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Preface

Neurologic emergencies are a common reason for admission to the pediatric intensive care unit 
(PICU). A thorough understanding of the diseases and disorders affecting the pediatric central 
nervous system is vital for any physician or healthcare provider working in the PICU. In the 
following pages, an international panel of experts provides an in-depth discussion on the resus-
citation, stabilization, and ongoing care of the critically ill or injured child with central nervous 
system dysfunction. Once again, we would like to dedicate this textbook to our families and to 
the physicians and nurses who provide steadfast care every day in pediatric intensive care units 
across the globe.

Derek S. Wheeler
Hector R. Wong
Thomas P. Shanley
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Preface to Pediatric Critical Care 
Medicine: Basic Science and 
Clinical Evidence

The fi eld of critical care medicine is growing at a tremendous pace, and tremendous advances 
in the understanding of critical illness have been realized in the last decade. My family has 
directly benefi ted from some of the technological and scientifi c advances made in the care of 
critically ill children. My son Ryan was born during my third year of medical school. By some 
peculiar happenstance, I was nearing completion of a 4-week rotation in the newborn intensive 
care unit (NICU). The head of the pediatrics clerkship was kind enough to let me have a few 
days off around the time of the delivery—my wife, Cathy, was 2 weeks past her due date and 
had been scheduled for elective induction. Ryan was delivered through thick meconium-stained 
amniotic fl uid and developed breathing diffi culty shortly after delivery. His breathing worsened 
over the next few hours, so he was placed on the ventilator. I will never forget the feelings of 
utter helplessness my wife and I felt as the NICU transport team wheeled Ryan away in the 
transport isolette. The transport physician, one of my supervising third-year pediatrics resi-
dents during my rotation the past month, told me that Ryan was more than likely going to 
require extracorporeal membrane oxygenation (ECMO). I knew enough about ECMO at that 
time to know that I should be scared! The next 4 days were some of the most diffi cult moments 
I have ever experienced as a parent, watching the blood being pumped out of my tiny son’s body 
through the membrane oxygenator and roller pump, slowly back into his body (Figures 1 and 
2). I remember the fear of each day when we would be told of the results of his daily head ultra-
sound, looking for evidence of intracranial hemorrhage, and then the relief when we were told 
that there was no bleeding. I remember the hope and excitement on the day Ryan came off 
ECMO, as well as the concern when he had to be sent home on supplemental oxygen. Today, 

FIGURE 1



Ryan is happy, healthy, and strong. We are thankful to all the doctors, nurses, respiratory 
therapists, and ECMO specialists who cared for Ryan and made him well. We still keep in touch 
with many of them. Without the technological advances and medical breakthroughs made in 
the fi elds of neonatal intensive care and pediatric critical care medicine, things very well could 
have been much different. I made a promise to myself long ago that I would dedicate the rest of 
my professional career to advancing the fi eld of pediatric critical care medicine as payment for 
the gifts with which we, my wife and I, have been truly blessed. It is my sincere hope that this 
textbook, which has truly been a labor of joy, will educate a whole new generation of critical 
care professionals and in so doing help make that fi rst step toward keeping my promise.

Derek S. Wheeler
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1
Central Nervous System Monitoring
Michael J. Bell and Taeun Chang

this simple scale can provide a rapid, objective assessment of a 
child’s level of consciousness (as measured by eye opening, verbal 
responses, and motor responses) that is reproducible between care-
givers [2]. Modifi cations of the GCS for preverbal children have 
been proposed, but none has been rigorously validated. The GCS is 
an effective predictor of neurologic outcome of traumatically 
injured adults, but its predictive value in children has not been 
validated. This may be a result of poor reporting of the GCS by 
caregivers in children. In the stabilization of traumatically injured 
adults or children, the GCS can be used to track signifi cant neuro-
logic deterioration. As an example, a decrease of more than 3 points 
in the scale is indicative of a signifi cant clinical change warranting 
further investigation according to published guidelines [3]. Its 
utility as a quantitative, repeatable assessment of mental status is 
clear and serves a valuable function as a neurologic screening 
tool.

Intracranial Pressure Monitoring

Measurement and management of abnormal increases in intra-
cranial pressure (ICP) have been a mainstay of medical care of 
children and adults for decades [4]. Monitoring ICP after traumatic 
brain injury in adults became common practice decades ago and 
this technology was translated into childhood trauma as well as 
metabolic diseases, particularly Reye’s syndrome [5–7]. The two 
scientifi c rationales for using this monitoring system are (1) pre-
vention of cerebral herniation and (2) prevention of secondary 
injuries related to decreased brain perfusion. It is obvious to all 
that detecting an acute rise in ICP can presage a herniation event, 
leading to initiation of therapies to mitigate this process. It is also 
obvious that herniation must be prevented in order for neurologic 
recovery to occur. Prevention of secondary injuries caused by 
increased ICP is a more nebulous goal. Because up to 80% of autopsy 
specimens from patients with traumatic brain injury demonstrate 
signifi cant ischemic lesions [8], it has been theorized that episodes 
of increased ICP represent periods of decreased brain perfusion. 
Early studies by Gopinath and colleagues demonstrated that epi-
sodes of ICP greater than 20 mm Hg correlated with poor neuro-
logic outcome in adults after traumatic brain injury [9]. Currently, 
there is an ongoing debate regarding treatment of ICP versus main-
tenance of cerebral perfusion pressure (the difference between 
mean arterial pressure and ICP) [10].

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Physical Examination  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Intracranial Pressure Monitoring   . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Electrophysiologic Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Assessments of Blood Flow and/or Metabolism  . . . . . . . . . . . . . . . 4
Conclusion   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Introduction

The overall goal of monitoring the brains of critically ill children 
is to detect injurious processes at a time when they can be cor-
rected. An ideal monitor of the central nervous system (CNS) func-
tion would have several properties. The theoretical monitor would 
be available at the bedside for minute-to-minute use. It would 
gather data through noninvasive means, posing no risk to the 
patient while deriving substantial benefi ts. The technology would 
be simple enough for widespread use, and it would be inexpensive. 
The data derived would have a high degree of reliability and would 
predict periods of injury in a timely manner so interventions could 
be implemented. Unfortunately, such a monitor does not exist at 
the present time. Instead, a number of monitoring systems can be 
used, and the most commonly used techniques are described below 
(Table 1.1).

Physical Examination

The most fundamental method to monitor the CNS of critically 
ill children is by consistent, repetitive physical examinations 
performed by caregivers. Observation of changes in cranial 
nerve function, muscular tone, strength, sensation, and levels of 
consciousness can be performed virtually continuously without 
undue harm to the child. Regular and frequent bedside assessment 
can defi nitively diagnose an evolving process (such as a new 
stroke or evolving encephalopathy) or can indicate the need for 
more defi nitive testing. Detection of new neurologic abnormalities 
is dependent on the experience of the examiner, the care in which 
the examination is performed, and the training of bedside 
caregivers.

A standardized tool to assess neurologic function in critically ill 
children is the Glasgow Coma Scale (GCS) score (Table 1.2) [1]. 
Initially developed to assess adults after traumatic brain injury, 
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TABLE 1.1. Comparisons of clinically available neuromonitors.

Monitor Physiologic process measured Sampling area Advantages Disadvantages

Intracranial pressure monitor Intracerebral pressure Global without localization Bedside, reliable, therapeutic Invasive
    (intraventricular)
Electroencephalogram Cerebral activity and metabolism Global with localization Bedside, noninvasive, continuous Expertise required
    data gathering available
Evoked potentials Localized cerebral activity after Global with localization Bedside, noninvasive Expertise required
  applied stimuli
Xenon techniques Cerebral blood flow Global with localization Bedside (xenon-133 only),  Patient transport required
    noninvasive, reliable  (xenon-CT), infrastructure
     costly, specialized instruments
Transcranial Doppler Cerebral blood flow velocity of Regional Bedside, noninvasive Expertise required
 ultrasonography  specified arteries
Jugular venous oxygen Cerebral metabolism Global without localization Bedside, ideally reflects blood Invasive, thrombosis, infection,
 saturation    flow to metabolic demands  questionable reliability
Near-infrared spectroscopy Cerebral oxygenation Regional Bedside, noninvasive, continuous Reliability, standards unclear
    data gathering
Brain tissue oxygen tension Cerebral oxygenation Focal Bedside, continuous data Invasive, threshold unclear
    gathering
Cerebral microdialysis Selected metabolites Focal Bedside, continuous data Invasive, thresholds unclear
    gathering, choice of
    metabolites for study
Magnetic resonance Cerebral metabolism Focal with many areas available Noninvasive, no radiation Patient transport required, limited
 spectroscopy   for sampling  exposure  number of samples to compare

TABLE 1.2. The Glasgow Coma Scale.

Eye opening 4 = Spontaneously
 3 = To command
 2 = To painful stimuli
 1 = Closed

Verbal response 5 = Clear and appropriate words
 4 = Comprehensible words, but not appropriate to situation
 3 = Unintelligible words
 2 = Sounds in response to painful stimuli
 1 = No sounds

Motor response 6 = Obeys verbal commands
 5 = Localizes to a painful stimulus
 4 = Withdraws to pain but does not localize response
 3 = Abnormal flexion movements
 2 = Abnormal extension movements
 1 = No movements

Measuring ICP can be accomplished using monitors in a variety 
of locations [11]. Currently, ICP monitors are placed either in the 
brain parenchyma or in the ventricular space. Parenchymal moni-
tors are easy to place (requiring only a refl ection of the dura) and 
are believed to carry a decreased risk for infection. However, intra-
parenchymal monitors cannot be recalibrated, and fi rst-generation 
intraparenchymal monitors were found to have signifi cant drift 
[12]. Newer intraparenchymal monitors have corrected this 
problem. The advantages of intraventricular monitors are the 
ability to withdraw cerebrospinal fl uid (CSF) as a therapy for 
increased ICP and the ease of recalibration, which can be accom-
plished using the same techniques as any intravascular catheter. 
Intraventricular monitors may be more technically challenging to 
place (especially when signifi cant cerebral swelling has already 
occurred) and there have been anecdotal reports of an increased 
infection risk, although no systematic reviews of this complication 
are available at the time of the writing of this chapter. In selecting 
monitor location, we believe that intraventricular monitors should 

be strongly considered when intracranial hypertension is likely to 
develop and when the procedure is technically feasible. Regardless, 
both locations accurately refl ect ICP and can be used reliably to 
implement treatment strategies.

Electrophysiologic Monitoring

Electrophysiologic monitoring in the ICU has become more 
common over the last decade with portable digital systems. The 
various monitoring systems outlined below can serve any of four 
vital functions (detection of epileptiform activity; monitoring of 
cerebral metabolic rate as evidenced by depth of sedation or drug-
induced coma; early detection of neurologic deterioration as in 
hypoxic–ischemic processes or herniation; prognostication of 
overall clinical outcome) in critically ill children. In general, elec-
trophysiologic monitors have similar strengths and weaknesses. 
All of the monitors discussed below are noninvasive, can be used 
effectively at the patient’s bedside, and can be used serially to 
follow interval changes in the child’s condition. However, most of 
the monitors require relatively advanced training in interpretation 
(all except for the Bispectral index monitor) and can be adversely 
affected by the relatively hostile electrical environment within the 
ICU. Nevertheless, electrophysiologic monitoring is a mainstay in 
the care of children with critical neurologic disorders.

Bispectral Index Monitoring

Because most critically ill children require sedation for procedures 
(mechanical ventilation, in particular), an objective assessment of 
the depth of sedation is critical. Several physical examination 
scores (the COMFORT score, the Ramsey scale) have been used, but 
a more objective measure of sedation depth has been sought [13–
15]. The bispectral (BIS) index is derived from two surface elec-
troencephalographic (EEG) electrodes placed over the frontal 
cortex and generates numerical values that correlate with levels of 
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sedation from a wide variety of anesthetics (0 = isoelectric, 100 = 
fully awake). The mathematical computations from the EEG signal 
used to generate the BIS index involve artifact fi ltering, suppression 
detection, fast Fourier transformation, and estimation of signal 
quality. Intraoperative studies have demonstrated that adequate 
anesthesia, as assessed by movement at incision, correlates well 
with BIS values <60 [16] and that BIS values of 40–60 are typical 
during maintenance of general anesthesia [17].

Most relevant to pediatric intensivists, studies suggest that 
amnesia reliably occurs at BIS values <64–80 [18]. Ideally, sedative 
medications could be administered to critically ill children and 
titrated to given BIS scores to maintain an adequate, but not over-
dose, of medication. At present, several small series have attempted 
to correlate BIS values with both clinical sedation scores and signs 
of drug withdrawal [13–15,19]. The correlations have been relatively 
weak, and, because of this, the BIS monitor has not yet become 
standard at this time. A fi nal limitation of the BIS monitoring 
system is that the transformations of brain electrical activity 
assume the child has a relatively normal EEG. Therefore, its appli-
cability in children with evolving or persistent brain injuries is 
questionable at this time.

Electroencephalography

Electroencephalograms are surface tracings of the brain’s electrical 
activity. Traces are generated by measuring amplifi ed electrical 
potential differences between two electrodes (represented as an 
EEG channel) placed in designated locations on the child’s skull 
using the International 10–20 system (sometimes with modifi ca-
tions). Typically, 16 or 32 EEG channels are recorded in a variety of 
montages (which can be now be retrospectively montaged with 
digital machines). Rhythmicity, amplitude, and location of wave-
forms are determined and can be indicative of normal or abnormal 
function of the relevant brain regions. For instance, alpha waves of 
8 to 13 Hz over the posterior portions of the head occur during 
wakefulness, whereas waves of frequencies over 13 Hz (designated 
as beta activity) can be seen with common intensive care unit (ICU) 
medications (i.e., benzodiazepines, phenytoin, and barbiturates). 
Young children have greater amounts of theta activity (frequencies 
of 4 to 7 Hz), but focal or lateralized theta activity is indicative of 
localizing CNS pathology. Overall, much can be gleaned from 
careful interpretation of EEG. However, more detailed examination 
of these waves is beyond the scope of this chapter.

