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Chapter

1
Developmental Approach to the Pediatric
Neurosurgical Patient
Jue Wang and Sulpicio G. Soriano

Introduction
The anesthetic management of infants and children
undergoing neurosurgical procedures should be
based on the developmental stage of the patient.
The evolving maturational changes of the various
organ systems have a significant impact of the drugs
and techniques used for the safe conduct of anesthe-
sia. Subspecialty training in pediatric neurosurgery
has driven advances in intracranial surgery in infants
and children, prompting calls for similarly trained
anesthesiologists and intensivists for the management
of these infants and children.1 Age-dependent differ-
ences in cranial bone development, cerebrovascular
physiology, and neurologic lesions distinguish neo-
nates, infants, and children from their adult counter-
parts. In particular, the central nervous system (CNS)
undergoes a tremendous amount of structural and
physiological change during the first two years of
life. Neurosurgical lesions and associated surgery in
this vulnerable age group have been linked to
increased mortality and decreased academic achieve-
ment scores at adolescence.2 Furthermore, outcome
studies reveal increased perioperative morbidity,
mortality, and cognitive deficits in this patient
population.3–5 This chapter highlights these age-
dependent differences and their effect on the anes-
thetic management of the pediatric neurosurgical
patient.

Developmental Aspects

Central Nervous System
The CNS develops early in gestation and is orche-
strated by a combination of transcriptional and
mechanical factors.6 A basic understanding of normal
and abnormal development of the CNS is essential for
comprehending the pathology of congenital lesions of
the CNS.7

The primitive CNS is derived from the neural
plate, which folds and fuses dorsally. Primary

neurulation occurs when the neural plate folds to
form the neural tube. The walls of the neural tube
give rise to the brain and spinal cord, while the canal
develops into the ventricles and central canal of the
brain and spinal cord, respectively. Fusion of the
cranial neural folds and closure of the cranial neuro-
pore, which give rise to the forebrain, midbrain, and
hindbrain, arise from these structures. Failure of the
anterior neuropore to close by 24 days results in
anencephaly. Secondary neurulation ensues when
the neuroepithelium caudal to the posterior neuro-
pore closes. Derangements in this progression can
lead to spinal dysraphism (spinal bifida, myelomenin-
gocele, and tethered cord).

After birth, the CNS is essentially fully developed,
with some fine tuning that occurs between the neona-
tal and toddler periods.8 Cerebral blood flow (CBF)
varies with the age of the patient, which peaks
between 2 and 4 years and settles to adult levels at
7–8 years.9 Prematurity, traumatic brain injury, neu-
rovascular anomalies, hypoxic brain injuries, intra-
cranial hemorrhage, inflammatory processes, and
congenital heart defects have an impact on cerebral
hemodynamics. Although the theoretical autoregula-
tory range of blood pressure in infants is lower than in
adults due to the relatively low cerebral metabolic
requirements and blood pressure during infancy,
recent evidence demonstrates heterogeneity of the
lower limits of autoregulation in pediatric pateints.10

Although cerebral autoregulation is intact in healthy
full-term neonates,8 it may be absent in critically ill
premature neonates.11 CBF pressure-passivity is com-
mon in premature neonates with low gestational age
and birth weight and systemic hypotension. Systolic
arterial blood pressure is a poor surrogate of cerebral
perfusion pressure in these patients, and the diastolic
closing pressure may be a better measure of cerebral
perfusion in this population.12 Extremes in blood
pressure can lead to cerebral ischemia and intraven-
tricular hemorrhage and dictate rigorous control of
hemodynamics in this vulnerable population.
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Children have high cerebral metabolic requirement
for oxygen and glucose (CMRO2 and CMRGlu) relative
to adult values (CMRO2 5.8 vs. 3.5 mL/100g/m
and CMRGlu 6.8 vs. 5.5 mL/100g/m, respectively).13

At birth, CMRGlu is approximately 13–25 μmol/100g/
min and rises to 49–65 μmol/100g/min at 3–4 years.
It remains at this rate until 9 years and subsequently
settles at 19–33 μmol/100g/m.14 These ontological
changes in CRMO2 and CMRGlu are reflected in CBF
values derived from brain perfusion computed tomo-
graphic (CT) scans.9 Cerebrovascular reactivity to car-
bon dioxide appears to be normal in newborns, but may
be deranged in the setting of perinatal asphyxia.15

