordination of the various medical specialties needed for
immediate surgical management of the defect. Priorities in the
delivery room care unique to an infant with gastroschisis are
the need to protect the exposed bowel and minimize luid and
temperature loss. An effective way to achieve these goals involves
placing the defect and lower body in a sterile, clear plastic bag to
protect the defect and minimize heat and luid loss. The bag can
be illed with warm saline and a drawstring can be used to tighten
the bag against the infant’s body.
Preoperative stabilization of the neonate with an abdominal
wall defect includes management of respiratory insuficiency,
establishment of adequate intravenous access, and an assessment
for associated congenital anomalies. It is expected that a signiicantly higher incidence in congenital anomalies will be found
in omphalocele patients. Respiratory failure at birth in infants
with omphalocele is a signiicant predictor of mortality.185 Lung
hypoplasia and abnormal thoracic development may be signiicant in infants with large omphaloceles. A dificult airway can be
anticipated in the patient with Beckwith–Wiedemann syndrome
because of the large tongue.
Surgery is not urgent in the neonate with an omphalocele and
can be delayed for several days until the infant is assessed and
stabilized. In those infants with severe respiratory distress or congenital heart disease who are too unstable for surgery, nonsurgical treatment with topical antiseptics and delayed closure is an
option.186 Although there has been some interest in nonoperative,
bedside-staged closure of gastroschisis defects, primary operative
closure continues to be the most common approach.187
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necessary to allow closure of the abdomen. With moderate size
abdominal wall defects, it may not be possible to close the peritoneum, but there may be suficient skin to close the defect. With
large defects, the peritoneal cavity may be too small to contain
the viscera, and attempted closure can impair circulation to the
bowel, kidneys, and lower extremities, as well as compromise respiration. A pulse oximeter probe on the foot can be helpful in
monitoring circulation to the lower extremities during abdominal
wall closure.
Attempts have been made to ind objective criteria by which to
determine whether the infant will tolerate primary closure of the
defect, and to avoid or minimize the circulatory and ventilatory
problems. One method has been to measure intragastric pressure
in infants who undergo primary closure. Intragastric pressure is
measured by placing a nasogastric tube in the stomach and using a
column of saline to measure the pressure.188 Studies have used the
criteria that if the intragastric pressure was ≤20 mm Hg, primary
closure can proceed. Above 20 mm Hg pressures during closure,
delayed closure and placement of a Dacron silo were used. With
this approach, primary closure has been successful when used,
with faster return to full feeds and shorter hospital length of stay
compared with patients treated by delayed closure. Complications have been less with primary closure using this approach.
If primary closure is impossible, a silo is incorporated into
the abdominal wall to contain and cover the abdominal viscera
(Fig. 41-17). The repair is then staged from this point onward.
Every 2 or 3 days, the size of the silo is reduced, in much the
same fashion that a tube of toothpaste is squeezed. The infant
may feel some degree of discomfort as the peritoneum and skin
are stretched. Institutions vary in how they accomplish the delay
closure, with some surgeons bringing the patient to the operating room for each stage and others doing this at bedside, often
with the assistance of small doses of ketamine or other analgesics.
Some of these patients remain on mechanical ventilation during
this period, and others are extubated. In either case, both blood
pressure and oxygen saturation should be closely monitored during and immediately after each stage of closure to ensure that the
increase in abdominal and intrathoracic pressure does not signiicantly impede ventilation, oxygenation, and venous return. In
some cases, further reduction must be delayed until there is more

Perioperative Care
The two major perioperative concerns are luid loss and ventilation. The luid volume management of the infant often entails
administration of large amounts of full-strength, balanced salt
solution. The adequacy of the peripheral circulation and urine
output is an indicator of the adequacy of the volume resuscitation. Both conditions may present an intraoperative challenge to
the anesthesiologist because with an omphalocele, after the amniotic membrane is removed, large volumes of luid may transude
or exude from the exposed abdominal viscera. The luid that is
lost is ECF, which should be replaced with full-strength, balanced
salt solution. An arterial line is often used for blood pressure
monitoring and frequent blood gas monitoring to assess acid–
base status.
If the defect in the abdominal wall is small, a primary repair of
the deicit can be accomplished. However, with a large defect, it
may be dificult to return the abdominal viscera to the peritoneal
cavity because the muscle and peritoneum are underdeveloped.
Because of concern for the increase in the volume of gas in the
intestine, nitrous oxide should not be used. Muscle relaxation is

figure 41-17. Dacron silo for extruded viscera. (Reprinted from:
Berry FA. Physiology and surgery of the infant. In: Berry FA, ed. Anesthetic Management of Difficult and Routine Pediatric Patients. New York:
Churchill Livingstone; 1990:154, with permission.)
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abdominal growth. This is a situation that requires clinical judgment. After several stages of silo reduction, the inal operation is
complete closure of the abdominal wall defect under full anesthesia with complete muscle relaxation.

