Pediatric Neuroanesthesia
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Introduction

Pediatric anesthesiologists involved in the care of children undergoing neurosurgi-
cal procedures require a thorough knowledge of the age-dependent anatomic and
physiologic development of children, the impact of anesthetics on the developing
nervous system, and the consequences of these surgical procedures to children. As
the specialties of pediatric neurosurgery and neurointerventional radiology evolve
with newer innovations and techniques, so must the pediatric neuroanesthesia team
evolve to meet new challenges.

Developmental Changes

The newborn cranial vault is dynamic. Unlike adults, neonates and infants have
open fontanelles and expandable cranial sutures, which allow for a compliant intra-
cranial space. Slow increases in intracranial volumes can be accommodated and
present with an increase in head circumference in young children [1, 2]. However,
acute increases in intracranial volume or pressure commonly result in detrimental
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intracranial hypertension despite open fontanelles [3, 4]. These fontanelles close at
different stages with the last fontanelle closing by 2 years in healthy children [5].

Cerebral blood flow (CBF) varies with age, reflecting changes in neural develop-
ment. It is lower in premature infants and term neonates (40-50 m1/100 g/min) [6—
8] and higher in infants and older children from 6 months to 7 years (70-110 m1/100 g/
min) [9-11] of age as compared to adults (50 ml/100 g/min) [12]. CBF is coupled
tightly with cerebral metabolism and cerebral metabolic rate of oxygen consump-
tion (CMRO,). CRMO, mirrors age-related changes in CBF. In children, CRMO, is
higher (5.5 ml/100 g/min) than in adults (3.5 ml/100 g/min) [13]. Neonates have
lower CRMO, (2.3-3.5 ml/100 g/min).

Unlike adults where the cerebral autoregulation is thought to be preserved in a
mean arterial pressure (MAP) between 60 and 160 mmHg [14, 15], the autoregula-
tory limits are unclear in infants and children. Data from animal [16, 17] and pre-
term infants [18] postulate the lower limit for autoregulation to be a MAP of
3040 mmHg. The lower limit of autoregulation for children aged 6 months and
older may be similar to adults at 60 mmHg [19]. The autoregulatory range is poorly
defined but is suspected to be lower and narrower than adults [2, 20].

Management of Anesthesia
Preoperative Evaluation and Preparation

Neonates and infants have a higher risk for perioperative morbidity and mortality
than any other age group [21, 22]; therefore, a thorough history and physical exami-
nation should be performed in preparation for surgery. The preoperative evaluation
requires a focused approach depending upon the indication for the surgical proce-
dure. Particular considerations in the neurologic exam should include assessing for
increased intracranial pressure (ICP), depressed level of consciousness, and focal
neurological deficits. In infants and young children signs of intracranial hyperten-
sion can be subtle, such as irritability, lethargy, and failure to feed [23]. More obvi-
ous symptoms include full fontanelle, cranial enlargement, and cranial nerve palsies.
Older children may present similarly to adults with headaches, vomiting, diplopia,
and abnormal gait or coordination [23].

Preoperative laboratory testing may be indicated in pediatric patients for neuro-
surgical cases, such as craniotomies, where the risk of significant blood loss may
occur. Hemoglobin or hematocrit levels, coagulation profile and typed and cross-
matched blood should be ordered for these cases. Other preoperative labs may be
tailored depending upon coexisting diseases (i.e. electrocardiogram or echocardio-
gram for congenital heart disease) or concurrent symptoms (i.e. electrolytes for dia-
betes insipidus or protracted vomiting). Identifying coexisting and concurrent
diseases may prompt more extensive evaluations, which may require optimization
prior to elective surgery. This may not be feasible for urgent and emergent cases.

Judicious use of oral or intravenous sedative premedications may be beneficial
for small children to ease transition to the operating room [24]. Over-sedation may
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decrease ventilation, resulting in hypercapnia and further worsening ICP. These
medications should best be avoided in all children with symptomatic intracranial
hypertension. For children who do not have an IV catheter yet demonstrate symp-
tomatic intracranial hypertension, an IV catheter may need to be started in the pre-
operative area.

Induction

The fundamental goal of anesthetic induction is to maintain cerebral perfusion pres-
sure (CPP) by preventing increases in ICP and decreases in MAP. During induction,
ICP can increase secondary to tracheal intubation, hypoxia, or hypercapnia; further-
more, certain anesthetic agents can influence MAP. For the patient with an I'V cath-
eter, induction with intravenous anesthetic and a paralytic agent is ideal. Pediatric
patients that are at risk for aspiration (e.g. due to recent oral ingestion) require a
rapid-acting paralytic agent such as rocuronium or succinylcholine. Succinylcholine
is contraindicated for neurosurgical patients with spinal cord injuries, paretic extrem-
ities/denervating diseases, or suspected muscular dystrophy because of concerns for
life-threatening hyperkalemia [25, 26] with its use.