Inspired concentrations of oxygen (FIO2) have an
impact on CBF. Decreasing FIO2 from 1.0 to 0.21
decreases CBF by 33%.16 Premature neonates are also
vulnerable to the detrimental effects of high FIO2 due to
liberation of reactive oxygen species leading to bronch-
opulmonary dysplasia and retinopathy of prematurity.17

Neonates and infants initially have compliant
intracranial space due to several open fontanelles,
which close in sequence from 4 months to 1 year.
Therefore, gradual increases in intracranial mass due
to tumor, chronic hydrocephalus, and hemorrhage
are undetectable due to compensatory distension of
the fontanelles and widening of the cranial sutures.
However, given the diminutive neonate and infant
intracranial volume, acute increases in cranial content
due to blood or cerebrospinal fluid often result in life-
threatening intracranial hypertension.18

Cardiac System, Including Transitional
Circulation
The cardiac system is an integral component of neu-
rovascular development, and factors that affect
changes in the growth and development of the heart,
including the changes during transitional circulation
from intrauterine to extrauterine conditions, will also
affect the brain and CNS. The neonatal myocardium
is immature and incompletely developed with fewer
muscle cells and more connective tissue compared to
adults, which results in poor ventricular compliance
and limited response to increasing preload to aug-
ment cardiac output. The high metabolic rate of neo-
nates requires a proportional increase in cardiac
output. Furthermore, the neonatal heart functions at
close to its maximal rate and stroke volume just to
meet basic oxygen demand. This makes the immature
myocardium very susceptible to hypocalcemia, which

is exacerbated by increased citrate from administra-
tion of blood products and albumin, as well as
increased sensitivity to volatile anesthetics and cal-
cium channel blockers.

Pediatric Airway
Anatomic differences between the pediatric and adult
airway are primarily due to the size and orientation of
the upper airway, larynx, and trachea. Neonates and
infants have the greatest differences from adults in this
respect, with the configuration of the larynx becoming
similar to that of adults after the second year of life.
An infant’s larynx is funnel shaped and narrowest at
the level of the cricoid, thus making this region the
smallest cross-sectional area in the infant airway. This
places the infant at risk for life-threatening subglottic
obstruction secondary to mucosal swelling after pro-
longed intubation with a tight-fitting endotracheal
tube. An endotracheal tube can also migrate into
a mainstem bronchus if the infant’s head is flexed for
a suboccipital approach to the posterior fossa or the
cervical spine. Therefore, the anesthesiologist should
auscultate both lung fields to rule out inadvertent intu-
bation of a mainstem bronchus after the patient is
positioned for the surgical procedure.

Renal and Hepatic System
Renal blood flow doubles during the first 2 weeks of
postnatal life, when adjusted for body surface area,
and continues to increase until it reaches adult values
by 2 years. The glomerular filtration rate (GFR) also
doubles over the first 2 weeks of life and continues to
increase until 1 to 2 years. As a result, neonates are
much less able to conserve or excrete water compared
to older children and adults; thus meticulous atten-
tion must be paid to fluid management during long
cases and cases with significant blood loss or fluid
shifts. In addition, neonates are also inefficient at
excreting potassium, and the normal range of potas-
sium may be higher in neonates and children com-
pared to adults. Neonates in particular maintain
a slightly acidotic pH (7.37) and have lower plasma
bicarbonate concentrations (22 mEq/L) compared to
older children and adults (pH 7.39 and bicarbonate 22
mEq/L). Thus, while neonates are able to maintain
acid-base homeostasis, they are less able to buffer
larger acid loads.

At birth the liver is structurally and functionally
immature, with the neonatal liver containing 20%
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fewer hepatocytes, which are each only half the size of
adult hepatocytes; the liver is even more underdeve-
loped in preterm infants. Due to the relative imma-
turity of the neonatal liver, drug metabolism and
excretion as well as glucose management can be sig-
nificantly affected. A dextrose-containing intravenous
fluid may be used for maintenance in long cases with
neonates given the immature liver’s limited ability to
store and utilize glycogen.