Postoperative Care
The postoperative care of infants with omphalocele or gastroschisis is critical. Some need tracheal intubation and assisted ventilation of the lungs for days to weeks. The ventilatory status of the
patient is especially critical in omphalocele patients because up to
half of these patients are born with pulmonary hypoplasia, making the balance of increased abdominal pressures and adequate
ventilation and oxygenation especially challenging. Additional
complications include postoperative hypertension and edema
of the extremities. The increased abdominal pressure can reduce
the circulation to the kidneys, which results in a release of renin.
Renin activates the renin–angiotensin–aldosterone system, which
is believed to cause the hypertension.

Tracheoesophageal Fistula
The treatment of esophageal atresia and TEF can be both challenging and satisfying for the anesthesiologist. Death in the perioperative period typically results from prematurity or from an
associated congenital heart defect. TEF occurs in approximately
1 in 3,000 live births. Approximately 85% consist of a istula from
the distal trachea to the esophagus and a blind proximal esophageal pouch. In 10% of cases, there is a blind proximal esophageal
pouch with no TEF (Fig. 41-18). The embryologic defect results
from imperfect division of the foregut into the anteriorly positioned larynx and trachea and the posteriorly positioned esophagus; the division should occur between the fourth and ifth weeks
of intrauterine life. Fifty percent of affected infants have associated congenital anomalies, of which approximately 15% to 25%
involve the cardiovascular system.

Clinical Presentation
Atresia of the esophagus leads to inability of the fetus to swallow
amniotic luid and the subsequent development of polyhydramnios. Ultrasound may well raise the possibility of a congenital
anomaly. For that reason, if polyhydramnios is present, attempts
should be made to pass a nasogastric tube shortly after delivery.
Passing a nasogastric tube is not routine in the delivery room;
therefore, the diagnosis may not become apparent until the infant
is fed. Cyanosis and choking with oral feedings should raise
suspicion.
There are two major complications of esophageal atresia with
a distal tracheal istula: Aspiration pneumonia and dehydration.
The presence of a distal TEF increases the likelihood of relux of
gastric juice up the esophagus and into the pulmonary system.
Dehydration results from the fact that the proximal esophagus
does not communicate with the stomach. Therefore, preoperative preparation of these infants is aimed at evaluation and treatment of the pulmonary system, as well as at ensuring adequate
hydration and electrolyte balance. Rarely, the degree of relux
and pneumonia is so great that a gastrostomy must be performed
to protect the pulmonary system, and a period of several days is
needed to improve the general condition of the infant. However,
if the infant is in good condition, primary repair can be performed at 24 to 48 hours. This consists of ligation of the istula
and a primary repair with approximation of the two ends of the
esophagus.
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figure 41-18. Diagrams of the five most commonly encountered
forms of esophageal atresia and tracheoesophageal fistula, shown in
order of frequency. (Reprinted from: Herbst JJ. Gastrointestinal tract.
In: Behrman RE, Kleigman RM, Nelson WE, et al., eds. Nelson Textbook
of Pediatrics, 14th ed. Philadelphia, PA: WB Saunders; 1992:942, with
permission.)

Anesthetic Considerations
The repair of TEF can be done in the conventional method or
by a thoracoscopic method. Both methods and the anesthetic
implications for each technique will be described here. The presence of a gastrostomy reduces the potential for relux of gastric
juice during the surgical procedure. If a gastrostomy is present,
the gastrostomy tube should be open to air and left at the head of
the table under the anesthesiologist’s observation to avoid kinking and obstruction.

TEF CLOSURE. There are three approaches to
tracheal intubation after induction of anesthesia. One is to use
an inhalation induction, followed by topical spray of lidocaine
and intubation while the infant is breathing spontaneously. Another technique is to use an intravenous or inhalation induction
and intubate the trachea after muscle paralysis. This technique
may lead to distention of the istula and stomach with excessive
positive-pressure ventilation. When controlled ventilation of the
lungs is used, attempts must be made to minimize the distention
of the stomach and the potential for relux. If a gastrostomy tube
is in place, the point is moot. A third technique is to intubate the
neonates awake with mild sedation. This can protect the airway
while reducing the chances of aspiration. Alternatively, because
the istula is usually located just above the carina on the posterior
wall of the membranous trachea, the endotracheal tube can be
placed just distal to the TEF. To do this, the endotracheal tube is
inserted until it enters one or the other main stem bronchi. This is
judged by unilateral expansion of the chest and unilateral breath
sounds. The endotracheal tube is then slowly withdrawn until bilateral chest movement and breath sounds are conirmed.
The endotracheal tube might inadvertently enter the istula when the infant is turned or during surgical manipulation.
Intubation of the istula should be suspected if there is increased
dificulty in ventilation of the lungs, as well as decreased oxygen
saturation and end-tidal CO2. Because these indings may also be
present when the lung is packed away to perform the surgery and
because there are other explanations for these indings, intubation of the istula should always be included in the differential
diagnosis. At any time ventilation is dificult and desaturation is
occurring, the surgeon must stop the procedure while the situation is clariied. The surgeon will be able to palpate the tip of the
tube in the istula if this is the problem.
The localization and isolation of H-type istulas can be dificult. In this situation, direct laryngoscopy and bronchoscopy is
performed by the surgeon, the istula is identiied, and a guidewire is fed through the istula tract into the esophagus. The infant
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Intravenous
Opioids: Morphine, fentanyl, methadone
NSAIDs: Ketorolac, intravenous acetaminophen
Oral
Acetaminophen
Ibuprofen
Hydrocodone
Codeine
Rectal
Acetaminophen
Diclofenac
Regional and local anesthesia
NSAIDs, nonsteroidal anti-inlammatory drugs.