For scheduled or elective surgical procedures in a neurologically stable patient
who comes from home, commonly such a patient does not have an IV catheter. In
children without (or having difficult) IV access, a smooth inhalational induction by
facemask with sevoflurane and nitrous oxide with oxygen is preferred. This tech-
nique facilitates obtaining an IV in children and allows for a smooth tracheal
intubation.

Airway Considerations

Because of the relatively short trachea in the pediatric population, the endotracheal
tube can easily migrate with positional changes of the head. Neck flexion may
result in endobronchial intubation or intraoral kinking of the tube. Conversely,
excessive extension may result in extubation of the endotracheal tube especially in
neonates and infants. Minimal movements may result in significant changes of the
respiratory dynamics affecting oxygenation and/or ventilation, which may worsen
during surgery. Reevaluation of the airway parameters is crucial after final posi-
tioning of all children.

Vascular Access

For neurosurgical procedures where the risk for significant blood loss may occur,
attaining appropriate intravenous access is paramount. In most of these cases, two
relatively large-bore IVs are sufficient. Due to the size of infants and neonates, the
option may be limited to two 24-gauge venous cannulae. Placement of central
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venous access is reserved for pediatric patients with difficult/inadequate IV access
or an increased risk of air embolism (e.g. sitting position). When surgeries involve
risk for sudden hemodynamic swings due to hemorrhage, venous air embolism, and
cranial nerve manipulation, an arterial line is also required for continuous blood
pressure monitoring and blood chemistry sampling. In common neurosurgical cases
that involve minimal blood loss (e.g. ventriculoperitoneal shunting, angiography), a
single IV catheter alone is usually suitable.

Positioning

Neurosurgical procedures are performed in various positions to facilitate surgi-
cal access. Children with supratentorial lesions are often placed in supine or
modified lateral positions. Surgeries for posterior fossa or spinal cord lesions
commonly require the prone position. The placement of supportive rolls under
the chest and pelvis is needed in this position to minimize abdominal and tho-
racic pressure, thereby, aiding in ventilation and venous drainage. The sitting
position is seldom utilized in the pediatric population because of increased like-
lihood of venous air embolism (VAE) with risk for hemodynamic collapse and/
or paradoxical systemic arterial embolization in the setting of a right to left
cardiopulmonary shunt [27, 28]. The increased risk of VAE also occurs with any
position where the head is slightly elevated above the heart (i.e. reverse tren-
delenberg). Similar to adults, head pinning is usually reserved for older infants
and children when the skull is denser. Head pinning is avoided in neonates and
infants because of an increased risk of skull fracture, dural tear, and hematoma.
Due to the prolonged duration of many neurosurgical procedures, general con-
siderations for all positions include proper padding, and prevention of pressure
or traction on nerves.

Maintenance Anesthesia

The primary goal during maintenance anesthesia during neurosurgery is to optimize
cerebral perfusion and minimize brain bulk (and/or ICP). This can be achieved with
volatile agents, intravenous anesthesia (TIVA), or a combination of these agents
along with opioids and controlled ventilation. There is no evidence to suggest that
any particular anesthetic agents lead to better neurologic outcomes [29]. The tech-
nique of low dose volatile agent and opioid is commonly used for pediatrics patients
of all ages. Nitrous oxide should be avoided in endovascular neurosurgical proce-
dures as well as in procedures with risk for VAE due to nitrous oxide’s rapid diffu-
sion into and enlargement of intravascular air bubbles.

Neuromuscular blockade is maintained during most neurosurgical procedures to
prevent spontaneous movements. Neuromuscular blockade is avoided during motor
testing or cortical mapping. Potent titratable opioids, such as remifentanil, can be
very useful in cases where neuromuscular blockade is contraindicated.
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Intraoperative Fluid and Temperature Management

Crystalloid solutions such as normal saline or lactated ringers are recommended for
maintenance fluids. Excessive amount of the former results in hyperchloremic aci-
dosis [30]. Colloids (5% albumin) are acceptable intravenous fluids but the avail-
able data has not shown improvement in outcomes when compared to crystalloids
[31]. In the setting of cerebral ischemia, hyperglycemia is injurious and normogly-
cemia should be maintained; however, neonates and young infants are at risk for
hypoglycemia due to their limited glycogen reserve and hepatic glucose production.
Dextrose-containing solution may be judiciously used and the serum glucose should
be periodically checked throughout the case. Similarly, hyperthermia exacerbates
acute brain injury and should be avoided. There is no proven benefit to therapeutic
hypothermia outside of the setting of anoxic brain injury. Therefore, the goal in
most neurosurgical procedures should be controlled normothermia.

Brain Bulk Reduction

The multifaceted stepwise approach to reducing brain bulk (in order to avoid retrac-
tion injury or tissue herniation through the craniotomy) during pediatric neurosur-
gery includes:

1. CSF drainage via external ventricular or lumbar drains (if present).
2. Mild head elevation and avoidance of jugular compression to facilitate venous
outflow.

. Mild hyperventilation to reduce cerebral blood volume (PaCO, target ~30 mmHg)

4. Hyperosmotic therapy with mannitol or hypertonic saline (generally titrated to
an serum osmolality limit of <320 mOsm/L).