Hepatic drug metabolic activity appears as early
as 9 to 22 weeks. Drug metabolism by the liver
usually involves enzymatic conversion of medica-
tions from a lipid soluble (less polar) state into
a more water-soluble (more polar) state. Phase
I reactions transform drugs via oxidation, reduction,
or hydrolysis. The cytochrome P450 (CYP) enzyme
system provides most of the phase I drug metabolism
for less polar (lipophilic) compounds. Neonates have
a reduced total quantity of CYP enzymes, with activ-
ity 50% of adult values. This reduction in CYP
decreases clearance for many drugs, including theo-
phylline, caffeine, diazepam, phenytoin, and
phenobarbital.

Phase II reactions transform drugs via conjuga-
tion reactions such as sulfation, acetylation, and
glycuronidation. Activity of uridine diphosphoglu-
curonosyltransferases (UGT), which is responsible
for glucuronidation of bilirubin and many medica-
tions like morphine, acetaminophen, dexmedetomi-
dine, and lorazepam, is limited immediately after
birth and different isoforms mature at different
rates with growth and development, but in general
adult activity levels are reached by 8 to 18 months of
age.

The immature liver also has a limited capacity for
protein synthesis, which decreases the proportion of
drugs bound to proteins in circulation and increases
the amount of free drug. Acidic drugs (e.g., diaze-
pam)mainly bind to albumin, while basic drugs (e.g.,
amide local anesthetic drugs) bind to globulins, lipo-
proteins, and glycoproteins. Due to decreased synth-
esis of all proteins, both basic and acidic drugs can
have significantly greater effects in neonates than
adults.

In addition to differences in hepatic enzymatic
activity, hepatic blood flow and body composition
also significantly affect enzymatic drug degradation.
As neonates mature, a larger proportion of the
cardiac output is delivered to the liver, thus increas-
ing drug delivery and subsequent degradation.

In general, the half-lives of medications that are
cleared by the liver are increased in neonates,
decreased in children 4 to 10 years of age, and
reach adult levels in adolescence. Preterm and
term infants have proportionally more water than
older children and adults, which increases the
volume of distribution of water-soluble drugs.
However, neonates oftentimes are more sensitive
to the neurologic, respiratory, and cardiovascular
effects of many medications, and a lower dose may
be needed to achieve the desired effect. Preterm
infants are particularly susceptible to anesthetic
medication and may require even smaller blood
concentrations to achieve the desired effect.19 Due
to the complexity of differences in enzymatic activ-
ity, circulatory volume, and variable neurologic and
hemodynamic responses to anesthetic medications,
it is important to titrate the dose of all medications
to the desired response to all preterm and term
infants.

Preoperative Assessment
and Planning
Neonates and infants have the highest risk for peri-
operative respiratory and cardiovascular morbidity
and mortality of any age group.20,21 They are parti-
cularly sensitive to the depressant effects of general
anesthesia and the physiological stress of surgery.
Therefore, a thorough review of the patient’s history
can reveal conditions that may require further eva-
luation and be optimized before surgery (Table 1.1).
An echocardiogram and consultation by a pediatric
cardiologist may be needed to optimize cardiac func-
tion prior to surgery. The neonatal respiratory sys-
tem may be challenging due to the diminutive size of
the airway, neonatal pulmonary physiology, cranio-
facial anomalies, laryngotracheal lesions, and acute
(hyaline membrane disease, retained amniotic fluid)
or chronic (bronchopulmonary dysplasia) disease.
These conditions are in a state of flux as the patient
matures.

Preoperative fasting guidelines have evolved and
are frequently dictated by regional practices.22

The purpose of limiting oral intake is to minimize
the risk of aspiration of gastric contents on induction.
However, prolonged fasting periods and vomiting
may induce hypovolemia and hypoglycemia, which
can exacerbate hemodynamic and metabolic instabil-
ity under anesthesia.
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Intraoperative Management

Induction of Anesthesia
A smooth transition into the operating suite depends
on the level of anxiety and the cognitive development
and age of the child.23