Electroencephalograms can be performed as a single routine 
examination (rEEG) or as a continuous recording (cEEG). Provoca-
tive stimuli or commands (eye opening and closing, loud auditory 
stimuli, induced hyperventilation, photic stimuli) are routinely 
used in rEEG to elicit characteristic wave changes or epileptic 
events. With the advent of digital monitors to record and some-
times interpret data, cEEG has become more commonplace in neu-
rologic intensive care [20]. The detection of status epilepticus is one 
of the most common indications for EEG monitoring in the PICU. 
Jordan applied continuous EEG to 124 consecutive neuro-ICU 
patients and recorded seizures in 35%, of which 76% were noncon-
vulsive epileptic seizures [21]. Continuous EEG is commonly used 
to monitor the depth of drug-induced coma in children because the 
duration of burst suppression is highly correlative with tissue con-
centrations of these agents. In adults, cEEG has also been used to 
detect impending cerebral ischemia caused by vasospasm after 
subarachnoid hemorrhage, a less common complication in chil-
dren. Potential indications for continuous EEG monitoring include 

severe head injury with GCS less than 13, elevated ICP, use of para-
lytic agents, early or partial seizures, use of hypothermia, treat-
ment of refractory status epilepticus, coma of unknown etiology, 
and global brain ischemia [22–25].

Electroencephalographic monitoring is noninvasive and pro-
vides immediate bedside data. Limitations to EEG monitoring 
include the requirement for trained staff for lead placement, the 
necessity of frequent expert interpretation of waveforms, and the 
diffi culties in obtaining clear signals in an artifact abundant envi-
ronment. However, EEG monitoring is a mainstay of neurologic 
monitoring, and advances in technology will likely lead to an 
increased use of these monitors in the future.

Quantitative and Amplitude-Integrated EEG

Continuous trending of quantitative measures of EEG allows for 
compression of information, ability to trend data, and display long 
epochs of data. Three measures have been examined: total power 
trending, compressed spectral array (CSA), and amplitude-inte-
grated EEG (aEEG). The compressed spectral array method dis-
plays a pseudo-three-dimensional image of the temporal evolution 
of the EEG frequency distribution and relative amplitude [26]. A 
fast Fourier transform analysis of the EEG generates a frequency 
spectrum for a given epoch of time. Serial epochs are then dis-
played behind each other, giving a three-dimensional appearance. 
The pattern of frequencies over time suggests different states (i.e., 
predominantly low frequencies suggesting sedation or coma and 
predominantly high frequencies suggesting seizures).

The fi rst aEEG monitor was developed in the 1960s by Maynard 
and termed the cerebral function monitor (CFM) [26,27]. It allowed 
for the trending of EEG amplitude over extended time periods on 
a logarithmic scale. Patterns of amplitude changes were shown to 
correlate with cerebral states (burst suppression, seizures). The 
presence of only a single recording channel in CFM gives certain 
advantages over cEEG or CSA. It allows for greater ease of use in 
ICUs and less dependency on expert technical assistance for lead 
placement, a limitation for many ICUs in obtaining immediate EEG 
monitoring. Subsequent monitors have added a second recording 
channel to discern hemispheric differences. In conjunction, an 
rEEG is recommended for comprehensive and confi rmatory study 
as artifacts can mimic real activity. Evolution of these technologies 
will allow expansion of the role of EEG in the evaluation of criti-
cally ill children.

Evoked Potentials

Evoked potentials are measurements of electrical activity of rele-
vant brain regions after a peripheral stimulus has been applied. 
Stimuli are applied to sensory nerves (normally the median or 
posterior tibial nerve), visual fi elds, or auditory pathways, and the 
conduction of the impulses to the cortex is measured. Characteris-
tic waves are generated, and amplitudes and latencies can implicate 
regions of damage to sensory nerves, pathways, or nuclei within 
the CNS.

Somatosensory (SSEP), brain stem (BAEP) and visual (VEP) 
evoked potentials serve predominantly as prognosticators of 
outcome in coma, spinal cord, and brain stem injury patients. After 
traumatic brain injury, absence of SSEP was associated with uni-
versally poor outcome in a relatively large series. Similarly, BAEP 
and VEP combined were prognostic of poor outcome in a series of 
children following hypoxic coma [23]. Abnormal SSEP latencies 
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have been shown to correlate with encephalopathy secondary 
to sepsis in adults [28]. The main advantage of evoked potentials 
is that these waveforms are relatively unaffected by sedative 
medications. The tests are relatively labor intensive, require techni-
cal expertise, and can be performed only intermittently. These 
monitoring modalities are less frequently used than conventional 
EEG but are useful in select patient populations within the pediat-
ric ICU.

Assessments of Blood Flow and/or Metabolism 

Because of the brain’s large requirement for oxygen and its depen-
dence on aerobic respiration for optimal neuronal functioning, it 
has been widely accepted that measures of cerebral blood fl ow, 
metabolism, and oxygenation are useful indicators of local or 
global cerebral function. A variety of monitors have been devel-
oped to assess these parameters either locally or globally, and those 
that are in widespread use are summarized here. Some of the moni-
tors directly measure one or more of these parameters, whereas 
others use inferences to derive data that can be used by clinicians. 
Monitoring techniques that are available at specialized centers for 
research purposes (such as positron emission tomography) are not 
discussed in this review.

Xenon Cerebral Blood Flow Determination

Xenon is an inert gas that is taken up by the brain but not metabo-
lized. As such, it can be used in conjunction with a variety of detec-
tion devices to estimate both local and global cerebral blood fl ow 
by measuring its overall distribution and clearance [29]. Xenon can 
be administered via inhalation or intravenously. Intravenously-
injected, radioactive xenon-133 can be detected within the cranial 
vault using multiple stationary scintillation detectors around the 
head. By this method, xenon-133 uptake and elimination can be 
measured, and global cerebral blood fl ow can be determined. This 
method is convenient, can be performed at bedside with minimal 
radiation exposure to patient or staff with serial use, and is effec-
tive at measuring hemispheric blood fl ow. However, focal areas of 
ischemia can be missed using this method because resolution is 
relatively poor. Alternatively, inhalation of xenon gas can be used 
to estimate blood fl ow using computed tomography (CT) imaging 
(Xe-CT). Using software and detection methods within the CT 
scanner, uptake of xenon within the brain can be measured, and a 
cerebral blood fl ow map can be generated. Cerebral blood fl ow of 
individual brain structures (white matter versus gray matter, struc-
tures within the deep brain structures, peritrauma areas, and 
others) can be quantifi ed in milliliters per100 g tissue per minute 
[29]. This technique has the disadvantage of requiring transporta-
tion to the imaging facility, a relatively high institutional cost for 
the technology, and the technical expertise required to interpret 
the test.

Xenon cerebral blood fl ow techniques have many clinical appli-
cations [30]. They can be used to detect focal areas of ischemia or 
hyperemia, providing clinical indications for lobectomy of unre-
coverable injured brain. Adjusting pH or arterial blood pressure 
during sequential examinations can allow assessment of cerebral 
autoregulation in brain regions of interest. Confi rmation of the 
clinical diagnosis of brain death can also be accomplished without 
the artifactual contribution from extracerebral blood sources that 
occurs with nuclear medicine techniques.

Transcranial Doppler Ultrasonography

Transcranial Doppler ultrasonography (TCD) is a noninvasive 
technique to determine the cerebral blood velocity in large intra-
cranial vessels [31]. The handheld probe can be placed over the 
temporal bone window, foramen magnum window, and/or trans-
orbital window, allowing evaluation of anterior cerebral circula-
tion, vertebrobasilar circulation, and ophthalmic artery and carotid 
siphon circulation, respectively. Transcranial Doppler ultrasonog-
raphy measures mean cerebral blood fl ow velocity (MCBFV) using 
the principles of ultrasound and spectral Doppler shift of blood cell 
fl ow through these large vessels and can (1) determine the presence 
or absence of fl ow; (2) calculate systolic, diastolic, and mean veloci-
ties; and (3) determine the direction of fl ow. With these determi-
nations graphically represented, a pulsatility index (PI) can be 
calculated (PI = [Peak velocity − diastolic velocity]/ mean velocity) 
that represents downstream resistance to blood fl ow. The hemi-
spheric index or Lindegaard’s ratio of the mean velocity within the 
middle cerebral artery to that in the internal carotid artery (MCB-
FVMCA/MCBFVICA) is indicative of cerebral vasospasm when >3 and 
of hyperemia (edema) <3.

The main clinical indications for TCD in children are determin-
ing vessel patency, detecting focal areas of vasospasm after intra-
cerebral hemorrhage, and confi rmation of the clinical diagnosis of 
brain death (criteria include severely diminished MCBFVICA, absent 
diastolic fl ow, reverberating fl ow, and severely elevated PI) [32]. 
Transcranial Doppler ultrasonography is readily available at the 
bedside but requires a relatively high level of technical expertise. 
Importantly, TCD measures cerebral blood fl ow velocity and not 
cerebral blood fl ow or cerebral blood volume. Because of this, 
extrapolations of TCD data to blood fl ow and volume may lack 
reliability. Furthermore, because vasospasm is uncommon in chil-
dren, experience with TCD in children is limited.

Jugular Venous Oxygen Saturation

Measurement of the oxygen saturation in the blood leaving the 
brain (SjvO2) is a global indirect measure of cerebral blood fl ow 
and metabolism. It identifi es time periods in which cerebral blood 
fl ow is inadequate for metabolic demands. Under ideal conditions, 
blood returning to the body from the brain can be sampled for 
oxygen saturation. Suboptimal saturation (usually defi ned as <50% 
saturated), indicates cerebral blood fl ow and metabolism mismatch 
and potential time period of ongoing cerebral ischemia. Clinicians 
can then act to determine the cause of the abnormality, be it exces-
sive hyperventilation, anemia, impaired oxygen content of arterial 
blood, or intracranial hypertension. Today, SjvO2 monitoring is 
used in children after traumatic brain injury and during extracor-
poreal membrane oxygenation [33–35].

Despite the advantages of SjvO2 monitoring (ease of placement 
and interpretation, relatively basic technology used, and real-time 
data generation), its use at the present time is limited by its ques-
tionable reliability and potential complications. Although com-
mercially available monitors can accurately measure SjvO2, the 
reliability of unilateral measurements to accurately sample all of 
the blood leaving the brain has been questioned. In a series of 32 
adults in traumatic coma, both jugular vein saturations were 
measured simultaneously, and a difference of at least 15% between 
each monitor was noted in almost half of the patients during 
the study [36]. Rarely, catheter thrombosis and infection have 
been reported in adults and children may be a greater risk for 
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these complications because of the smaller caliber of the jugular 
vein during development.

Near-Infrared Spectroscopy

Near-infrared spectroscopy (NIRS) uses the unique absorption 
characteristics of oxyhemoglobin, deoxyhemoglobin, and oxidized 
cytochrome aa3 and the ability of light to pass through tissues 
(Lambert-Beer law) to estimate regional cerebral oxygenation. The 
NIRS probe contains a light source emitting a red (660 nm) and 
infrared (940 nm) light that penetrate into the superfi cial brain, and 
the state of oxygenation and oxidized state of cytochromes can be 
determined.

Near-infrared spectroscopy may be a better neuromonitor for 
children than adults because the quality of the signal will be 
affected by the density of the bones of the skull. It has been used 
in small studies to assess cerebral oxygenation in children with 
coma [37,38], during heart surgery [39], and in several other 
assorted conditions. In adults, the inability of the NIRS to detect 
occult ischemic events (infarctions in subcortical tissue directly 
under the probe) has been reported. Currently, NIRS is used as a 
bedside screening tool to rapidly diagnose accumulation of second-
ary hematomas after trauma (signal is lost as fl uid accumulates) 
[40]. Because NIRS is noninvasive, it can be measured continu-
ously, and both trends and absolute values of cerebral oxygenation 
can be followed. Near-infrared spectroscopy assumes that other 
forms of hemoglobin are not present within the blood at signifi cant 
quantities and would be unreliable in these situations. Further-
more, the penetration of the light from NIRS is limited to several 
centimeters under normal conditions. Therefore, the calculated 
oxygenation index will not refl ect the deeper structures of the brain 
in older children. Presently, NIRS is an intriguing clinical tool that 
needs to be fully evaluated.

Brain Oxygen Monitoring and Cerebral Microdialysis

Although SjvO2 may detect global disturbances in cerebral blood 
fl ow and metabolism, monitors have emerged to assess the ade-
quacy of some of these parameters in focal areas of the brain. Spe-
cifi cally, the partial pressure of oxygen of brain parenchyma (PbtO2) 
and cerebral microdialysis can assess substrate delivery or meta-
bolic conditions within the brain parenchyma. These devices 
require surgical implantation and can be performed concurrently 
to improve the information gathered from either device.

The PbtO2 is measured using a small Clark electrode embedded 
at the end of a catheter. This electrode senses oxygen concentration, 
and the results are displayed on a screen in real time. Ideally, the 
sensor is placed in an area of brain at risk for cerebral injury. As 
with systemic measurements of PaO2, normal values of PbtO2 can 
vary over a wide physiologic range. Thresholds for periods of isch-
emia have been arbitrarily defi ned by individual investigators 
based on their experience. In general, PbtO2 <10–15 mm Hg have 
been indicative of cerebral ischemia by most groups. More impor-
tantly, trends in PbtO2 can be followed to determine the adequacy 
of oxygen delivered to the region immediately surrounding the 
electrode.