is then intubated, with care taken not to dislodge the guidewire.
Once intubated esophagoscopy is performed, the guidewire is
visualized and brought out through the mouth. In this way, the
surgeon can use luoroscopy to determine the level of the istula
and decide whether a cervical or thoracic approach is necessary.
During surgery, the anesthesiologist can apply traction to the wire
loop to facilitate the localization of the istula by the surgeon.
ENDOSCOPIC TEF REPAIR. The use of endoscopic methods for repair
of TEF is being popularized in pediatric surgery.189 The infant
should be kept spontaneously breathing until the istula is ligated.
Maintenance of spontaneous ventilation can be challenging considering that these infants may not tolerate the use of potent inhalation agents while spontaneous ventilation is established. This
approach may shorten the duration of surgical operating time
while providing a minimally invasive method. The anesthetic
management is still challenging.

Postoperative Care
Although there have been great advances in the treatment of TEF
and esophageal atresia, postoperative care can be complicated by
associated congenital heart disease, RDS, and a need for continued postoperative ventilation. The compression of the lung for
several hours, along with pre-existing aspiration pneumonia in
some of these infants, suggest the need, in the more dificult cases,
for a short period of postoperative ventilation, or at least intubation with PEEP, as the most conservative technique for postoperative airway management. Some infants are in excellent condition at the time of surgery with no complicating factors and,
therefore, should be considered for extubation immediately at the
end of surgery or shortly thereafter. If extubation of the trachea is
planned for the end of surgery, the anesthetic technique must be
tailored accordingly. Caudal anesthesia as part of the technique
is useful in these situations, reducing the concentration of maintenance volatile anesthetics, the amount of muscle relaxants, and
the need for intraoperative narcotics. We prefer placing caudal
epidural catheters in these children for postoperative pain control. Another option is to place a unilateral ultrasound guided
paravertebral block which can again provide analgesia for the
hemithorax that is the operative site. This offers good analgesia
while at the same time avoiding the use of opioids, which may
predispose these infants to apnea and respiratory depression.190

A high percentage of infants with esophageal atresia have
residual dificulties of the tracheobronchial tree and esophagus
for many years. These dificulties include tracheomalacia, gastroesophageal relux, esophageal stricture, and recurrent istulas.

Intestinal Obstruction
A useful way of classifying gastrointestinal obstruction is focus
above and below the pylorus. Obstruction of the upper gastrointestinal tract is manifest by vomiting, especially after feeds,
whereas obstruction of the lower gastrointestinal tract may present with abdominal distention, little or no stool passed, hematochezia, signs of pain, and vomiting.

Upper Gastrointestinal Tract Obstruction
The most common cause of upper gastrointestinal obstruction
in the newborn is pyloric stenosis, but pyloric stenosis does
not usually present in the irst week of life. Other rare causes of
obstruction, such as congenital webs, may occur. If there has
been persistent vomiting, this usually means that a deicit of luids
or electrolytes will develop in the infant. The stomach contains
approximately 100 to 130 mEq/L of sodium and 5 to 10 mEq/L
of potassium. Persistent vomiting results in the greatest deicit of
sodium. Another major concern in the infant with upper gastrointestinal tract obstruction is aspiration of gastric contents.
The anesthetic management of these patients is directed
toward ensuring adequate relaxation for abdominal exploration, repair of the congenital defect, and closure of the abdomen.
Nitrous oxide can be used in high intestinal obstruction because
there is essentially no gas in the upper gastrointestinal tract. The
next concern is whether the infant’s trachea should be extubated
at the end of surgery. If the infant is robust, extubation of the
trachea at the end of surgery can be anticipated. The preferred
technique is for general anesthesia combined with caudal epidural anesthesia. This allows light levels of volatile agent and minimal muscle relaxant use, resulting in an early extubation. Opioids
may be administered, although the impact on the ability to ventilate at the end of the procedure should be considered. If the infant
is moderately debilitated or if the surgical incision is extensive, a
period of postoperative ventilation may well be indicated, particularly if moderate doses of opioids have been used.