Induction of anesthesia should be dictated by the
patient’s developmental stage, comorbidities, and neu-
rologic status. Children between the ages of 9–12

months and 6 years may have separation anxiety.
Midazolam, administered orally or intravenously, is
effective in relieving anxiety and producing amnesia.
Parental presence during induction of anesthesia is
common in pediatric operating rooms and requires
full engagement of the surgical team. If the patient
does not have intravenous access, anesthesia can be
induced with sevoflurane, nitrous oxide, and oxygen
by mask. However, intracranial hypertension may be
exacerbated if the airway becomes obstructed during
induction. Maintenance of a patent airway with mild
hyperventilation will alleviate this problem. In patients
with intravenous access, anesthesia can be induced
with a propofol. It should be noted that significant
hypotension and possible cerebral ischemia might
occur after an induction dose of propofol,24 due to
the lack of surgical stimulation or in the setting of
hypovolemia. This can be minimized by reducing the
dose of propofol and adjuvant opioids for induction
and an intravenous fluid bolus. Some patients present-
ing for neurosurgical procedures may be at particular
risk for aspiration of gastric contents, and a rapid-
sequence induction of anesthesia with succinylcholine
is required to expeditiously intubate the trachea.
Contraindications to the use of succinylcholine include
malignant hyperthermia susceptibility, muscular dys-
trophies, and recent denervation injuries.

Airway Management
Since the head and airway are inaccessible to the
anesthesiologist during most neurosurgical proce-
dures, tracheal intubation requires careful planning.
Orotracheal intubation is acceptable for most neuro-
surgical procedures, especially for surgical approaches
to the supratentorial area and when transsphenoidal
exposure is planned. However, patients in the prone
position are at increased risk for kinking of the oro-
tracheal tube and macroglosia due direct pressure
injury to the tongue. Nasotracheal tubes are best sui-
ted for these situations because they are easily secured
and less likely to be kinked or dislodged during long
procedures.

Vascular Access and Positioning
Given the diminutive size of pediatric patients and
limited access, the patient should be positioned with
all vascular access, monitors, and endotracheal tube
secured prior to the start of surgery. Large peripheral
venous cannulae are sufficient for most craniotomies.

Table 1.1 Coexisting Conditions That Impact Anesthetic
Management

Condition Anesthetic Implications

Congenital heart

disease

Hypoxia

Arrhythmias

Cardiovascular instability

Paradoxical air emboli

Prematurity Postoperative apnea

Gastrointestinal

reflux

Aspiration pneumonia

Upper respiratory

tract infection

Laryngospasm, bronchospasm

hypoxia, pneumonia

Craniofacial

abnormality

Difficult tracheal intubation

Denervation

injuries

Hyperkalemia after

succinylcholine

Resistance to non-depolarizing

muscle relaxants

Abnormal response to nerve

stimulation

Epilepsy Hepatic and hematological

abnormalities

Increased metabolism of

anesthetic agents

Ketogenic diet

Arteriovenous

malformation

Congestive heart failure

Neuromuscular

disease

Malignant hyperthermia

Respiratory failure

Sudden cardiac death

Chiari

malformation

Apnea

Aspiration pneumonia

Hypothalamic/

pituitary lesions

Diabetes insipidus

Hypothyroidism

Adrenal insufficiency
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Central venous cannulationmay be necessary. Femoral
vein catheterization avoids the risk of pneumothorax
and does not interfere with cerebral venous return.
Furthermore, femoral catheters are easily accessible.
The routine use of central venous catheters was not
effective in reducing hypotension in craniofacial sur-
geries in pediatric patients.25Given the small caliber of
an infant cerebral venous catheter, its use as a conduit
for aspiration of venous air embolism (VAE) is
questionable.26 Placement of peripherally inserted cen-
tral catheter (PICC) through the cephalic, basilica, or
brachial veins and advanced to the distal superior vena
cava under ultrasound guidance has the advantage of
being a noninvasive and long-term access to the central
circulation.27 Cannulation of the radial artery provides
direct blood pressure monitoring and sampling for
blood gas analysis. The dorsalis pedis and posterior
tibial artery are more accessible should attempts at
radial artery cannulation fail.