Experience with children is limited, but this monitoring tech-
nique is gaining acceptance for injured adults [41–44]. Monitoring 
PbtO2 is invasive and gives information regarding a relatively small 

portion of brain parenchyma. Localized damage to tissue from 
electrode insertion is required, but extensive complications have 
not been reported. This monitoring technique is promising, but 
further studies regarding its use in children will aid in determining 
optimal usage.

Cerebral microdialysis has been performed the past two decades 
and serves to measure mediators of interest directly from the brain 
parenchyma. Microdialysis catheters are constructed with an 
infl ow port, an outfl ow port, and a semipermeable membrane. Arti-
fi cial CSF is perfused as a dialysate through the infl ow port across 
the semipermeable membrane into the brain parenchyma. Solutes 
from the brain tissue can diffuse across the membrane and are 
recovered from the outfl ow port. The recovery of solutes is depen-
dent on the dialysate fl ow rate, the membrane pore size, and solute 
concentrations within the brain. The relative change in dialysate 
concentration can refl ect similar changes within the brain paren-
chyma. Samples are collected serially, and a wide variety of media-
tors can be measured from the dialysate (including glucose, 
pyruvate, lactate, glycerol, excitatory amino acids, purines, nitric 
oxide metabolites, and others).

Cerebral microdialysis has become more common over the past 
several years for a variety of disorders [45–53]. Microdialysis is a 
relatively invasive measure of local concentrations of metabolites 
within a small area of brain. For these reasons, extrapolations of 
this information to larger areas of brain are problematic. However, 
because serial measurements can be obtained, valuable informa-
tion can be gleaned during the monitoring period regarding the 
state of the brain and the effect of various therapies.

Magnetic Resonance Spectroscopy

Nuclei of atoms, protons, or 31P can be excited by a strong magnetic 
fi eld. When the fi eld is interrupted, the nuclei resonate in a fre-
quency that can be detected and quantifi ed. Using this method, 
metabolites of cellular metabolism can be detected with the spatial 
resolution of magnetic resonance images. Proton magnetic reso-
nance spectroscopy (MRS) can detect N-acetyl compounds, pri-
marily N-acetylaspartate, creatine (including phosphocreatine and 
its precursor, creatine) and choline-containing compounds (includ-
ing free choline, phosphoryl, and glycerophosphoryl choline). 
N-acetylaspartate is a neuronal marker, whereas the choline com-
pounds are released as glial membranes are damaged. Proton MRS 
can determine the concentration of lactate (accumulating from 
tissue damage) and various neurotransmitters (GABA and gluta-
mate). Concentrations of adenosine triphosphate, phosphocreatine, 
and some of the other high-energy phosphates involved in cellular 
energetics can be assessed using 31P-MRS. Spectra can be acquired 
within 1 hr, and changes in intracellular pH and metabolites can be 
studied.

Proton and 31P-MRS has been used in the localization of epileptic 
foci, evaluation of the extent of post-traumatic lesions, classifi ca-
tion of brain tumors, prediction of outcome after brain trauma, and 
diagnosis of the various mitochondrial disorders, leukodystro-
phies, and other demyelinating disorders [54,55]. The ability to 
noninvasively measure a host of metabolites within the brain is the 
unique function of MRS. However, scanning times are still pro-
longed and caution must be taken to ensure patient safety during 
the time the spectra are being generated. Furthermore, although 
studies can be repeated, each image refl ects the brain milieu at a 
single time point.
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Conclusion

Clinical neuromonitoring is a rapidly advancing fi eld in pediatric 
critical care medicine, and the present chapter reviews the most 
commonly used modalities. Currently, no single monitor can effec-
tively perform all of the functions demanded by clinicians caring 
for critically ill children. Developing the proper combination of 
techniques appropriate for each child is the challenge of the coming 
years to improve neurologic outcomes.
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Neurotransmitter Receptors

There are over 100 putative neurotransmitters and a vast array of 
neurotransmitter receptors; the same neurotransmitter may be 
excitatory or inhibitory, depending on whether binding to a specifi c 
receptor results in depolarization versus hyperpolarization, respec-
tively. In general, all neurotransmitter receptors function by 
opening or closing ion channels in the postsynaptic cell membrane. 
They can do this directly if the receptor functions as an ion channel 
or indirectly if the receptor lacking an ion channel activates a 
second messenger system. The former is referred to as an ionotropic 
or ligand-gated receptor, the latter as a metabotropic receptor.

Ionotropic receptors are generally composed of fi ve membrane-
spanning subunits that together form a central channel. The recep-
tor is a multimer with several extracellular neurotransmitter 
binding sites, a number of transmembrane domains, and a single 
central ion channel connecting the extra- and intracellular com-
partments. In contrast, metabotropic receptors are monomeric, 
membrane-spanning proteins that stimulate intracellular G pro-
teins that interact with separate membrane-spanning ion channels. 
When neurotransmitters bind the extracellular sites of metabo-
tropic receptors, G proteins linked to the intracellular domain are 
activated, dissociate, and interact with ion channels or through 
intermediary proteins to alter conductance of neighboring ion 
channels. Metabotropic receptors generally modulate the function 
of ionotropic receptors and have longer lasting electrical effects 
as well as effects on gene expression and intracellular signaling 
important for synaptic plasticity, learning, and memory.

Acetylcholine

The two types of acetylcholine (ACh) receptors are nicotinic and 
muscarinic, named for synthetic chemicals that activate their 
respective extracellular binding sites on the ACh receptor. Nico-
tinic ACh (nACh) receptors are excitatory ligand-gated channels 
localized at the neuromuscular junction, as well as within the brain 
and autonomic nervous system. Although the role of ACh at the 
neuromuscular junction and autonomic ganglia is well understood, 
its role in the brain is less clear. Nicotinic ACh receptors, found 
throughout the cortex, induce arousal, euphoria, and relaxation. 
Nicotine and other nACh receptor agonists improve attention, 
enhance learning, and shorten reaction time. Muscarinic ACh 
receptors are metabotropic and are responsible for the majority of 
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Neurotransmitters and Their Receptors

The concept that electrical activity between neurons is transmitted 
via chemical messengers was fi rst demonstrated in 1921 by an 
Austrian physiologist, Otto Loewi. Using two frog hearts, he placed 
the fi rst heart (still connected to its vagus nerve) into a saline-fi lled 
chamber. This chamber was connected to a second saline-fi lled 
chamber into which he placed the second heart. Electrical stimula-
tion of the vagus nerve caused the fi rst heart to slow. After a short 
delay, he noticed the second heart also slowed. From this experi-
ment, he hypothesized that the electrical stimulation of the vagus 
nerve released a chemical into the fi rst chamber that fl owed into the 
second and caused the second heart to slow just as the fi rst. He 
referred to the chemical as Vagusstoff. We now know this chemical 
to be acetylcholine, by far the best-studied neurotransmitter [1].

Neurotransmitters: Definition

Neurotransmitters are the chemical messengers synthesized and 
utilized by neurons to propagate electrical impulses from one 
neuron to the next. Neurotransmitters are produced and stored 
within presynaptic neurons, which when depolarized release neu-
rotransmitters into the synaptic cleft. Neurotransmitters bind and 
activate specifi c membrane-bound receptors in the postsynaptic 
cell, leading to ion fl uxes, such as inward sodium, calcium, or chlo-
ride currents, and to outward potassium effl ux. Following their 
release, neurotransmitters are rapidly inactivated by reuptake and/
or degradation.

Neurotransmitters fall into two main categories: peptide neu-
rotransmitters and small-molecule neurotransmitters, such as ace-
tylcholine, biogenic amines, and amino acids. We focus primarily 
on the role of several major classes of neurotransmission in the 
normal brain and on the role of amino acid neurotransmitters in 
excitotoxicity, the process by which overstimulation of glutamate 
receptors induces cell death.

9
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acetylcholine effects in the brain. These receptors are found in 
abundance in the striatum and other forebrain regions in addition 
to postganglionic parasympathetic neurons.

Biogenic Amines

Biogenic amines are a group of small-molecule neurotransmitters 
and includes the three main catecholamines (dopamine, norepi-
nephrine, and epinephrine) as well as serotonin and histamine. 
Together, the biogenic amines account for a complex array of brain 
function and clinical behavior.

Dopamine

Inhibitory dopaminergic neurons project from the substantia nigra 
to the corpus striatum, where they mediate control of motor activ-
ity. Disruption of dopaminergic neurons results in the abnor-
mal shuffl ing gait and pill-rolling tremor described in patients 
suffering from Parkinson’s disease. In addition, dopaminergic 
neurons arising from the ventral tegmental area and extending to 
the nucleus accumbens are believed to be involved in motivation, 
reward, and addictive behavior. Cocaine blocks norepinephrine, 
serotonin, and dopamine reuptake into presynaptic termi-
nals by inhibiting the dopamine transporter, leading to an accu-
mulation of dopamine in the synaptic cleft. This results in prolon-
gation of dopaminergic effects in the limbic system, producing 
intense euphoria. Of note, dopamine receptors are exclusively 
metabotropic.

Norepinephrine

Norepinephrine is a key neurotransmitter of neurons in the locus 
coeruleus that project to the cerebral cortex, thalamus, and mid-
brain reticular activating system. Norepinephrine is an excitatory 
neurotransmitter that mediates sleep and wakefulness, atten-
tion, and feeding behavior. Norepinephrine is normally cleared 
from the synaptic cleft by the norepinephrine transporter (NET). 
As with cocaine, amphetamine blocks this reuptake mechanism. In 
addition, amphetamine inhibits monoamine oxidase (MAO) and 
catechol O-methyltransferase (COMT), the major enzymes that 
metabolize norepinephrine in neurons and glia. Disruption of nor-
epinephrine metabolism increases synaptic norepinephrine, 
leading to insomnia, decreased appetite, and increased alertness.

Histamine

Histamine-containing neurons in the hypothalamus project to 
most regions of the brain and spinal cord, where they infl uence 
attention and arousal. Thus, drowsiness is caused by antihista-
minic drugs that cross the blood–brain barrier, such as diphen-
hydramine. Neurons utilizing histamine as a neurotransmitter are 
also found in the vestibular system. This may explain why another 
antihistamine, meclizine, is effective as an antiemetic. All three 
known histamine receptors are metabotropic.

Serotonin

Serotonin, or 5-hydroxytryptamine (5-HT), is implicated in the 
pathophysiology of a number of psychiatric diseases, including 
depression, eating disorders, anxiety disorders, and obsessive-
compulsive disorder. Serotonin-containing neurons predominate 
in the raphe region of the pons and upper brain stem and project 
into the forebrain. A wide variety of 5-HT receptors have been 

discovered, most of which are metabotropic. These receptors infl u-
ence sleep and wakefulness, emotion, motor behaviors, and satiety. 
Once serotonin has been released into a synaptic cleft, its action is 
terminated by the serotonin reuptake transporter (SERT). The 
selective serotonin reuptake inhibitors (SSRIs) interfere with SERT 
and prolong the action of serotonin in the synaptic cleft.

Amino Acids

Four amino acids have been identifi ed as neurotransmitters, 
including glutamate, aspartate, gamma-aminobutyric acid (GABA), 
and glycine. Most excitatory neurons in the brain utilize glutamate 
as a neurotransmitter and are referred to as glutamatergic neurons. 
The most important inhibitory neurotransmitters are GABA and 
glycine. Together, amino acid neurotransmitters are responsible 
for the majority of synaptic neurotransmission in the brain.

Gamma-Aminobutyric Acid and Glycine

The majority of inhibitory synapses in the brain utilize either 
GABA or glycine as neurotransmitters, which act on ionotropic and 
metabotropic receptors to decrease excitation by causing hyperpo-
larization of the postsynaptic membrane. In the normal brain, 
glucose is metabolized to glutamate via the tricarboxylic acid cycle. 
Glutamate is then converted to GABA by glutamic acid decarbox-
ylase (GAD). Glutamic acid decarboxylase requires a cofactor, pyri-
doxal phosphate (derived from vitamin B6), for normal function. 
Pyridoxine dependency is an autosomal recessive disorder mani-
fest by intractable infantile seizures responsive to vitamin B6 
administration. The disorder is associated with high levels of glu-
tamate in the cerebrospinal fl uid and impaired GAD activity.

There are two types of GABA receptors: GABA-A and GABA-B. 
The GABA-A receptors are ligand gated and function by enhancing 
Cl− conduction through the central pore, inducing hyperpolariza-
tion and reducing membrane excitability. Benzodiazepines and 
barbiturates induce sedation and anxiolysis and increase the 
seizure threshold by binding GABA-A receptors. The GABA-B 
receptors are metabotropic and inhibit depolarization via recruit-
ment of a G-protein second messenger that blocks neighboring K+ 
and Ca2+ channels.

Glutamate

Glutamate is a nonessential amino acid that does not cross the 
blood–brain barrier and therefore must be produced by neurons 
within the central nervous system in order to function as a neu-
rotransmitter. Glutamine, the primary precursor to glutamate, is 
supplied by glial cells to neurons. Once within the presynaptic ter-
minal of the neuron, glutaminase converts glutamine to glutamate. 
Glutamate is stored in vesicles until released by neuronal depolar-
ization and is then transported back to glial cells, reconverted to 
glutamine via glutamine synthetase, and returned to the neuron.