Lower Gastrointestinal Tract Obstruction
Intestinal obstruction in the newborn can result from a variety of
lesions. These include imperforate anus or anal atresia, duodenal
atresia, jejunoileal atresia, intussusception, malrotation, volvulus, choledochal cyst, or meconium ileus. Although these are all
different in etiology, their presentation is similar. The problems
associated with lower gastrointestinal tract obstruction usually
develop within 1 to 7 days after birth. It may take this long for the
lesion to become evident because it is low in the gastrointestinal
tract. An imperforate anus should be recognizable shortly after
birth. However, once intestinal obstruction is diagnosed in the
newborn, it becomes a surgical emergency. These patients may
deteriorate rapidly. Some of these infants may have vomiting secondary to the obstruction, which poses a problem for luid and
electrolyte management. An enormous amount of luid can be
sequestered within the intestinal tract. This luid is essentially ECF
and has high sodium content. Therefore, these infants should be
prepared expeditiously for surgery and have a serum sodium level
of at least 130 mEq/L and a urine volume of 1 to 2 mL/kg/hr. In
addition to luid and electrolyte disturbances, delayed diagnosis
or treatment of these patients can result in increased abdominal
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pressure, leading to respiratory embarrassment from pressure
on the diaphragm and aspiration pneumonitis, as well as sepsis.
Lastly, some of these conditions are associated with other congenital anomalies that complicate preanesthetic evaluation and
anesthetic management.191 Duodenal atresia, for instance, is
often associated with Down syndrome, cystic ibrosis, imperforate anus, and renal abnormalities.
The preanesthetic evaluation and perioperative management
is similar for all these lesions. Preanesthetic evaluation is focused
on the stabilization of luid and electrolyte status, ensuring adequate oxygenation and ventilation, hemodynamic support if the
patient is septic, and identiication of complicating issues such as
other congenital abnormalities.
In the operating room, the need for invasive arterial and central venous monitoring is determined by the current status of the
patient and the urgency of the procedure. The primary anesthetic
considerations are the same as those in the preoperative period,
including ongoing luid and electrolyte resuscitation. Because
these cases are usually emergent and there may be associated
vomiting and abdominal distention, either an awake intubation
or rapid-sequence induction is indicated. Although awake intubation may be the best approach if the patient has a probable
dificult airway or has hemodynamic decompensation, a rapidsequence induction after preoxygenation is the approach normally taken. Any induction agent can be used if judicious doses
are chosen, but ketamine or etomidate are often chosen because
of a concern about cardiovascular instability.
Anesthetic agents for maintenance during these cases is chosen
on the basis of the patient’s status and the likely surgical course.
Nitrous oxide should not be used in any infant who has gaseous
distention of the intestine, which is easily determined from the
preoperative radiograph. Providing adequate muscle relaxation
for surgery can be accomplished with various anesthetic techniques such as volatile anesthesia, muscle relaxants, and caudal or
epidural block.192 There is increasing interest in the use of remifentanil in newborns and infants because of its titratability and
short duration of action, potentially increasing the options for
extubation at the end of the case for some patients.193
The criteria for tracheal extubation at the end of surgery
are the same as those described for upper gastrointestinal tract
obstruction. When in doubt, it is prudent to leave the tracheal
tube in place and provide a period of postoperative ventilation
during which the patient’s status can be re-evaluated before
deciding that extubation is safe.

Meningomyelocele
Clinical Presentation
Myelomeningocele is the most common congenital primary neural tube defect. Despite the known ability of folic acid supplementation during pregnancy to largely prevent this defect, the lesion
still occurs in approximately 0.5 to 1 of every 1,000 live births.194
It results from failure of neural tube closure during the fourth
week of gestation. Neural tube defects can be identiied on prenatal ultrasound. Elevated maternal serum AFP detects 50% to 90%
of open neural tube defects but has a false-positive rate of 5%.
Amniotic luid AFP is more reliable.
By deinition, the lesion involves both the meninges and neural components, as compared with a meningocele, which does not
contain neural elements. The infant is born with a cystic mass on
the back comprising a neural placode, arachnoid, dura, nerve tissue and roots, and cerebrospinal luid. The lesion most commonly
occurs in the lumbosacral or sacral region, although it can extend
to the thoracic region. The bony canal is also malformed, leading

to multiple orthopaedic problems as the child matures. Urologic
complications correlate with the level of the spinal lesion.
Newborns born with myelomeningocele have an associated
anomaly of the brainstem known as the Arnold–Chiari II (Chiari
II) malformation. The Chiari II malformation is characterized by
caudal displacement of the cerebellar vermis through the foramen magnum, caudal displacement of the medulla oblongata
and the cervical spine, kinking of the medulla, and obliteration of
the cisterna magna.195 The cause of Chiari II malformation rests
in the small size of the skull housing the posterior fossa, forcing
CNS contents out during development. Hydrocephalus requiring
shunting develops in approximately 80% to 90% of infants with
myelomeningocele. In contrast, only 20% of patients have symptoms of brainstem dysfunction as a result of the Chiari II malformation, but the mortality rate among those symptomatic patients
is high. Complications of brainstem dysfunction include stridor,
apnea and bradycardia, aspiration pneumonia, sleep-disordered
breathing patterns, vocal cord paralysis, lack of coordination, and
spasticity. If the symptoms are not improved by shunting, posterior fossa decompression is necessary.196
The infant with a myelomeningocele is usually operated on
within the irst 24 to 48 hours of life. This reduces the risk for
development of ventriculitis or progressive neurologic deicits.
Most centers close the defect and place a shunt at the same time.
However, some centers may delay placement of a shunt until the
infant shows symptoms of hydrocephalus. There is ongoing work
to determine the beneits of intrauterine repair of myelomeningocele, hopefully with the beneits of decreased development of a
Chiari II malformation, decreased hydrocephalus, and increased
lower limb function. As these studies continue, the role of intrauterine repair will become clearer.197

Preoperative Care
The preoperative stabilization period focuses on the prevention
of infection, maintenance of ECF volume, avoidance of hypothermia, and assessment for other congenital anomalies. The exposed
neural placode is susceptible to trauma, leakage, and infection.
The infant is usually placed in the prone position, and the placode
is covered with warm saline-soaked gauze to prevent desiccation.
Because of the high risk of infection, antibiotic therapy is initiated
in the preoperative period. Rupture of the cyst on the back can
lead to ongoing cerebrospinal luid leakage. This luid is replaced
with full-strength, balanced salt solution. The infant is also
assessed for any potentially life-threatening congenital anomalies.