Patient positioning requires careful preoperative
planning to allow adequate access to the patient for
both the neurosurgeon and anesthesiologist. Children
have relatively thin skulls and are at risk for depressed
skull fractures and perforation of underlying blood
vessels with cranial fixation devices.28,29 Should
a depressed skull fracture or intracranial hemorrhage
be suspected, urgent imaging with CT or magnetic
resonance imaging (MRI) scanning can detect the
extent and location of the injury and prompt immedi-
ate evacuation of the hematoma.30 Modifications of
these standard fixation devices and headrests should
be utilized tominimize this preventable and potentially
lethal complication.31

Surgical positioning affects the physiologic status
of the patient (Table 1.2). The prone position can
increase intra-abdominal pressure and lead to
impaired ventilation, venocaval compression, and
bleeding due to increased epidural venous pressure.
Soft rolls are generally used to elevate and support
the lateral chest wall and hips in order to minimize
abdominal and thoracic pressure. Neurosurgical pro-
cedures performed with the head slightly elevated
facilitate venous and cerebrospinal fluid (CSF) drai-
nage from the surgical site. However, this increases
the likelihood of VAE. Significant rotation of the
head can also impede venous return via compression
of the jugular veins and can lead to impaired cerebral
perfusion, increased intracranial pressure (ICP), and
venous bleeding. Vigilant assessment of the airway is
critical in prone patients throughout the case because

of the propensity for the tongue to slide out of the
mouth and kink the endotracheal tube. Nasotracheal
intubation and placement of an oral bite/tongue may
prevent these complications. Obese patients may be
difficult to ventilate in the prone position and may
benefit from a sitting position. In addition to the
physiological sequelae of the sitting position,
a whole spectrum of neurovascular compression
and stretch injuries can occur.

Maintenance of Anesthesia
Given the possibility of iatrogenic cerebral hypoper-
fusion during surgery,32 judicious dosing of anes-
thetic drugs is mandatory. Appropriate management
of intraoperative blood pressure is hampered by the
assumptions on a range of blood pressures that main-
tain adequate CBF and cerebral autoregulation in
pediatric patients.33 This hypothetical range of blood
pressure is overly simplified and not necessarily sup-
ported by the original reports.34 This requires vigilant
monitoring of the blood pressure and adjusting the
anesthetic dosing, fluid administration, and vasopres-
sor support if needed. The exclusive use of specific
anesthetic drugs and technique has no impact on
outcome.35 Chronic anticonvulsant therapy usually
increases the dosage of neuromuscular blocking
agents and opioids because of induced enzymatic
metabolism.36 Assessment of motor function during

Table 1.2 Physiologic Effects of Patient Positioning

Position Physiological Effect

Head up/

sitting

Increased cerebral venous drainage

Decreased cerebral blood flow

Increased venous pooling in lower

extremities

Postural hypotension

Head down Increased cerebral venous and

intracranial pressure

Decreased functional residual

capacity (lung function)

Decreased lung compliance

Prone Venous congestion of face, tongue,

and neck

Decreased lung compliance

Venocaval compression

Lateral

decubitus

Decreased compliance of downside

lung
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seizure and spinal cord surgery may preclude the use
of neuromuscular blocking agents and should be dis-
cussed with the surgical and monitoring teams.
Infants and children are especially susceptible to
hypothermia during any surgical procedure because
of their large surface-area-to-weight ratio. Active
heating of the patient by increasing ambient tempera-
ture and use of radiant light warmers during induc-
tion of anesthesia, catheter insertion, and preparation
and positioning of the patient are prophylactic mea-
sures against hypothermia. Forced hot air blankets
and mattress and intravenous fluid warmers can also
prevent intraoperative temperature loss and post-
operative shivering.

Management of Fluids and Blood Loss
Hemodynamic stability during intracranial surgery
requires careful maintenance of the patient’s fluids
and electrolytes to preserve neurological function.
Since the lower limit of cerebral autoregulation in
pediatric patients is unknown, they are at risk for
cerebral hypoperfusion especially when they are
deeply anesthetized during periods of massive blood
loss.33,37,38 Meticulous fluid and blood administra-
tion is essential in order to minimize hemodynamic
instability. Stroke volume is relatively fixed in the
neonate and infant, so the patient should be kept
euvolemic. Normal saline is generally chosen
because it is mildly hyperosmolar and should
minimize cerebral edema, but rapid infusion of
more than 60 mL/kg of normal saline may cause
hyperchloremic acidosis.39 The routine administra-
tion of glucose-containing solutions is generally
avoided during neurosurgical procedures, except
in patients who are at risk for hypoglycemia.
Patients with diabetes mellitus or total parenteral
alimentation and premature and small newborn
infants may require glucose-containing intravenous
fluids.