Glutamate receptors are composed of fi ve monomeric subunits 
that assemble in various combinations to form a variety of gluta-
mate receptors, several of which may respond to glutamate simul-
taneously in a given postsynaptic neuron. Three ligand-gated 
(ionotropic) glutamate receptors have been described: N-methyl-D-
aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionate (AMPA), and kainite receptors. All three are excitatory. 
There are three specifi c properties that make NMDA receptors 
unique. First, their central pore conducts Na+, K+, and Ca2+. 
Ca2+ infl ux serves as a second messenger to initiate intracellular 
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signaling cascades and novel gene expression. Second, magnesium 
binds to glutamate receptors within the central pore, which inhibits 
channel function by maintaining hyperpolarization of the postsyn-
aptic membrane. Magnesium is extruded from the pore during 
depolarization to allow free fl ow of other cations. This unique 
property adds voltage dependence to ionic fl ow across the pore and 
has been linked to brain functions such as learning and memory. 
Finally, a glycine binding site modulates channel opening in 
response to glutamate binding, and glycine is required for optimal 
NMDA receptor function.

Activation of NMDA receptors underlies the formation of novel 
memories by modulating the strength of the effect of a synapse on 
a postsynaptic cell [2]. For example, frequent and repetitive stimu-
lation of a synapse containing NMDA receptors leads to augmenta-
tion of the postsynaptic response during future synaptic stimulation; 
this electrophysiologic phenomenon is known as long-term poten-
tiation (LTP) and is mediated by calcium infl ux through the NMDA 
receptor. Conversely, a low frequency of synaptic stimulation, and 
failure to recruit fi ring from additional synapses, leads to long-
term depression (LTD) and inhibitory effects on the postsynaptic 
cell. Long-term depression is also mediated by calcium currents in 
NMDA receptors. Long-term potentiation and LTD depression are 
ways in which synaptic strength is regulated, both acutely and on 
a long-term basis, and both are necessary for normal learning and 
memory. Both LTP and LTD are inhibited by NMDA receptor antag-
onists that impair memory function in rodents. Thus, NMDA 
receptors induce memory formation by calcium-dependent mecha-
nisms that include LTP or LTD in hippocampal as well as cortical 
brain regions.

In addition to the ligand-gated glutamate receptors, three known 
metabotropic receptor subtypes modulate neurotransmission by 
altering postsynaptic Ca2+ and Na+ channels and thereby modulat-
ing excitability of the postsynaptic neuron. Group I mGlu receptors 
coupled to phospholipase C modulate intracellular calcium signal-
ing, whereas group II and group III receptors inhibit adenylyl 
cyclase. Metabotropic glutamate receptors also play important 
roles in synaptic plasticity by potentiating the effects of NMDA 
receptor activity in brain regions involved in learning and 
memory.

Excitotoxicity

Drs. Lucas and Newhouse fi rst demonstrated the concept of excito-
toxicity in 1957 by feeding glutamate to young mice and fi nding 
neuronal loss in the retina [3]. The relationship between increased 
extracellular glutamate concentrations and neuronal cell death was 
subsequently described in a number of acute brain injury models 
[4–8]. During acute insults to the brain, such as stroke, infection, 
trauma, seizures, hypoglycemia, or hemorrhage, glutamate is 
released by neurons and glia into the brain extracellular space [8]. 
High concentrations of glutamate overstimulate NMDA and 
calcium-permeable AMPA receptors and induce transient, massive 
infl ux of extracellular calcium. Calcium may also enter the neuron 
from voltage-gated calcium channels, sodium/calcium transport-
ers, and from intracellular stores. Intracellular calcium activates 
proteolytic enzymes that cleave substrates essential for cellular 
survival, such as cytoskeletal proteins, DNA repair enzymes, and 
other key cellular constituents. In addition, increased intracellular 
calcium induces mitochondrial electron transport chain dysfunc-
tion and subsequent generation of oxygen free radicals that, in 

concert with activation of proteases and other “death effectors,” 
leads to necrotic or apoptotic cell death [9]. Recent studies have 
shown that calpains and caspases (two classes of death proteases 
activated by increased intracellular calcium) contribute to pro-
longed increases of intracellular calcium following excitotoxic 
stimuli by cleaving and inactivating membrane calcium pumps 
[10,11]. Thus, following an initial (sublethal) calcium increase, 
defective cellular calcium clearance magnifi es the initial insult by 
prolonging the duration of increased intracellular calcium. Cell 
injury and death that occur as a result of overactivity of glutama-
tergic neurotransmission is referred to as excitotoxicity.

Despite a wealth of preclinical data implicating excitotoxicity in 
the pathogenesis of central nervous system injury, efforts to inter-
rupt excitotoxicity using glutamate receptor antagonists are only 
effective if given before or shortly after the time of ischemic or 
traumatic injury in experimental animals [12–15]. In human trials, 
administration of NMDA receptor antagonists up to several hours 
after stroke and traumatic brain injury was not effective and actu-
ally increased mortality and morbidity in some patients [6,16–20]. 
One explanation for these negative results is that, following trau-
matic brain injury, NMDA receptor deactivation occurs between 
15 min and 1 hr in regions of injured cortex and hippocampus; 
NMDA receptors remain deactivated for at least 7 days; and NMDA 
receptor deactivation correlates with defi cits in a working memory 
task at 2 weeks after injury [21]. Interestingly, administration of 
NMDA reversed the cognitive defi cits associated with NMDA recep-
tor deactivation after acute traumatic brain injury [21]. Taken 
together with other studies implicating acute central nervous 
system infl ammation as one cause of NMDA receptor deactivation 
[22], the data suggest that long-term memory defi cits induced by 
acute central nervous system injury may be initiated by an acute 
neuroinfl ammatory response that inhibits NMDA receptor func-
tion in cortical and hippocampal brain regions critical for learning 
and memory. This hypothesis, testable in the laboratory, may elu-
cidate relationships between acute brain injury, the associated 
infl ammatory response, and lasting learning and memory dysfunc-
tion in experimental animals and patients with acute brain 
injury.

Cell Death After Acute Brain Injury

A number of insults to the central nervous system may initiate 
complex cascades of intracellular biochemical events that lead to 
delayed neuronal death, as well as death of other vulnerable cell 
types remote from the injury center [9,23–29]. Because cell death 
may occur hours to weeks after central nervous system injury, it is 
hoped that a better mechanistic understanding will result in novel 
treatments to preserve tissue and neurologic function. The last 30 
years has witnessed impressive advances in understanding basic 
mechanisms of how cells die after acute brain injury. Excitotoxicity, 
oxidative stress, and programmed cell death are major pathways 
that are central to the pathogenesis of ischemic and traumatic brain 
cell death [30]. Understanding how injured brain cells die is diffi -
cult because numerous interrelated, complex mechanisms contrib-
ute to the execution phases, and little is known about the 
mechanisms that initiate death programs after acute brain injury 
[29,31,32]. This section presents an overview of three modes of cell 
death, the major pro-cell death pathways, and initiating mecha-
nisms involved in acute brain cell death. Figure 2.1 summarizes 
some of the pathways involved.
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Necrosis

Severe ischemic, infectious, epileptogenic, or traumatic insults to the 
brain induce early cell death that is characterized by cell membrane 
permeability, organelle swelling, cellular and nuclear shrinkage, 
metabolic failure and depletion of cellular energy reserves, loss of ion 
pump function, and cell death that induces a marked local infl amma-
tory response that propagates tissue injury. This mode of neuronal 
cell death is referred to as necrosis [33]. Necrosis is traditionally 
viewed as resulting from physical cellular disruption, as in severe 
traumatic brain injury, or from severe ischemic/metabolic insults 
that induce profound energy failure and cell death, such as severe 
ischemia or prolonged seizures. The exact biochemical mechanisms 
that mediate necrosis are relatively unknown but include activation 
of calpains and other proteolytic enzymes, oxidant injury resulting 
from generation of toxic oxygen species in the setting of mitochon-
drial dysfunction, and energy failure resulting from collapse of the 
mitochondrial transmembrane potential and rapid depletion of 
intracellular adenosine triphosphate stores [32]. However, recent 
studies suggest that necrosis can also occur as a form of programmed 
cell death initiated by activation of tumor necrosis family receptor 
members [34], and it is likely that necrotic cell death programs will 
be discovered that contribute to acute brain injury.

Excitotoxic death can be necrotic in the context of extreme 
insults, whereas milder forms of excitotoxic injury may trigger 
delayed programmed cell death, commonly referred to as apopto-
sis. Whether necrosis or apoptosis results from excitotoxic insults 
likely depends on the resulting magnitude and duration of increased 
intracellular calcium as well as on other factors such as depletion 

of cellular energy stores. Therapeutic attempts to inhibit necrotic 
cell death will likely require intervention early after brain injury, 
as necrosis occurs rapidly after acute central nervous system insults 
but may also be delayed and progressive.

Programmed Cell Death

Programmed cell death (apoptosis) is an evolutionarily conserved, 
genetically programmed cell suicide process that is mediated by 
new protein synthesis and activation of death-inducing proteases 
[35–37]. Caspase-dependent programmed cell death is mediated by 
a family of cysteine proteases known as caspases, a family of at least 
14 known cysteine proteases that promote apoptosis by cleaving 
substrates at specifi c tetrapeptide amino acid sequences [33,38]. 
Caspases exist as proforms that when cleaved at specifi c aspartate 
residues form tetrameric active complexes that cleave and inacti-
vate diverse cellular substrates, such as cytoskeletal proteins, 
inhibitors of DNA endonucleases, and cellular enzymes required 
for survival. Activity of effector caspases results in classic apop-
totic cellular morphology and cell death. Initiator caspases, such 
as caspases 2, 8, and 9, cleave and activate effector caspases 3, 6, 
and 7. Other caspases are involved in infl ammatory responses and 
do not directly mediate cell death.

Activated caspases are found in ischemic and traumatic brain 
tissue and cerebrospinal fl uid of humans [29,32]. Genetic or phar-
macologic inhibition of caspases reduces tissue damage in experi-
mental stroke and traumatic brain injury but does not always 
improve functional outcome [39].
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Apoptosis is characterized by morphologic and biochemical fea-
tures distinct from necrosis. Caspase-dependent apoptosis, for 
example, is characterized by cell shrinkage, chromatin condensa-
tion, internucleosomal DNA fragmentation in multiples of 280 bp 
(known as DNA laddering because of the classic pattern produced 
by DNA gel electrophoresis), formation of nuclear apoptotic bodies, 
and engulfment of dying cells by phagocytes or neighboring cells 
in the absence of a local infl ammatory response [40]. At the molec-
ular level, activated caspases and proteolytic products of their sub-
strates are detectable, as well as externalization of membrane 
phosphatidylcholine (which signals phagocytosis) and internucleo-
somal DNA fragmentation that reacts with terminal transferase in 
the TUNEL assay, a commonly used in situ marker for apoptosis.

Caspase-independent programmed cell death is mediated by 
apoptosis-inducing factors released from mitochondria, without 
concomitant activation of caspases [41–44]. One such factor, named 
apoptosis-inducing factor (AIF), is a phylogenetically ancient fl avo-
protein encoded by a gene on the X chromosome and expressed in 
most tissues (45). Apoptosis-inducing factor functions as an elec-
tron acceptor/donor and has a second apoptogenic function as well. 
Precursor AIF is synthesized in the cytosol and imported into the 
intermembrane space of mitochondria. Following acute cellular 
injury, AIF translocates through the outer mitochondrial mem-
brane into the cytosol and to the nucleus, where it induces nuclear 
chromatin condensation and large-scale (approximately 50 kb) 
DNA fragmentation. This mode of cell death produces margination 
of nuclear chromatin and cellular morphology distinct from that of 
caspase-dependent apoptosis. It is likely that other mitochondrial 
and cytosolic apoptotic proteins also contribute to caspase-inde-
pendent cell death following acute central nervous system injury.

Intrinsic Pathway of Apoptotic Cell Death

The intrinsic pathway is a major apoptotic pathway that involves 
release of proapoptotic factors from injured mitochondria. Pro-
teins involved in the intrinsic cell death pathway include the Bcl-2 
family of proapoptotic proteins (i.e., Bax and Bad), mitochondrial 
oxidoreductases such as cytochrome c and AIF, some caspases, and 
DNA fragmentation factors such as caspase-activated DNAse and 
endonuclease G. Following acute brain injury, apoptosis may be 
triggered by a number of pathologic mechanisms, including isch-
emia, trauma, excitotoxicity, oxidative stress, energy failure, and 
others [24,32]. These pathologic events can lead to depolarization 
of the mitochondrial inner membrane and release of cytochrome c 
(or other apoptogenic factors such as AIF in caspase-independent 
death). Cytochrome c interacts with an adapter protein apoptotic 
protease activating factor (Apaf-1), adenosine triphosphate, and 
procaspase-9 in the cytosol to form an apoptosome, where caspase-
9 is autoactivated by self-oligomerization. Caspase-9 cleaves and 
activates caspase-3, leading to caspase-dependent apoptosis.

Other mechanisms of mitochondrial-mediated cell death include 
generation of reactive oxygen species in response to excitotoxic and 
other stimuli and energy failure through overactivation of the DNA 
repair enzyme poly(ADP)-ribose polymerase (PARP, discussed 
later). Thus, the mitochondrion not only controls cellular respira-
tion but is a rheostat for cellular damage and a central mediator of 
cell death after acute central nervous system injury.