Perioperative Care
The high prevalence of clinical latex allergy and latex sensitization
in children with myelomeningocele has drawn much attention
and led many individuals to believe that these patients have
an impaired immune system that makes them more susceptible
to latex allergy. The likely cause of the increased incidence of latex
sensitization is repeated exposure to latex products through frequent hospitalizations and surgical procedures, as well as a program of daily bladder catheterization for those with neurogenic
bladders.198 Although it is reasonable to take special precautions
to prevent latex exposure in these patients,199 it is prudent to limit
latex exposure to all patients, especially those who have repeated
surgeries, bladder catheterizations, or other exposure to latex
products.200
Positioning is critical in the infant with myelomeningocele.
For induction of anesthesia, the infant may be placed supine with
the defect resting in a “doughnut” to minimize trauma. Alternatively, the induction can be performed with the infant in the
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Postoperative Care
These infants must be monitored closely in the postoperative
period. Respiratory complications, including stridor, apnea and
bradycardia, cyanosis, and respiratory arrest, may develop after
surgery in these infants with known brainstem abnormalities and
potential disorders of central respiratory control. In addition,
infants who were not shunted during repair may show signs of
hydrocephalus, including lethargy, vomiting, seizures, apnea and
bradycardia, or cardiovascular instability. These infants need to
return to the operating room for insertion of a shunt. Although
the majority of these patients will eventually require a shunt, a
recent survey has shown that only about one-third of the patients
receive one during the initial hospitalization.203

Hydrocephalus
Hydrocephalus in the irst month of life may have several causes.
It may occur after closure of a meningomyelocele because of the
Chiari II malformation; it may be congenital in origin; it may be
related to intraventricular hemorrhage, especially in the very preterm newborn. The incidence of hydrocephalus has been stable
in recent years, with a decrease related to Chiari II malformations, but an increase secondary to hemorrhage in the preterm.204
The cranial sutures in the neonate are open, so intracranial pressure increases are blunted or minimized. However, infants with
hydrocephalus eventually have an increase in head size and
sometimes in intracranial pressure, resulting in lethargy, vomiting, and cardiorespiratory problems. The anesthetic approach
and the technique for tracheal intubation depend on the infant’s
condition. The major concern is protection of the airway and
control of intracranial pressure. Awake tracheal intubation, crying, struggling, and straining can increase intracranial pressure.
A rapid-sequence induction of anesthesia to control the airway
and intracranial pressure is preferred. Volatile drugs, nitrous
oxide, and opioids are all reasonable choices for maintenance of
anesthesia, with no evidence that one technique is superior. Noninvasive intracranial pressure measurements in neurologically

normal preterm neonates have shown a decrease in intracranial
pressure with all drugs, including ketamine, fentanyl, and isolurane. The failure of volatile anesthetics and ketamine to increase
intracranial pressure as in adults is attributed to the compliance
of the neonate’s open-sutured cranium. After surgery, the trachea
of these infants may remain intubated if they were experiencing
periods of apnea or bradycardia before surgery because of the
intracranial abnormalities. If not, the trachea can be extubated as
soon as the protective relexes have recovered.

Surgical Procedures in the First
Month of Life
Surgical procedures in the irst month also are considered emergent, or at least urgent, surgery. The most frequent surgical procedures in the irst month are exploratory laparotomy for NEC,
inguinal hernia repair, correction of pyloric stenosis, patent ductus arteriosus (PDA) ligation, a shunt procedure for hydrocephalus, and placement of a central venous catheter.