Maintaining euvolemia is crucial during cranio-
tomies in infants and children by preserving the circu-
lating blood volume with intravenous fluids and blood
products. Premature neonates have a circulating blood
volume of approximately 100 mL/kg total body weight;
full-term newborns have a volume of 90mL/kg; infants
have a blood volume of 80 mL/kg. Maximal allowable
blood loss (MABL) can be estimated using a simple
formula:MABL= estimated circulating blood volume *
(starting hematocrit – minimum acceptable hemato-
crit) / starting hematocrit.

Transfusion of 10 mL/kg of packed red blood cells
increases hemoglobin concentration by 2 g/dl.
Pediatric patients are susceptible to dilutional throm-
bocytopenia in the setting of massive blood loss and
multiple red blood cell transfusions.40Administration
of 5–10 mL/kg of platelets increases the platelet count
by 50,000 to 100,000/mm3. The routine use of the
antifibrinolytic tranexamic acid in surgical proce-
dures with excessive blood loss has been shown to
decrease blood loss in pediatric patients.41

Hemodynamic collapse due to massive blood loss
or VAE looms as a catastrophic complication for any
major craniotomy. Large-bore intravenous access and
arterial blood pressure monitoring are therefore essen-
tial for these procedures. Massive blood loss should be
aggressively treated with crystalloid and blood replace-
ment and vasopressor therapy (e.g., dopamine, epi-
nephrine, norepinephrine). Venous air embolism can
occur during the surgery. Maintaining normovolemia
minimizes this risk. Early detection of a VAE with
continuous precordial Doppler ultrasound may allow
treatment to be instituted before large amounts of air
are entrained. Should a VAE produce hemodynamic
instability, the operating table must be placed in the
Trendelenburg position in order to improve cerebral
perfusion and prevent further entrainment of intravas-
cular air. Special risks exist in neonates and young
infants since right-to-left cardiac mixing lesions can
result in paradoxical emboli. In the case of severe
cardiovascular collapse, some pediatric centers have
rapid response extracorporeal membrane oxygenation
(ECMO) teams that can provide cardiopulmonary sup-
port when the crisis is refractory to standard cardio-
pulmonary resuscitation algorithms.42

Postoperative Disposition of the Pediatric
Neurosurgical Patient
Prompt examination of neurological function neces-
sitates rapid emergence from general anesthesia.
However, this may be complicated by hypertension,
residual neuromuscular blockade, renarcotization,
and airway edema. Hypertension during emergence
from anesthesia can be controlled with vasodilator
drugs such as labetalol. Neuromuscular blockade
should be fully antagonized, and all anesthetic
agents should be discontinued and, in the case of
opioids, antagonized. Once the patient exhibits
spontaneous ventilation and appropriate responses
to verbal commands, the trachea can be extubated.
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Premature extubation of the trachea can lead to
airway obstruction due to laryngospasm or tracheal
and upper airway edema. Both are major causes of
postoperative morbidity and mortality.21 Procedures
in which several blood volumes have been lost and
replaced with crystalloid and blood are associated
with increased morbidity and mortality,43 frequently
result in airway and facial edema and may lead to
postextubation airway obstruction. In addition,
operations that disrupt cranial nerve nuclei or
brainstem may lead to impairment of airway
reflexes and respiratory drive. If anesthetic causes
of delayed awakening are not apparent, neurological
conditions should be strongly considered and eval-
uated with a CT scan of the head. Transportation to
the CT suite requires maintenance of general
anesthesia and continuous hemodynamic monitor-
ing. In these circumstances, it is often safer for the
patient’s trachea to remain intubated. Therefore,
patients who are at risk of these complications
require closer observation in an intensive care unit
(see Chapter 21).

Summary
The approach to the pediatric neurosurgical patient is
based on developmental stage and surgical lesion.
The evolving maturational changes of the various
organ systems have a significant impact on the drugs
and techniques used for the safe conduct of anesthesia.
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