The Extrinsic Pathway of Apoptotic Cell Death

Another route to programmed cell death (and even necrosis) 
involves activation of membrane bound death receptors of the 

tumor necrosis factor receptor (TNFR) superfamily, such as Fas 
and TNFR1 [46–49]. Ligand binding induces activation of death 
receptors, which then recruit cytosolic adapter proteins such as 
Fas-associated protein with a death domain (FADD) and TNFR-
associated protein with a death domain (TRADD). Binding between 
death receptors and their adapter proteins occurs via homotypic 
interactions between evolutionarily conserved death domain 
sequences. Activated adapter proteins bind initiator procaspases, 
such as procaspases 2, 8, and 10, through death effector domain 
(DED) sequences present in adapter proteins and procaspases. The 
resulting complex formed by a death receptor, adapter protein(s), 
and procaspase is a death-inducing signaling complex (DISC). 
Self-aggregation of initiator procaspases at the DISC induces 
their autoactivation, and activated initiator caspases process and 
activate procaspases 3, 6, and 7, which mediate cell death. Alterna-
tively, activated caspase-8 can cleave and activate cytosolic Bid, a 
proapoptotic Bcl-2 family member that induces release of cyto-
chrome c from mitochondria [50,51]. Of note, mice defi cient in Bid 
have reduced infarct volume and caspase-3 activation after experi-
mental cerebral ischemic injury [52], and Bid can also induce 
necrotic cell death [53]. Thus, activation of Bid links the extrinsic 
death pathway, initiated by death receptor activation, to mitochon-
drial (intrinsic) pathways that may culminate in apoptosis or 
necrosis.

In addition to cell death pathways, activated TNFRs may 
induce intracellular signaling pathways and novel gene expression 
that favor cell survival. For example, activation of nuclear 
factor-κB (NFκB) is antiapoptotic in the setting of central nervous 
system injury, whereas activation of jun N–kinase (JNK) by 
death receptors is proapoptotic in ischemic brain. In neuronal cells, 
JNK activation is involved in apoptosis in response to stress or 
withdrawal of survival signals, whereas NFκB protects against 
TNF- and Fas-induced apoptosis by promoting transcription of 
antioxidant and antiapoptotic genes, including Bcl-2 family 
members that inhibit cytochrome c translocation and other apop-
totic and necrotic death pathways [54–57]. Thus, TNFR family 
members may activate multiple intracellular signaling pathways 
that initiate complex, redundant, and often opposing responses, 
the net effect of which determines cell survival, death, or even 
proliferation.

Our group and others have studied death receptor signaling in 
acute brain injury. In experimental cerebral ischemia, inhibition of 
TNF-α and Fas ligand together reduces infarction volume by as 
much as 80% [58]. Following cerebral contusion in mice and 
humans, a Fas-FADD-procaspase-8 DISC assembles in brain early 
after trauma and is associated with activation of caspases and 
ongoing cell death [59]. Because death receptor signaling is highly 
redundant, it is not surprising that genetic inhibition of Fas alone 
fails to reduce lesion volume or acute cell death after experimental 
cerebral contusion [60], although Fas inhibition does reduce cere-
bral ischemic infarction volume [61] and sequelae of traumatic 
spinal cord injury [62–64]. We have found that genetic or genetic/
pharmacologic inhibition of TNF-α and Fas receptor together 
reduces post-traumatic brain lesion volume, and, more impor-
tantly, seems to improve neurologic function after controlled corti-
cal impact in adult and immature mice [60]. Based on these 
preliminary fi ndings, we believe that TNFRs, and their downstream 
adapter proteins, are attractive therapeutic targets to ameliorate 
tissue damage and functional neurologic defi cits after ischemic, 
traumatic, and other forms of central nervous system injury and 
degenerative central nervous system diseases.
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The Poly(ADP-Ribose) Polymerase Suicide Hypothesis

Poly(ADP-ribose) polymerase-1 (PARP-1) is an abundant nuclear 
DNA repair enzyme that stabilizes damaged DNA for subsequent 
repair. Upon activation by severe DNA damage, PARP-1 hydrolyzes 
NAD(+) to nicotinamide and transfers adenosine diphosphate 
ribose units to histones and other nuclear proteins, including 
PARP-1 itself. Adenosine diphosphate ribosylation inhibits protein 
function and facilitates DNA repair, but overactivation of PARP-1 
can deplete cellular stores of NAD(+) and adenosine triphosphate, 
resulting in energy failure and cell death. DNA damage by oxygen 
radicals, or excitotoxicity injury, induces PARP-1 activation during 
acute ischemic and traumatic brain injury. Lesion size after experi-
mental stroke is dramatically reduced in PARP-1 knockout mice. 
Following traumatic brain injury, PARP-1 knockout mice had 
similar lesion size but improved neurologic function than wild type 
[65]. Excessive PARP-1 activation is also implicated in models of 
Parkinson’s disease and traumatic spinal cord injury [66–68]. In 
addition to necrosis via depleted energy reserves, PARP-1 can also 
induce release of AIF from mitochondria and induce caspase-inde-
pendent programmed cell death [69]. Finally, PARP-1 is a transcrip-
tion factor that modulates expression of genes involved in cell 
death and survival. Recent studies using specifi c PARP-1 inhibitors 
show that partial inhibition of PARP-1 preserves brain NAD(+) 
stores and improves functional outcome after traumatic brain 
injury in mice, whereas more complete pharmacologic PARP-1 
inhibition impairs spatial learning in naïve as well as injured mice 
[70]. These studies highlight the multiple roles of PARP-1 in trau-
matic and ischemic brain injury and underscore the diffi culties 
involved in development of therapies targeting proteins with 
complex and multiple diverse functions in the brain.

Studies in experimental traumatic brain injury often demon-
strate very little correlation between cell death and functional 
outcome, and interventions that inhibit cell death may or may not 
infl uence motor and memory function. Thus, it is not yet clear that 
inhibiting apoptotic cell death will prove benefi cial to patients with 
head injury [32]. The most effective therapeutic strategies will 
probably target multiple mechanisms in addition to cell death, such 
as derangements in cerebral blood fl ow and energy metabolism, or 
neurotransmitters and their receptors that are involved in the 
motor and cognitive functions adversely affected by acute brain 
injury (discussed below).

The Mitochondrial Permeability Transition Pore

The mitochondrial permeability transition (MPT) pore is a voltage-
gated channel that, when open, allows molecules and ions with 
a mass <1,500 Daltons to pass through the inner mitochondrial 
membrane to the intermembrane space. Oxidative stress, or rapid 
and extreme increases in intracellular calcium associated with 
excitotoxicity, triggers the assembly of an MPT pore, which consists 
of cyclophilin D binding to an adenine nucleotide translocator [71]. 
Opening of the MPT pore releases stored calcium into the cytosol, 
and dissipation of the mitochondrial inner transmembrane poten-
tial uncouples the electron transport system from adenosine tri-
phosphate hydrolysis. These events lead to energy failure, enhanced 
production of reactive oxygen species, a secondary increase in 
intracellular calcium, release of apoptogenic factors from the mito-
chondria, and cell death [72]. Compounds that block the MPT pore, 
such as cyclosporine A and its derivatives, are protective in experi-
mental stroke and traumatic brain injury models, suggesting that 

the MPT pore is a key regulator of cell death mechanisms, both 
necrotic and apoptotic [71].

Oxidative Damage in Acute Brain Injury

Under normal conditions, a critical balance exists between the 
production of oxidant free radicals and the antioxidant defense 
that protects cells in vivo. Free radicals are defi ned as molecular 
species that contain one or more unpaired electrons. During 
normal metabolism, they are involved in enzymatic reactions, 
mitochondrial electron transport, signal transduction, activation 
of nuclear transcription factors, gene expression, and the 
antimicrobial action of neutrophils and macrophages [73]. The 
balance between oxidants and antioxidants in injured brain may 
be disturbed by increased production of free radicals because 
antioxidant defenses in brain (such as superoxide dismutase, 
catalase, glutathione, ascorbate, and α-tocopherol) are not ade-
quate to completely neutralize the increase of oxidant species 
present after trauma or ischemia–reperfusion [74]. The severity of 
oxidant–antioxidant imbalance determines the magnitude of 
injury to the cell.

Free radicals can react with almost every molecule found in 
living cells, including DNA, membrane lipids, proteins, and carbo-
hydrates. A major consequence of oxidative stress is damage to 
cellular macromolecules. During lipid peroxidation, peroxyl or 
hydroxyl groups may be added to unsaturated fatty acids, or fatty 
acid carbon chains may be cleaved during reaction with unpaired 
electrons to generate aldehydes. Free radical damage to proteins 
may cause cross-linking, carbonyl formation, and protein denatur-
ation. DNA bases may also be modifi ed by oxidation, resulting in 
single- and double-strand breaks or mispairing of purine and 
pyrimidine during DNA replication.

The brain has a number of characteristics that make it especially 
susceptible to free radical–mediated damage. Brain lipids are 
highly enriched in polyunsaturated fatty acids, and brain regions 
such as substantia nigra and striatum have high concentrations of 
iron, which catalyzes production of free radicals. Both of these 
factors increase the susceptibility of brain cell membranes to lipid 
peroxidation. Because the brain is critically dependent on aerobic 
metabolism, mitochondrial respiratory activity is higher than in 
many other tissues, increasing the risk of free radical leak from 
mitochondria; conversely, free radical damage to mitochondria in 
brain may be tolerated relatively poorly because of this dependence 
on aerobic metabolism.

Free radicals have been implicated in the pathogenesis of central 
nervous system injury, including traumatic brain injury, spinal 
cord injury, cerebral ischemia, and neurodegenerative diseases 
[28,73,75–78]. Reactive oxygen species may modify excitotoxicity 
by downregulating ion fl ux through NMDA receptors; however, 
exposure to oxidative stress can also enhance NMDA receptor-
mediated neurotoxicity, particularly when antioxidant defenses are 
depleted. Free radicals contribute to cell death at several points in 
the apoptotic cascade, serving as initiators, early signals, and pos-
sibly late effectors of apoptotic neuronal death. As previously men-
tioned, oxidative stress can also contribute to cell death by 
facilitating mitochondria transition pore formation [74]. Proof that 
excessive oxygen radical generation is fundamental to the patho-
genesis of acute brain injury derives from studies in which super-
oxide dismutase (SOD) knockout mice had increased damage, and 
SOD overexpressors had reduced brain damage and improved 
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functional neurologic outcome after experimental stroke and trau-
matic brain injury [79–82].

Reactive Oxygen Species

Reactive oxygen species formation during ischemia–reperfusion 
may originate from several sources (Figure 2.2), including nitric 
oxide synthase (NOS) activity, mitochondrial electron transport, 
multiple steps in the metabolism of arachidonic acid, and, in some 
species (e.g., rodents), xanthine oxidase, which is produced by 
hydrolysis of xanthine dehydrogenase. Oxygen (O2) qualifi es as a 
radical because it has two unpaired electrons, each located in a 
different orbital, both spinning in the same direction. This parallel 
spin is one reason for poor reactivity of O2 with cellular constitu-
ents, despite its potential as an oxidizing agent. Acceptance of a 
single electron by an O2 molecule forms the superoxide radical, O2

−, 
which has one unpaired electron. Superoxide itself has limited 
reactivity and is capable of inactivating only a few enzymes directly. 
The NADH dehydrogenase complex of the mitochondrial electron 
transport chain is one of the enzymes shown to be a direct target 
for superoxide attack [83].

Excess superoxide is removed by converting it to H2O2, a reaction 
that is catalyzed by SOD. This reaction is an important defense 
mechanism in aerobic organisms [83]. Overall, both O2

− and H2O2 
have limited chemical reactivity, but they can generate highly reac-
tive hydroxyl radicals (OH•) by reacting with transition metals such 
as iron and copper. After closed head injury in rats, peak hydroxyl 
radical formation occurred by 40 min, and hydroxyl radicals are 
increased for several hours after experimental acute subdural 
hematoma [84–86]. Increased hydroxyl radical production also 
occurs in brain after focal cerebral ischemic injury in rodents [87]. 
Superoxide production has been detected after experimental spinal 

cord injury [88], central nervous system infl ammation and isch-
emia–reperfusion [89], and fl uid percussion traumatic brain injury 
[90]. Superoxide radical is believed to be the principal mediator of 
microvascular damage after traumatic brain injury, and SOD atten-
uates brain microvascular damage after traumatic brain injury 
[91,92].

Reactive Nitrogen Species

Nitric oxide synthase has been identifi ed as another source of reac-
tive oxygen and reactive nitrogen species with special relevance to 
pathologic conditions (see Figure 2.2). Nitric oxide synthase is 
homologous to P-450 cytochrome c reductase; cofactors in the reac-
tion-mediated by NOS are fl avin mononucleotide, fl avin adenine 
dinucleotide, tetrahydrobiopterin, and nicotinamide adenine 
dinucleotide phosphate. Three types of NOS have been identifi ed: 
Ca2+/calmodulin-activated neuronal NOS (nNOS), endothelial NOS 
(eNOS), and inducible NOS (iNOS). Nitric oxide synthase normally 
converts arginine and molecular oxygen to citrulline and nitric 
oxide (NO), a free radical gas. Nitric oxide is lipid soluble, readily 
crosses cell membranes, and functions in control of cerebral blood 
fl ow (NO mediates vasodilatation), neuronal communication, syn-
aptic plasticity and memory formation, intracellular signal trans-
mission, and release of neurotransmitters [93]. Nitric oxide may 
exist as nitrosonium (NO+), NO•, and nitroxyl anion (NO−). NO+ 
is thought to contribute to NMDA toxicity, whereas NO− is thought 
to be neuroprotective by downregulating the NMDA receptor 
and inhibiting glutamate release presynaptically, through activa-
tion of guanylate cyclase. Nitric oxide, which has limited radical 
reactivity, can combine readily with O2 and possibly H2O2 to 
produce peroxynitrite (ONOO-), a highly oxidizing, nonradical 
compound that oxidizes lipids, proteins, and DNA. Nitric oxide–
mediated peroxynitrite contributes to acute brain injury in part by 
inducing DNA damage and activating PARP, as well as directly by 
oxidizing key cellular constituents. On the other hand, NO can 
inhibit excitotoxicity by downregulating NMDA receptor function 
via S-nitrosylation; NO may inhibit caspase activity in a similar 
manner. Thus, reactive nitrogen species may have both benefi cial 
and detrimental effects in acute brain injury.