Necrotizing Enterocolitis
NEC is a disease that primarily affects premature infants who
have survived the irst days of life, although it can be seen in fullterm newborns. One of the theories about NEC is that earlier,
more rapid feeding places infants at greater risk for development
of NEC. The incidence of NEC among very low birth weight
infants varies between 5% and 15%.205 The exact pathophysiology
of NEC has been the source of much study and some controversy,
although is likely multifactorial.206 The condition is characterized
by a cascade of pathologic events, beginning with an immature distal small and sometimes large intestine that has a decreased ability
to absorb substrate, leading to stasis. The most common site is the
ileocolic region, but can be seen in other areas and can be discontinuous, giving a patchy appearance. Stasis encourages bacterial
proliferation, which leads to local infection. The picture is complicated by further pooling of luid. The ischemia and infection
may lead to necrosis of the intestinal mucosa, followed by perforation. The perforation leads to gangrene of the gut wall, luid loss,
peritonitis, septicemia, and disseminated intravascular coagulation. The irst signs that NEC may be developing are abdominal
distention, irritability, and the development of metabolic acidosis.
This may be followed by radiologic evidence of pneumatosis intestinalis, portal venous air, or free abdominal air. NEC is primarily
a medical disease and is treated by cessation of oral intake, administration of antibiotics, luid and electrolyte therapy, insertion of
an orogastric tube, hemodynamic support, and in some cases,
the insertion of a peritoneal drain.207 In nonresponsive cases, the
infant becomes more septic with severe peritonitis, and the only
solution is to perform an exploratory laparotomy to remove the
gangrenous bowel and create an ileostomy.
The preoperative problems are an acute abdomen with severe
peritonitis, necrosis, and gangrene of the intestine, septicemia, metabolic acidosis, and hypovolemia. These neonates may also have
disseminated intravascular coagulation. Preparation of the patient
is directed toward stabilization of these problems. By the time the
newborn becomes a surgical candidate, the septicemia, coupled
with the distended abdomen and the overall clinical deterioration
of the infant, often has necessitated the use of intubation and ventilation in the neonatal intensive care unit. Appropriate laboratory
investigations include an arterial blood gas, hemoglobin, glucose,
electrolytes, and coagulation proile. The deteriorating status of the
patient may compromise both resuscitation efforts and the desire
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lateral position, although this makes intubation more challenging. The infant is turned prone for surgery. Rolls are positioned to
ensure the abdomen and chest are free, avoiding pressure on the
epidural venous plexus to minimize bleeding and allow adequate
ventilation.
In most instances, the infant has an intravenous line placed
before surgery and an intravenous induction is performed. Succinylcholine may be used to facilitate intubation without risking
hyperkalemia.201 Because increased intracranial pressure is rarely
present before closure of the defect, inhalational induction is an
alternative in the infant with dificult intravenous access. The
anesthetic management of these newborns is rarely complicated
unless there are other congenital anomalies that warrant special
attention. There is no particular advantage of one technique over
another because of the surgical lesion. Because these patients are
usually extubated at the end of the case, a technique that allows
this is usually chosen. Regional anesthesia has been reported as
a safe adjunct or alternative to general anesthesia in the neonate
with myelomeningocele. One small series has been published in
which tetracaine spinals were used as the anesthetic for 14 infants
undergoing repair of myelomeningocele.202 In this series, there
was no evidence of anesthetic-induced neurologic damage. Of
note, 2 of the 14 infants had a postoperative respiratory event
(1 transient apnea/bradycardia and 1 brief desaturation with
bradycardia). Both of these infants had received intraoperative
midazolam for sedation.
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to establish adequate vascular access and monitoring, but focused
efforts should be made to provide multiple vascular access lines, an
arterial line, and, if time allows, central venous line.
The anesthetic requirements are continuation of resuscitation, provision of abdominal relaxation for the surgery, and
careful titration of anesthetic drugs. These infants are often so
critically ill that they are very sensitive to the depressant effects
of anesthesia. If the patient is not already intubated and ventilated, a rapid-sequence induction with ketamine and succinylcholine is often used. The only caution with this technique is that
some patients with NEC have signiicant hyperkalemia secondary
to dead bowel, making the use of succinylcholine problematic.
High-dose rocuronium is a reasonable alternative in that situation. Maintenance of anesthesia is usually based on an opioid
technique, supplemented with additional doses of ketamine or, if
the patient’s condition improves, low-dose inhalation agent. The
use of nitrous oxide should be avoided because of the gas pockets
in the abdomen.
These infants are among the most challenging cases in pediatric anesthesia. The luid loss can be enormous, both because
of surgical losses and third-space losses. Fluid management
starts with full-strength, balanced salt solution for maintenance
of blood pressure and urine output. Blood products are often
needed during these cases. If the hematocrit is below 30% to
35%, red blood cells should be administered. On the basis of both
preoperative and intraoperative laboratory work, fresh frozen
plasma, platelets, and cryoprecipitate may be needed. Inotropic
support may be needed in addition to these measures. The surgical technique and length of surgery is variable, depending on the
indings at laparotomy. A combination of bowel resection, primary anastomoses, and enterostomies may be used. At the end
of the procedure, these infants are returned intubated and ventilated to the intensive care unit, where resuscitation is continued.208 Long-term survival is based on several factors, including
the degree of prematurity, associated congenital abnormalities,
the degree of surviving bowel, the total length of affected bowel,
and subsequent complications. Mortality rates, especially in newborns weighing <1,500 g, are poor, with recent studies demonstrating 25% to 50% mortality before discharge.208,209

Inguinal Hernia Repair in the Neonate
The development of a hernia in the premature infant or neonate
is a different clinical problem from the development of a hernia
in an infant older than 1 year. In infants younger than 2 months
who need inguinal hernia repair, there is a higher incidence of
prematurity, history of RDS, history of incarceration, and congenital heart disease.210 In preterms, the incidence of hernia may
approach 20% to 30%. There is a concern about new or recurring incarceration in these patients, making hernia repair less
an elective procedure than in older infants. Consequently, once
identiied, these patients usually are repaired within a relatively
short time. If the patient is currently hospitalized, it is common to
repair the hernia before discharge. Otherwise, the surgery should
be scheduled within days to weeks of diagnosis.