5. Corticosteroids for vasogenic edema due to tumor

6. Metabolic suppression with propofol, etomidate, or barbiturates, ideally guided
by EEG.

7. Therapeutic hypothermia in select cases.

W

Adequate cerebral perfusion pressure (as a surrogate for cerebral blood flow)
must be maintained throughout, in addition to any of the above measures.

Neurophysiologic Monitoring

The increased use of intraoperative neurophysiological monitoring for the pediatric
population has allowed for more aggressive neurosurgical resection of brain and
spinal cord lesions while assessing and maintaining the functional integrity of sen-
sorimotor pathways during surgery. Common monitoring modalities include
somatosensory evoked potentials (SSEPs), motor evoked potentials (MEPs), elec-
tromyography (EMG), auditory brainstem evoked responses (ABR), and
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electroencephalography (EEG). Certain anesthetic agents can affect these modali-
ties. In general, volatile agents have the most impact and are often used in lower
amounts while intravenous agents (e.g. propofol) have lesser effects. Muscle relax-
ants should be avoided when monitoring MEPs or EMG. Open communication with
the neurophysiologic technician is important in order to provide optimal anesthetic
care without ablating the monitoring signals.

Anesthetic Neurotoxicity in the Developing Brain

No one topic has garnered more current interest in pediatric anesthesia than the
effects of general anesthesia on developing brains. In animal models, prolonged
anesthesia with gamma-aminobutyric acid (GABA) agonists (e.g. volatile anesthet-
ics, midazolam, propofol) as well as N-methyl-D-aspartate (NMDA) antagonists
(e.g. ketamine and nitrous oxide) produce accelerated neuronal apoptosis and
altered synaptic plasticity [32—-34]. Extrapolating these data to the human model is
dubious. Ongoing human observational studies [35-37] are investigating the asso-
ciation between general anesthesia and neurocognitive development in children.
Presently there is inadequate evidence to change the approach in anesthetizing chil-
dren for neurosurgical procedures based on concerns over anesthetic induced neu-
rotoxicity. What is clear is that insufficient anesthesia and analgesia during surgery
are associated with poor neurologic outcome [38—42].

Pediatric Vascular Neurosurgery

There are unique aspects to the anesthetic management of the vascular neurosurgi-
cal patient.

1. Aneurysm Surgery: Attention to blood pressure control during periods of nox-
ious stimuli (endotracheal intubation, Mayfield head frame placement) is para-
mount, especially in the setting of aneurysmal subarachnoid hemorrhage. The
use of adenosine arrest or rapid ventricular pacing to produce controlled hypo-
tension and facilitate aneurysm clip placement has only occasionally been
described in the pediatric neuroanesthesia literature, but remain options in select
cases [43].

2. Moyamoya disease: These patients have very tenuous cerebral perfusion and are
at risk for ischemia with hypotension, and at risk for cerebral hemorrhage with
hypertensive surges. Tight hemodynamic control is essential, targeting pre-
operative blood pressure levels. Blood pressure goals should be established after
communication with the neurosurgeon regarding patient specific factors [44].
There is theoretical concern for cerebral steal (also called the ‘reverse Robinhood
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syndrome’) with the use of inhalational anesthetic agents due to nonspecific
cerebral arterial dilation. However, there is no evidence to suggest that propofol
TIVA is preferred/superior and either inhalational or intravenous anesthetics
remain acceptable [45].

3. Endovascular Neurosurgery: As with other neurovascular interventions, open
communication with the surgical team is essential to determine the predicted
susceptibility for injury from hypo- or hypertension in the individual patient.
Nitrous oxide should be avoided due to its potential to exacerbate any intra-
arterial air emboli (which are a known risk in endovascular surgery) [46].

Conclusions

A pediatric anesthesiologist who specializes in neuroanesthesia best meets the
unique and evolving needs of children undergoing neurosurgical procedures.
Such specialization will facilitate thorough attention to the preoperative assess-
ment, perioperative management, and interdisciplinary communication that will
minimize morbidities and maximize outcomes.

Pearls

* The cerebral autoregulatory range in neonates and young infants is unclear
but suspected to be lower and narrower than adults.

* A detailed history and physical, addressing any neurologic pathology and
coexisting conditions or concurrent illnesses, reduce perioperative patient
risk and morbidity.

» The clinical presentation of the child guides the need for preoperative anx-
iolytic medication.

* Airway reassessment is important with all position changes, especially
when involving the head and neck.

* Neurosurgical procedures with the potential risk of significant blood loss
require appropriate intravenous, arterial, and possible central access.

* Neonates and young infants may require dextrose-containing solution dur-
ing surgery. Close monitoring of blood glucose prevents hypoglycemia
and hyperglycemia.

» There is no evidence that any particular anesthetic agents provider better
neurologic outcomes in pediatric patients.

* Preoperative and intraoperative communication with the neurophysiologic
technician allows for optimal anesthetic tailoring.

* The long-term effects of various anesthetic agents on developing brains are
unknown. At this present time, there is a lack of evidence to change the
approach to anesthetizing children for neurosurgical procedures.
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