Inhibition of the early peak of NO in brain following traumatic 
brain injury, which is likely mediated by nNOS, improves neuro-
logic outcome after experimental traumatic brain injury [93]. 
However, later after injury there is a relative NO defi ciency associ-
ated with cerebral hypoperfusion; augmentation of NO during this 
time, by administering L-arginine, improves cerebral blood fl ow 
and outcome in several models [93]. A delayed increase in NO after 
traumatic injury, mediated by iNOS, is also observed in experimen-
tal traumatic brain injury; experimental studies suggest both del-
eterious and protective effects of iNOS in rodent traumatic brain 
injury models. Formation of peroxynitrite by iNOS early after 
injury is detrimental, and iNOS inhibition may therefore be protec-
tive [94]. In contrast, iNOS knockout mice have impaired long-term 
spatial memory acquisition after experimental traumatic brain 
injury, suggesting that iNOS is critical for recovery mechanisms 
[95]. Recent studies support a benefi cial role for iNOS in traumatic 
brain injury by maintaining endogenous antioxidant reserves [94]. 
Thus, NO can exert benefi cial and detrimental effects in the injured 
brain, depending on the magnitude of its production, temporal 
distribution after injury, and other factors.

In the fi rst comprehensive clinical study of oxidative injury in 
children with traumatic brain injury, Bayir and colleagues found 
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progressive depletion of antioxidant reserves and evidence for free 
radical–mediated lipid peroxidation in cerebrospinal fl uid samples 
[96]. These investigators later reported increased S-nitrosothiols 
(transfer of NO groups to cysteine sulfhydryls on proteins) in cere-
brospinal fl uid of children with severe traumatic brain injury and 
increased intracranial pressure and postulated that S-nitrosothiols 
could be neuroprotective after traumatic brain injury by virtue of 
nitrosylation and inhibition of NMDA receptors and caspases [97]. 
In adult patients, lipid peroxidation was noted early after severe 
traumatic brain injury and was more prominent in males than in 
females, suggesting that females have less oxidative damage than 
males during acute brain injury and enhanced neuroprotection 
mediated by female gonadal hormones [98]. In that study, thera-
peutic hypothermia tended to decrease lipid peroxidation in males 
but not females. These data suggest that differences in susceptibil-
ity to oxidative injury may explain, at least in part, gender-specifi c 
differences in pathophysiology and outcome observed after acute 
and neurodegenerative brain injury [99].

Oxidative Stress and Neuroinflammation: Mediators of 
Neurologic Dysfunction After Brain Injury?

Does the brain’s endogenous infl ammatory response to acute injury 
infl uence subsequent neurologic dysfunction observed in patients 
with traumatic brain injury, meningitis, and other forms of acute 
central nervous system injury? Our preliminary data suggest that 
this may indeed be the case, as immature mice lacking TNF-α and 
Fas receptor had decreased neurologic dysfunction compared with 
wild-type mice or mice defi cient in TNF or Fas alone [60]. Recent 
studies provide one possible explanation linking neuroinfl amma-
tion, NMDA receptor deactivation, and motor and cognitive defi cits 
in experimental meningitis and traumatic brain injury [21,22]. In 
mice subjected to closed head injury, an initial increase in NMDA 
receptor activation, consistent with acute excitotoxicity, is observed 
in brain regions proximal to the injury site. From 1 hr to 1 week 
later, however, pronounced NMDA receptor deactivation is observed 
in cortex and hippocampal regions involved in learning and 
memory and is associated with motor and cognitive dysfunction 
after traumatic brain injury [21]. Downregulation of NMDA recep-
tor function is also observed after injection of lipopolysaccharide 
into rat brain and is prevented by treatment with an antioxidant 
[22]. The above observations suggest a link between acute brain 
injury, neuroinfl ammation, oxidant stress, and postinjury neuro-
logic dysfunction. Furthermore, desensitization of NMDA recep-
tors after stroke and traumatic brain injury may in part account 
for the failure of clinical trials using NMDA receptor antagonists 
to improve outcome in patients with stroke and traumatic brain 
injury [21].

Extracellular Matrix Proteases

In addition to intracellular proteases, extracellular proteases may 
also play important roles in brain injury. Data emerging in the past 
6 years implicate proteases from the matrix metalloproteinase 
(MMP) family of genes as well as serine proteases from the plas-
minogen axis [100]. These proteases play major roles during brain 
development by altering extracellular matrix and allowing cellular 
migration and neurite and axonal extension [101]. Dysregulation 
of MMPs after brain injury leads to aberrant proteolysis of the 

neurovascular matrix, resulting in blood–brain barrier (BBB) 
damage and cell death.

In experimental models of cerebral ischemia, many MMPs are 
signifi cantly increased at the levels of expression and activity [102–
105]. Overall data point to a deleterious role for MMPs, at least 
acutely. Matrix metalloproteinase injection into brain is neurotoxic 
[106]. Treatment with inhibitors or MMP-neutralizing antibodies 
reduce edema and infarction in rat and mouse models of cerebral 
ischemia [103,107–109]. Recently, it was demonstrated that MMP-9 
knockout mice had signifi cantly smaller lesion volumes than wild-
type mice after focal cerebral ischemia and traumatic brain injury, 
emphasizing the central role of this protease, at least in murine 
systems [102,103,110]. A similar fi nding was obtained after tran-
sient global cerebral ischemia, with hippocampal neuron death 
being signifi cantly ameliorated in MMP-9 knockout mice [111].

After neurovascular injury, MMPs may degrade basal lamina, 
weaken vessels, and predispose vessels to leakage and rupture. In 
experimental studies, activation of MMP-9 and degradation of 
critical protein components of cerebral blood vessels have been 
correlated with the development of hemorrhage and edema 
[112,113]. In a recent study, pharmacologic inhibition of MMPs 
signifi cantly decreased the incidence of hemorrhage in a rabbit 
model of embolic stroke [102], and matrix degradation and subse-
quent BBB leakage was reduced after cerebral ischemia in MMP-9 
knockout mice [102]. Matrix metalloproteinase activation and BBB 
disruption is associated with the generation of reactive oxygen 
radicals [114]; thus interactions between oxidative stress and the 
proteolytic cascade may ultimately mediate the progression of 
edema and infarction. Within the context of early neurovascular 
infl ammation, cytokines and vascular adhesion molecules may 
further amplify MMPs in activated endothelium [115–117]. Cell 
adhesion molecules themselves may also be substrates for MMPs, 
thus comprising a complex interactive system of response to brain 
injury.

In addition to vascular leakage, extracellular matrix proteases 
may also directly induce cell death. The disruption of homeostatic 
signals between cells and matrix can initiate specialized modes of 
apoptosis called anoikis [118]. In vivo and in vitro evidence is 
beginning to accumulate to support the importance of these novel 
mechanisms in stroke. In a nonhuman primate model of focal cere-
bral ischemia, areas in which vascular antigens were lost correlated 
with regions of neuronal injury [119]. Loss of neuron–matrix inter-
actions promotes neurotoxicity by downregulating cell survival 
pathways associated with integrin signaling [120]. The importance 
and relevance of these matrix mechanisms has recently been 
underscored by the fi nding that fi bronectin knockout mice suffered 
increased neuronal apoptosis and brain infarction after cerebral 
ischemia [121].

Apart from MMPs, proteases from the plasminogen system are 
also involved in brain injury. In ischemic stroke, the primary role 
for tissue plasminogen activator would be benefi cial lysis of the 
offending clot. However, accumulating data now suggest that pleio-
tropic and deleterious actions of tissue plasminogen activator may 
also participate in neurovascular pathology. Tsirka, Strickland, 
Lipton, and colleagues fi rst demonstrated that tissue plasminogen 
activator knockout mice were protected against excitotoxic hippo-
campal injury and focal cerebral ischemia [122,123]. Tissue plas-
minogen activator knockout mice suffered signifi cantly less brain 
damage after trauma than did wild-type mice [124]. Tissue plas-
minogen activator may interact with the NR1 subunit of the NMDA 
receptor complex and amplify damaging calcium currents during 
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excitotoxicity [125]. Tissue plasminogen activator (and plasmin) 
may also target nonfi brin substrates in brain extracellular matrix, 
leading to augmented excitotoxic neuronal death in the hippocam-
pus via degradation of interneuronal laminin and disruption of 
prosurvival cell-matrix signaling (126). Although the main effect 
of tissue plasminogen activator administration in stroke certainly 
occurs within the targeted vessel, these fi ndings suggest that extra-
vascular actions of tissue plasminogen activator may complicate its 
intended role in clot lysis.

Most brain injury research has been focused on intracellular 
mechanisms of cell death. However, accumulating data now suggest 
that extracellular proteases can also play key roles by degrading 
neurovascular matrix and inducing both BBB disruption and cell 
death. Hence, targeting both intra- and extracellular proteases may 
offer more effective approaches for treating stroke and brain 
trauma in the future.

Cortical Spreading Depression

During acute brain injury such as stroke or trauma, neurons and 
glia may undergo spontaneous depolarizations that spread in waves 
to distant regions of uninjured brain. These waves, known as corti-
cal spreading depression (CSD), propagate at 2–4 mm/min over 
cerebral cortex and are associated with marked increases in extra-
cellular K+ and glutamate and intracellular Na+ and Ca2+ [127]. 
Although neuronal fi ring may initially increase, it is subsequently 
depressed, and the electroencephalographic silence outlasts the 
period of tissue depolarization by several minutes [127]. Cortical 
spreading depression causes a large transient cerebral blood fl ow 
increase, followed by delayed, prolonged cerebral blood fl ow 
decrease [128]. In experimental animal models, NMDA receptor 
inhibitors (e.g., ketamine) and Ca2+ channel antagonists block CSD 
[129]. The factors that mediate cerebral blood fl ow changes during 
CSD remain unknown, although K+, H+, prostanoids, nitric oxide 
(NO), and calcitonin gene-related peptide have been implicated 
[130–133].

Following experimental cerebral ischemia, repetitive spontane-
ous waves of spreading depolarizations resembling CSD originate 
from focal ischemic cortex [134]. Like CSD, these periinfarct 
spreading depressions cause massive K+, Na+, and Ca2+ shifts, 
reduce intracellular adenosine triphosphate, and cause tissue aci-
dosis. Periinfarct spreading depressions decrease cerebral blood 
fl ow and worsen hypoperfusion under ischemic conditions and 
enlarge cerebral infarcts presumably by exacerbating the energy 
defi cit in ischemic neurons [135–137]. More work needs to be done 
to understand the contribution of CSD to acute brain injury in 
humans and to determine whether targeting CSD in the postinjury 
period is a useful therapeutic strategy [138].
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Cranial nerves (CNs) II–XII should be evaluated (Table 3.1).
First and foremost, it is critical to perform a baseline pupillary 
examination. Changes in pupillary diameter or pupils that have a 
sluggish response to light often may precede other changes in the 
neurologic examination and indicate an early elevation in ICP. 
However, certain medications may also alter pupil size and reactiv-
ity to light. For example, narcotics may cause pupillary constric-
tion, whereas sympathomimetics may cause a symmetric pupillary 
dilation. Regardless, unequal pupil size in a postoperative neuro-
surgical patient always warrants further investigation. Of note, 
papilledema in children is present in chronically elevated ICP, and 
so the presence of papilledema may not be a reliable indicator of 
acute intracranial hypertension [2]. Extraocular movements should 
be assessed to evaluate the function of CNs III (oculomotor nerve), 
IV (trochlear nerve), and VI (abducens nerve). Occasionally, the 
fi rst sign of elevated ICP will be a bilateral CN VI palsy. Extraocular 
muscle palsies are often associated with brain-stem lesions or acute 
elevations in ICP, although they also may be indicative of menin-
gitis. Infants will often have a physiologic dysconjugate gaze [2]. 
Parinaud’s syndrome, caused by pressure on the tectal plate, causes 
a characteristic setting sun sign in which the upward gaze is 
impaired and the eyelids are lowered. This sign is readily apparent 
even in infants and may suggest hydrocephalus. The lower cranial 
nerves VII–XII should be assessed, as well. Defi cits here are noted 
most commonly after surgical resection of brain stem tumors.

A thorough motor examination should be completed as soon as 
possible after arrival to the PICU. Even if the child is initially not 
alert, he should be able to localize to stimuli in all extremities. Once 
the child is alert, a more detailed motor examination should be 
performed, including strength testing of the upper and lower 
extremities. Testing for pronator drift can be a useful adjunct to 
the formal motor examination, and evidence of a drift is often a 
more sensitive sign of paresis. Any changes in the child’s motor 
examination from the baseline preoperative examination should 
be further assessed with an urgent computed tomography (CT) 
scan. Abnormalities in the sensory examination and the refl ex 
examination may result from effects of a mass lesion, although 
these fi ndings are often subtle and are diffi cult to assess in young 
children.