Anesthetic Techniques for Hernia Repair
Surgical procedures below the umbilicus can be performed with
either general or regional anesthesia. The choice of whether to
use general or regional anesthesia depends on the preference of
the surgeon and/or the anesthesiologist. However, the choice is
inluenced by the underlying status of the patient, previous complications, and the known risk of preterm patients to develop
apnea and bradycardia during and after these procedures. As dis-

cussed earlier, there is a risk in any preterm for apnea and bradycardia after stressful procedures, but this has been most widely
studied in association with inguinal hernia repair. Analysis of
the many small studies have shown certain common elements.167
Apneic events are inversely related to both gestational age and
postconceptual age; the incidence is less in small-for-gestational
age infants; anemia increases the incidence of apneic events; and
apneic events at home are associated with a higher incidence in
the perioperative period. There have been multiple studies that
were recently analyzed to determine if the choice of regional or
general anesthetic techniques decreased the incidence of apnea
and bradycardia.211 There is not a statistically signiicant difference in the studies in the incidence of apnea, bradycardia or
oxygen desaturation in preterm infants, based on anesthetic technique. Consequently, the choice of anesthetic should not be based
solely on the risk of preventing apneic spells. An adjunct that has
some evidence in support of its use to minimize apneic spells is
caffeine. The use of preservative-free caffeine in a single dose of
10 mg/kg has been suggested to decrease the incidence of apneic
spells.212
Regional anesthesia can be used entirely for the surgery or
as an adjunct to reduce general anesthetic requirements and
provide postoperative analgesia. Other methods of providing
intraoperative anesthesia and postoperative analgesia include
the ilioinguinal–iliohypogastric nerve block or local iniltration.
Ilioinguinal–iliohypogastric nerve block with 0.25% bupivacaine
or 0.2% ropivacaine, with epinephrine, can be administered
shortly after the induction of general anesthesia and affords excellent postoperative analgesia without the need for opioids.
Discharge after inguinal hernia repair to home is an area of
some controversy. In particular, which patients can be discharged
and which must be observed overnight for apnea and bradycardia? There is signiicant institutional variation on this issue, with
the decision to admit overnight usually based on postconceptual
age. There is a tendency to use 46 weeks’ postconceptual age as
the limit for admission, but other centers will use up to 60 weeks’
postconceptual age as the limit. In our own institution, we have
used a different approach. In order to make the limit easily understandable and also understanding that the basis of determining
gestational age is not precise, we have all preterms admitted until
they are 6 months of age. This ensures 26 weeks added to gestational age and is a compromise between the 46-week and 60-week
limits, but is easy to administer. No matter what limits are used,
if the infant has apneic or bradycardic spells during the perioperative period, he or she should be monitored in-house until the
infant has been symptom-free for at least 12 hours.

Pyloric Stenosis
Pyloric stenosis is a relatively frequent surgical disease of the neonate and infant. It can appear as early as the second week of life.
The pathologic characteristics include hypertrophy of the pyloric
smooth muscle with edema of the pyloric mucosa and submucosa. This process, which develops over a period of days to weeks,
leads to progressive obstruction of the pyloric valve, causing persistent vomiting. The vomiting leads to varying losses of luids
and electrolytes. The diagnosis is usually made at an early stage in
the development of symptoms, especially with the help of ultrasound, so it is rare to ind an infant with severe luid and electrolyte derangements. However, an infant is occasionally seen whose
problem has developed slowly over a period of weeks, resulting in
severe luid and electrolyte derangements. The stomach contents
contain sodium, potassium, chloride, hydrogen ions, and water.
The classic electrolyte pattern in infants with severe vomiting
is hyponatremic, hypokalemic, and hypochloremic metabolic
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Anesthetic Management
It is prudent to pass a large orogastric tube and aspirate the stomach contents because of the signiicant volume that may be present.213 This procedure greatly reduces the quantity of gastric luid.
A rapid-sequence induction is advisable because of the potential
for additional volume in the stomach. Although awake intubation
had been popular with some clinicians in the past, it is associated
with a higher incidence of complications and is traumatic to the
child.122 These patients have been fully resuscitated before coming to surgery, so there is little reason for an awake intubation.
Anesthesia can be maintained by almost any technique the clinician prefers. There has been a need for muscle relaxation only
for a short period during open pyloromyotomy, especially during
the delivery of the pylorus at the start of the procedure and during replacement of the pylorus back into the abdomen to begin
closure. However, these cases are increasingly being performed
laparoscopically. Controlled ventilation reduces or eliminates the
need for muscle relaxants for this surgery. At the end of the case,
the patient should be wide awake before extubation. A TAP block
can be provided using ultrasound guidance for postoperative
pain relief with good analgesia.

Ligation of a Patent Ductus Arteriosus

with the operation. The answer comes in close communication
between the anesthesiologist and the surgeon. These patients usually remain intubated after procedure, without a need to reverse
the muscle relaxant. Residual opioid will provide good analgesia
for the immediate postoperative period.
There are two newer techniques for closing the PDA in infants
that are increasing in popularity.214 Video-assisted thorascopic
surgery (VATS) uses small endoscopes inserted through a series
of small thoracotomy incisions to guide instruments to ligate the
ductus with a thoracotomy. VATS can be done either in the operating room or, rarely, at bedside. The other approach is used by
cardiologists in the cardiac catheterization to occlude the ductus
with a coil. In either case, the anesthetic challenge is not so much
choice of drugs, but adapting to working in an unfamiliar environment, like the catheterization suite, or understanding how the
positioning, lung delation, and need to identify the recurrent
laryngeal nerve requirements of the VATS will affect their anesthetic management.