The Glasgow Coma Scale (GCS) is a useful tool to assess all post-
operative neurosurgical patients. As in cases of neurotrauma, all 
children with a GCS score <8 should be invasively monitored with 
either a parenchymal ICP monitor or an external ventricular drain 
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Introduction

Care of the pediatric neurosurgical patient in the postopera-
tive setting requires a generalized knowledge of pediatric intensive 
care unit (PICU) management as well as specialized knowledge of 
disease specifi c concerns in the neurosurgical population. Although 
postoperative care for each distinct neurosurgical procedure will 
necessarily vary, several common threads of care must be observed 
in all of these patients. Specifi c emphasis for all postoperative 
neurosurgical patients must be placed on performing a detailed 
neurologic examination, recognizing signs of elevated intracranial 
pressure (ICP), and stringent management of fl uids and electrolytes 
[1]. Each of these topics is discussed in detail; is followed by a dis-
cussion of specifi c issues that arise after several common neuro-
surgical procedures requiring postoperative PICU care.

General Concerns

The Neurologic Examination

A detailed neurologic examination should be performed hourly 
following admission to the PICU. The child’s history and preopera-
tive physical examination fi ndings should be reviewed in order to 
ascertain any changes in the examination that may occur during 
the perioperative period. An assessment of the child’s mental status 
is perhaps the most important component of the postoperative 
neurosurgical examination. Children are commonly less respon-
sive during the fi rst 1–2 hr following craniotomy compared with 
their baseline because of the lingering effects of general anesthesia. 
However, after this time period has passed, these children should 
be oriented to person and time and at a minimum should be able 
to recognize family members. Speech fl uency and patterns should 
be assessed for any new defi cits. Finally, these children should be 
assessed for the ability to follow both simple and complex com-
mands, as well as their ability to symmetrically move their upper 
and lower extremities.
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(EVD). Typically an EVD is placed in addition to an ICP monitor 
to allow for both treatment of elevated ICP as well as minute-to-
minute monitoring of ICP [3].

Cerebral Edema

Cerebral edema is defi ned as an absolute increase in the water 
content of the brain and can arise from a variety of different insults. 
Cerebral edema is classically divided into three subtypes: (1) vaso-
genic edema, (2) cytotoxic edema, and (3) interstitial edema. Vaso-
genic edema is characterized by disruption of the blood-brain 
barrier (BBB), which leads to the accumulation of fl uid in the extra-
cellular space. The infl ammatory response to ischemic or traumatic 
injury results in recruitment and activation of leukocytes, genera-
tion of proinfl ammatory mediators (cytokines, eicosanoids, etc.), 
release of oxygen radicals, and production of nitric oxide. Vaso-
genic edema therefore commonly occurs in infl ammatory disease 
processes such as head trauma, meningoencephalitis, and intracra-
nial hemorrhage. It also occurs in areas surrounding tumors and 
brain abscesses. Vasogenic edema typically responds to osmotic 
agents such as mannitol and hypertonic saline, as well as to 
corticosteroids.

Cytotoxic edema results from failure of the brain cells (neuronal 
cells, glial cells) to maintain their transmembrane ionic gradients. 
As sodium accumulates in the intracellular space, water follows 
passively, resulting in intracellular edema. Cytotoxic edema results 

from severe cellular dysfunction and cell death and therefore is not 
readily responsive to therapy with either osmotic agents or corti-
costeroids. Cytotoxic edema is characteristic of hypoxic-ischemic 
brain injury. Interstitial edema results from increased cerebrospi-
nal fl uid hydrostatic pressure (imbalance in Starling forces across 
the BBB, which is intact) and typically occurs in periventricular 
regions of the brain. Interstitial edema is also commonly called 
hydrostatic edema (Table 3.2) [4,5].

Intracranial Hypertension

Most pediatric neurosurgical procedures will not require place-
ment of an ICP monitor or an EVD for postoperative monitoring, 
with the notable exceptions of placement of subdural grids or post-
craniotomy following trauma. Thus, close observation for early 
signs of elevated ICP is imperative, particularly in the immediate 
perioperative period. Changes in the neurologic examination, as 
mentioned above, often indicate early signs of elevations in ICP. 
Continuous monitoring of vital signs is essential, as bradycardia, 
hypertension, and irregular respiratory pattern (Cushing’s triad) 
indicate intracranial hypertension. An emergent CT scan should be 
obtained for any suspicion of intracranial hypertension. If hemor-
rhage is present, the neurosurgeon must be contacted immediately 
to assess the need for repeat craniotomy. For cases of stroke, or 
focal or global cerebral edema, the management becomes more 
complex and varies based on the pathologic lesion that was origi-
nally treated. However, in general, placement of an ICP monitor 
and/or EVD should be considered for all postoperative patients 
with a GCS score <8 [1,3,4,6,7].

In general, children should be placed in bed with the head of the 
bed elevated to 30° following admission to the PICU. Fever should 
be aggressively treated when present. Treatment measures for acute 
episodes of intracranial hypertension include administration of 
sedation and neuromuscular blockade (if the child is tracheally 
intubated), drainage of cerebrospinal fl uid via an indwelling EVD, 
if available, administration of hypertonic fl uids such as 3% normal 
saline and mannitol, optimization of cerebral perfusion pressure 
(CPP), and, in severe cases, the use of pentobarbital, hyperventila-
tion, and even decompressive surgical measures [1,4,7–9]. Collabo-
ration between the PICU and neurosurgical faculty is essential 
when establishing treatment plans.

Cerebral perfusion pressure is a critical indicator of brain oxy-
genation and is a better predictor of long-term outcome than ICP. 
Cerebral perfusion pressure is calculated by subtracting the ICP 
from the mean arterial pressure. Cerebral perfusion pressure 
should be at least 70 mm Hg to ensure adequate perfusion of the 
adult brain [10]. If the ICP is below 15 mm Hg, monitoring CPP 

TABLE 3.1. The cranial nerves.

Cranial nerve Function Deficit

I Ophthalmic Smell Loss of smell—noticeable only
   if bilateral injury
II Optic Vision; pupillary response Nonreactive pupils or 
   blindness
III Oculomotor Eye movements; pupillary Large pupil, eye deviated
  constriction  “down and out”; diplopia
IV Trochlear Eye movements Diplopia with downgaze
V Trigeminal Facial sensation; corneal  Decreased facial sensation;
  reflex; jaw muscles  absent corneal reflex
VI Abducens Eye movements Diplopia, eye deviated inward
VII Facial Facial muscles Unilateral facial droop
VIII Vestibulocochlear Hearing; balance; doll’s eyes Decreased hearing; ataxia
  response
IX Glossopharyngeal Palatal elevation; gag reflex Poor gag reflex
X Vagus Pharyngeal muscles Difficulty swallowing
XI Spinal accessory Sternocleidomastoid Head deviation
XII Hypoglossal Tongue movement Ipsilateral tongue deviation

TABLE 3.2. Classification of cerebral edema.

Type Location Site Blood–brain barrier integrity Mechanism Example

Vasogenic Extracellular White matter Disrupted Increased vascular permeability Tumor
     Trauma
     Meningitis
     Abscess
     Intracerebral hemorrhage
Cytotoxic Intracellular Predominantly gray matter Intact Na+/K+ pump failure Anoxia
     Ischemia
Interstitial Extracellular White matter Intact Periventricular extravasation Hydrocephalus
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becomes less critical as cerebral autoregulation should provide 
adequate brain perfusion. If the ICP rises above 15 mm Hg, then 
pharmacologic agents should be used to maintain the CPP above 
60 mm Hg [1,3,4,7,8,11,12]. Management of intracranial hyperten-
sion is discussed in further detail in a subsequent chapter.

Fluid and Electrolyte Management

Electrolyte abnormalities are common following craniotomy. Iso-
tonic fl uids (e.g., 0.9% saline) administered at maintenance are 
generally recommended for the fi rst 24 hr following craniotomy. 
Additionally, blood chemistry levels should be obtained upon 
arrival to the PICU and periodically during the fi rst 24 hr after 
surgery. Any abnormalities should be corrected in an expeditious 
manner. Hyponatremia is commonly observed in the postoperative 
period and most likely occurs secondary to the syndrome of inap-
propriate antidiuretic hormone secretion (SIADH). SIADH is best 
treated by volume restriction.

In certain cases, particularly after head trauma, hyponatremia 
may be caused by the cerebral salt wasting syndrome, which is best 
treated with sodium and volume replacement. Blood chemistries 
are similar in both of these disorders; therefore, the best way to 
differentiate between these two causes of hyponatremia is to assess 
the intravascular volume status with a central venous pressure 
(CVP) monitor. A high CVP is indicative of fl uid overload and 
usually suggests SIADH rather than cerebral salt wasting. Con-
versely, a low or normal CVP is more suggestive of cerebral salt 
wasting as the etiology of hyponatremia.

Additionally, some children, particularly after craniotomy for 
head trauma or for suprasellar or intrasellar tumors, will develop 
diabetes insipidus (DI). It is therefore critical to monitor urine 
output closely. Urine output greater than 4 mL/kg/hr for 2 consecu-
tive hours warrants evaluation for DI. Diagnostic criteria for DI 
include a urine specifi c gravity of <1.005 and a serum Na+ level >145 
[1,13]. In these cases, lost volume is replaced milliliter for milliliter 
with normal saline, and a vasopressin infusion should be started 
and titrated to a normal urine output. It is imperative to check 
serum sodium levels every 4 hours and continue to monitor urine 
output to ensure that treatment is adequate.

Hemodynamic Monitoring

It is critical to monitor the child’s hemodynamic status after all 
neurosurgical procedures. Typically an arterial line is placed intra-
operatively and is maintained in place while the child is monitored 
in the PICU. It is imperative that blood pressure be maintained in 
a normal physiologic range in the immediate postoperative period. 
Uncontrolled hypertension increases the risk of postoperative 
hemorrhage, whereas hypotension increases the risk of inadequate 
cerebral perfusion. The child’s hemoglobin level and coagulation 
factors must be evaluated and corrected to normal levels. Gener-
ally, transfusion with packed red blood cells should be considered 
for a hemoglobin value less than 8.0 g/dL, and fresh-frozen plasma, 
cryoprecipitate, or vitamin K should be administered to normalize 
the international normalized ratio (INR) to ≤1.4. Typically labora-
tory values are assessed in the immediate postoperative period and 
again the day following surgery. Some children require chronic 
anticoagulation therapy for co-morbid conditions, although anti-
coagulation should be withheld in most cases for at least 72 hr after 
neurosurgical procedures [1].

Management Strategies for Specific 
Neurosurgical Diseases

Brain Tumors

Brain tumors are the second most common tumor in children, with 
an incidence of 2.5 cases per 100,000 in children under the age of 
15 years [14,15]. Neonates most commonly present with supratento-
rial neuroectodermal tumors, such as teratomas. Conversely, chil-
dren over 2 years of age most commonly present with tumors 
located in the posterior fossa, including medulloblastomas, cere-
bellar astrocytomas, ependymomas, and brain stem gliomas [16]. 
Unfortunately, many tumors remain undiagnosed for long periods 
of time, especially in infants and young children because of the 
delayed closure of the fontanelles, requiring tumors to reach a large 
volume before symptoms develop. Most tumors are treated with an 
attempt at gross total resection, which may be followed by radiation 
therapy and/or chemotherapy. Prognosis after brain tumor resec-
tion varies, ranging from 30% survival at 5 years for the most 
malignant tumors up to 100% survival for benign tumors [16]. 
Tumors of the central nervous system are discussed in further 
detail in a subsequent chapter.

In general, it is not unusual for a child to have transient hemipa-
resis or even aphasia following resection of a brain tumor, depend-
ing on the location of the tumor; this is often due to necessary brain 
retraction during the surgery, which may cause an increase in 
edema of the surrounding parenchyma. Corticosteroids are fre-
quently administered in the operating room and continued post-
operatively for several days in these patients specifi cally to address 
cerebral edema caused by surgical manipulation or by the cytotoxic 
effects of the tumor itself. Of note, because the brain continues to 
grow and develop postnatally, children, particularly under the age 
of 10 years, will often exhibit remarkable recovery after sustaining 
a neurologic injury.

Other postoperative complications vary based on the location 
and type of the tumor. Magnetic resonance imaging (MRI) or CT 
of the head is generally performed within 48 hr following surgical 
resection of a brain tumor. Delaying imaging beyond this point 
frequently leads to confounding results with contrast enhancement 
because of a reactive gliosis, making it diffi cult to assess for resid-
ual tumor. Gliosis is a hypertrophic and hyperplastic response to 
many types of central nervous system injury, including trauma, 
stroke, seizure, and neurosurgery, which may obscure the radio-
graphic appearance of any residual tumor during the immediate 
postoperative period [17–19].

Medulloblastoma

Medulloblastoma is classifi ed as one of the primitive neuroectoder-
mal tumors (PNETs) and is the most common pediatric brain 
tumor [20]. These tumors are typically located in the midline of the 
cerebellum, and as a result affected children frequently present 
with ataxia. Because of the mass effect on the fourth ventricle, these 
tumors typically cause obstructive hydrocephalus as well. Rarely, 
children also may present with torticollis. Medulloblastoma may 
exhibit leptomeningeal dissemination and metastasis to the spinal 
nerve roots. Cerebrospinal fl uid is typically obtained preopera-
tively to assess for leptomeningeal dissemination, as false-positive 
CSF is commonly observed in the postoperative period. Recom-
mended treatment of medulloblastoma includes surgical resection 
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followed by chemotherapy and focal radiation treatment. Five-year 
survival rates vary between 60% and 80% [20,21]. However, even 
with gross total resection of the tumor, recurrence is common 
within a 2-year period.

Hydrocephalus is the most common complication associated 
with medulloblastoma resection. Therefore, an EVD is typi-
cally placed preoperatively or intraoperatively in children with 
suspected medulloblastoma. This drain is typically clamped 
approximately 3 days after tumor resection. Less than 50% of 
children will require a long-term ventricular shunt, and, in 
some patients, hydrocephalus may be treated with a third 
ventriculostomy.