Placement of a Central Venous Catheter
The use of a central venous catheter for monitoring serum electrolytes, for hyperalimentation, and for administering medications
is a well-established part of modern perioperative care. It can be
placed either as part of the surgical procedure or at some other
time as a separate procedure. The three major concerns in central
venous catheter placement are airway management, pneumothorax, and bleeding. The airway should be secured by an endotracheal tube because of the dificulty in sharing the head, neck, and
upper chest with the surgeon and as an adjunct for treating complications such as pneumothorax and bleeding. The anesthetic
technique depends on the infant’s condition. A pneumothorax
may occur with attempts at subclavian vein puncture. The irst
indication of pneumothorax may be a decreasing oxygen saturation, hypotension, or dificulty with ventilation of the lungs.
Because a luoroscope is often used for central venous catheter
placement, it can be used rapidly to diagnose a pneumothorax. If
not, the chest should be rapidly aspirated for both diagnostic and
therapeutic reasons. Bleeding is an unusual but serious complication of central venous catheter placement. It usually becomes
manifest in the perioperative period as hemothorax or as hypovolemia with a decreasing hematocrit or blood pressure. The establishment of intravenous access placed before proceeding with a
central line is problematic for some patients. The reason for the
central line may very well be the inability to obtain peripheral
access, and the clinician is left with a trade-off between prolonged
attempts at starting an intravenous catheter versus proceeding
directly to obtain central venous line placement. This is a clinical
judgment that depends not only on the time and effort that has
been spent in obtaining peripheral access, but also the underlying
status of the patient. If there is a question about how to proceed,
the anesthesiologist and surgeon should discuss and agree on the
approach. Strict attention to skin preparation, sterile glove and
drape use, and minimizing access to the central line are components important to diminish catheter-related sepsis. Subclavian
approach has a higher incidence of problems than an external or
internal jugular approach.

As the number of small premature infants who survive has
increased, so also has the number of infants who have a PDA
with heart failure and respiratory failure. Prostaglandins relax
the smooth muscle of the ductus so it cannot constrict. Indomethacin, a prostaglandin synthetase inhibitor, is administered
to encourage closure of the ductus. However, indomethacin is
often unsuccessful in the small premature infant because of the
lack of muscle within the ductus. Infants with a PDA and heart
failure need maximal medical management with luid restriction,
diuretics, and inotropes. These infants are at special risk because
of the reduced blood volume and precarious cardiopulmonary
system. If the surgery is performed in the operating room, special attention is taken to maintain normothermia, ventilation,
and oxygenation during transport. If the surgery is performed
at bedside in the neonatal intensive care unit, the anesthesiologist must take time before the procedure to establish where he or
she will be situated, where all venous access is, and that all drugs
and luids are already prepared. An opioid-based technique with
muscle relaxant is a frequent choice for anesthesia. Probably the
biggest challenge during these cases is the diagnosis and management of hypotension. There can be sudden, catastrophic blood
loss if the ductus tears. Consequently, syringes of balanced salt
suMMary
solution and blood should be immediately available. The other
common cause of hypotension is compression of the lungs, heart,
The anesthetic management of the newborn is among the most
and great vessels by the surgeon as they are gaining exposure.
This is a balance between stopping the procedure to allow the 8 challenging in all of anesthesiology. A strong foundation in neonatal anatomy, physiology, and pharmacology is needed, as well
heart and blood pressure to recover versus the need to proceed

ANESTHESIA FOR SURGICAL
SUBSPECIALTIES

alkalosis with a compensatory respiratory acidosis. The anesthesiologist, pediatrician, and surgeon are all responsible for preparing
these infants for surgery. Pyloric stenosis is a medical emergency,
not a surgical emergency. The patient should not be operated on
until there has been adequate luid and electrolyte resuscitation.
The infant should have normal skin turgor, and the correction of
the electrolyte imbalance should produce a sodium level that is
>130 mEq/L, a potassium level that is at least 3 mEq/L, a chloride
level that is >85 mEq/L and increasing, and a urine output of at
least 1 to 2 mL/kg/hr. These patients need a resuscitation luid of
full-strength, balanced salt solution and, after the infant begins to
urinate, the addition of potassium.
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as an appreciation of the disease states and surgical procedures
that are unique to this population. A thorough preanesthetic evaluation and preparation, a concise plan, and meticulous technique
are the basis of an effective approach. The patient’s neonatologist or pediatrician and the surgeon are strong allies in providing
the best care, and close communication with them is necessary.
Lastly, the clinical status of a newborn can change remarkably
quickly. Strict attention to detail and prospective management
are the hallmarks of the anesthesiologist skilled in providing care
in these dificult cases. Use of current technology including ultrasound guidance should be used for facilitating vascular access as
well as regional anesthesia for pain management in these fragile
infants should be vastly encouraged when available.
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