Resection of posterior fossa tumors often results in transient 
cerebellar dysfunction. Most commonly, ataxia and nystagmus 
may worsen in the immediate postoperative period. Occasionally, 
a constellation of symptoms collectively termed the posterior fossa 
syndrome is observed [22,23]. Irritation or damage to the deep 
cerebellar nuclei leads to mutism, swallowing apraxia, ataxia, and 
emotional lability in these children. Fortunately, this syndrome is 
transient and self-limiting, resolving within a few weeks. Aseptic 
meningitis occurs occasionally after surgical resection of posterior 
fossa tumors. Children develop severe headaches and meningis-
mus, but, upon sampling, the cerebrospinal fl uid is sterile. These 
symptoms associated with aseptic meningitis typically respond 
well to a short course of corticosteroids.

The most concerning complication following surgical resection 
of a medulloblastoma is development of a hematoma in the poste-
rior fossa. Posterior fossa hematomas are a neurosurgical emer-
gency. Intracranial pressure monitoring may not reveal any 
abnormalities in the ICP in the posterior fossa, so clinical examina-
tion as discussed in the preceding paragraphs is paramount. 
Altered mental status, slurred speech, respiratory diffi culty, and 
confusion should not be simply attributed to the prolonged effects 
of anesthesia. Rather, an immediate noncontrast head CT should 
be obtained. These children frequently require emergent craniot-
omy. Some neurosurgeons will even forego CT and proceed directly 
to the operating room in this clinical scenario, as time is of the 
essence to relieve compression on the brain stem.

Ependymoma

An ependymoma is composed of glial cells that have differentiated 
along ependymal lines. These tumors occur most commonly in 
the ependymal lining of the ventricles but may also arise in the 
fi lum terminale and in the central spinal canal. The most common 
location for ependymomas is in the fourth ventricle. Affected 
children typically present with nausea, vomiting, ataxia, and occa-
sionally cranial nerve palsies. These children will sometimes 
present with hydrocephalus, although this presentation is less 
commonly observed than medulloblastomas. Occasionally an EVD 
will be placed intraoperatively and left in situ for a few days after 
surgery to treat potential hydrocephalus. Treatment of ependy-
moma involves surgical resection followed by radiation therapy 
and/or chemotherapy. Five-year survival rates frequently surpass 
85%, particularly in older children [24–26]. As with medulloblas-
toma, posterior fossa syndrome may occur following surgical 
resection of ependymoma. As with all surgical procedures in the 
posterior fossa, careful attention to assessment of the child’s neu-
rologic status postoperatively is paramount, as development of 
a posterior fossa hematoma can be devastating if not treated 
emergently.

Pilocytic Astrocytoma

Juvenile pilocytic astrocytomas (JPAs) are the most common astro-
cytic tumor in children. These tumors typically arise in the cere-
bellum or brain stem, but they can occur anywhere along the 
cranial–spinal axis. Children initially present with symptoms of 
elevated intracranial pressure. Depending on the location in the 
brain, these tumors may also present with hydrocephalus and may 
require an EVD or a defi nitive shunt. Gross total surgical resection 
of JPAs is associated with a nearly 100% 10-year survival rate [27]. 
Again, these children have the potential to develop posterior fossa 
syndrome during the immediate postoperative period. Resection 
of JPAs located in the brain stem carry the additional risk of injury 
to cranial nerve nuclei.

Nontraumatic Intracerebral Hemorrhage

Nontraumatic intracerebral hemorrhage (ICH) is rare in the pedi-
atric population. Etiology is dependent on the age of the child. 
Premature infants are at risk for developing intraventricular hem-
orrhage (IVH) (Table 3.3). This disorder is believed to be caused
by the relative immaturity of the germinal matrix in premature 
infants [28]. Management of IVH typically requires placement of a 
ventriculoperitoneal shunt only in severe cases. Birth trauma may 
also lead to ICH in neonates. Older children present with ICH 
because of a number of factors, including a ruptured arteriovenous 
malformation, cavernous malformation, tumor, hemorrhagic 
conversion of an ischemic stroke, venous thrombosis, arterial 
hypertension, or a ruptured aneurysm [29–31]. Prognosis after 
nontraumatic ICH varies based on the etiology of the hemorrhage 
and on the child’s GCS at presentation, with a GCS of 3 or 4 portend-
ing a dismal prognosis.

Coagulopathies, such as disseminated intravascular coagula-
tion, although common in the PICU, remain an infrequent cause of 
nontraumatic ICH. Numerous clotting factor defi ciencies, such as 
factor VII defi ciency, have been associated with spontaneous intra-
parenchymal, subdural, or subarachnoid hemorrhages, although 
ICH in these patients has been most often in the setting of a trau-
matic injury. Pharmacologic use of anticoagulants such as heparin 
and warfarin is associated with the feared complication of sponta-
neous ICH, although this too remains infrequent outside of the 
setting of full anticoagulation associated with extracorporeal 
support (e.g., extracorporeal membrane oxygenation). Finally, 
severe thrombocytopenia (platelet count <10,000) carries the 
potential risk of nontraumatic ICH particularly in the setting of 
chemotherapeutic-induced marrow suppression. Thus, a common 
goal in this setting is to maintain platelet counts >20,000 via trans-
fusion. Idiopathic thrombocytopenic purpura, which is the 
most common cause of severe thrombocytopenia in childhood, 
remains a risk factor of ICH. However, a large recent epidemiologic 
study from the Intercontinental Childhood ITP Study showed that 

TABLE 3.3. Classification of head ultrasound findings for intraventricular hemorrhage in 
the preterm infant.

Classification Findings

Grade 1 Germinal matrix hemorrhage
Grade 2 Blood within the ventricular system but not distending it
Grade 3 Intraventricular hemorrhage with ventricular dilatation
Grade 4 Parenchymal involvement
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only 3 of 1,742 patients suffered an ICH (http://www.itppeople.
com/kids.htm).

In children without a history of trauma, further investigation 
as to the cause of the hemorrhage is essential. Typically this 
will consist of an MRI with and without contrast and a magnetic 
resonance angiogram (MRA) to evaluate for structural causes of 
the hemorrhage. If the results of the MRI/MRA are equivocal, a 
cerebral angiogram may be indicated to evaluate for aneurysm or 
arteriovenous malformation. Central nervous system vascular 
malformations, of a variety of histologic types—venous, arteriove-
nous, cavernous, capillary telangiectasia—are estimated to be 
present in up to 4% of the population. Certain diseases, such as 
Rendu-Osler-Weber syndrome, can be associated with an increased 
presence of intracranial lesions. Although the data on children are 
scarce, natural history studies in adults suggests a spontaneous 
hemorrhage rate between 0.1% and 1.3% per year for cavernous 
malformations [32], whereas arteriovenous malformations, which 
account for a large percentage of nontraumatic ICH in children, 
carry a rebleeding risk of 1.4%–7% per year and a mortality rate of 
1% per year for adults [33,34].

In general, most pediatric intracranial hemorrhages that are not 
caused by structural lesions are treated with medical management 
for elevated ICP. Surgical evacuation of the hematoma becomes 
necessary only when there is a rapid decline the child’s mental 
status or in the presence of a progressive neurologic defi cit, such 
as a hemiparesis. In these cases, rapid surgical evacuation of an 
expanding hematoma can improve outcome in young patients 
[35].

As a general rule, children with a nontraumatic ICH should 
undergo a baseline CT scan and a repeated scan at 24 hr. If this scan 
is stable, repeated CT scanning should be performed if there is a 
change in the child’s neurologic status, or several days after the 
original scan, to evaluate hematoma resolution. Treatment of 
venous sinus thrombosis, which requires anticoagulation therapy, 
will require more frequent CT scans, however. In these cases, CT 
scans should be attained daily while the child is under anticoagula-
tion therapy, as a rapid expansion in the size of the hematoma may 
require surgical decompression even in the absence of a change in 
the child’s neurologic examination.

Hematoma caused by an arteriovenous malformation or tumor 
will be managed medically during the initial hospital stay, unless 
the child shows signs of progressive rise in ICP. Ruptured aneu-
rysms, however, are treated with surgical clipping or coiling as 
soon as possible after presentation because of the high risk of 
rerupture of aneurysms in the fi rst 14 days after hemorrhage. Treat-
ment of ruptured cerebral aneurysms postoperatively requires spe-
cialized management to avoid the common complication of cerebral 
vasospasm, which can lead to stroke.

Traumatic Head Injury

Head injury is most common in infants less than 1 year of age and 
in children older than 15 years. Many infants are injured during 
falls or as a result of nonaccidental trauma. Trauma is the most 
common cause of skull fractures and ICH (e.g., epidural hemato-
mas and subdural hematomas) beyond the newborn period. In 
practice, most clinical head injuries include a combination of two 
types of forces, which result in a spectrum of different types of 
hemorrhages. Contact forces are those that occur when the head is 
struck or strikes an object. These result in scalp lacerations or 
contusions, skull fractures, epidural hematomas, and brain surface 

contusions. Inertial forces are those that occur from movement of 
the brain within the cranium and generally occur as a result of 
deceleration of the head. These forces cause concussion (i.e., brief 
loss of consciousness or alteration in consciousness with amnesia 
for the event), subdural hematomas, deeper subcortical or brain 
stem hemorrhages, and diffuse axonal injury. The specifi c injuries 
incurred depend on both the type of force and its magnitude, with 
the latter being dependent of the velocity and/or degree of decelera-
tion, although many patients have a combination of these types of 
forces and fi ndings.

Epidural Hematomas

Epidural hematoma (Figure 3.1) occurs when a skull fracture or 
surface contact force traverses an epidural vessel with suffi cient 
force to rupture the vessel. These injuries can occur from low-
height falls, especially in infants and young children whose skulls 
are thin and malleable. Because an arterial epidural hematoma can 
expand rapidly, a potentially life-threatening injury can occur from 
household falls and should be kept in mind when this mechanism 
is reported. Affected children may cry initially after the injury and 
appear well but then may suddenly deteriorate as the clot expands 
and present in a delayed fashion up to 12 hr after the initial injury 
[36]. The interval period is frequently referred to as the lucid inter-
val. Therefore, children with a signifi cant mechanism of injury 
should be followed with frequent neurologic examinations and 
should undergo an early repeated head CT to assess for delayed 
development of epidural hematoma. Two-thirds of epidural hema-
tomas result from a tear of the middle meningeal artery, and thus 
cannot be managed without surgical evacuation and cauterization 
of this vessel. Epidural hematoma, when treated with immediate 
surgical evacuation, carries a relatively good prognosis, with <10% 
mortality rate [37].

Venous epidural hematomas may also occur, most often in asso-
ciation with skull fractures. In this instance, the bleeding source is 
the interdiploic space of the bone itself. These collections usually 
are small and enlarge gradually. Most of these are managed 
nonoperatively, but an enlarging clot as determined by serial CT 

FIGURE 3.1. Computed tomography appearance of an epidural hematoma.
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scanning and/or one that is symptomatic may warrant surgical 
evacuation. Venous epidural hemorrhages may also occur from 
tears of the venous dural sinuses. The posterior fossa is a common 
location for clots of this type, which may be associated with falls 
onto the back of the head or fractures that traverse the transverse 
sinus. Children may present with persistent vomiting or worsening 
mental status in a late fashion, sometimes several days after injury. 
Clots associated with signifi cant mass effect are evacuated 
surgically.

Subdural Hematomas

Subdural hematomas (Figure 3.2) usually occur from traumatic 
events with signifi cant force, most often involving motor vehicles. 
Acute subdural hematomas are generally evacuated emergently 
but, because of the large forces involved, are often associated with 
signifi cant underlying primary brain injury and carry a much 
worse prognosis than epidural clots [38]. In infants, the most 
common etiology for acute subdural hematoma is nonaccidental 
injury. In this setting, the volume of hemorrhage is usually small 
and can often be managed nonoperatively [39]. When the impact 
resulting in subdural hematoma is substantial, deep intraparen-
chymal hemorrhages can occur most often associated with diffuse 
axonal injury. In these cases, hemorrhages with mass effect war-
ranting surgery are uncommon. Intraventricular hemorrhage may 
also occur in this setting and may be managed with ventriculos-
tomy drainage.

General Management Approach

Antiepileptic drug therapy is always instituted when children 
present with seizures after head injury. Typically, 7 days of antiepi-
leptic therapy is recommended for cases of traumatic head injury, 
even when no seizures were witnessed, because of the high risk 
of associated seizures [4,6,7,2,39]. Coagulopathy is common in 

children who sustain head injury because of the release of brain 
tissue thromboplastin [41]. Therefore, it is integral to monitor 
coagulation factors and correct them to normal levels. As with the 
adult population, clinical presentation correlates with long-term 
outcome in children who suffer head injuries. In general, children 
who present with a CGS <5 have a dismal prognosis with or without 
surgical intervention.

Skull fractures often do not require surgical intervention, with a 
few notable exceptions. Open, depressed skull fractures are often 
treated with immediate surgical debridement and fracture repair 
to lessen the risk of developing meningitis, cerebrospinal fl uid leak, 
or seizures. However, some neurosurgeons may choose to defer 
surgery until the swelling has lessened if there is no obvious cere-
brospinal fl uid leak at the time of injury. In these cases, children 
are treated with local wound washout at the bedside with primary 
closure of the skin and treatment with several days of antibiotics, 
such as cefazolin. Skull fractures that are associated with underly-
ing brain injury, such as an epidural hematoma, require immediate 
evacuation and surgical repair in the vast majority of cases.

Occasionally, small epidural hematomas (less than 3 mm in 
greatest diameter) may be followed clinically, if the child presents 
with a stable neurologic examination. However, it is essential to 
obtain frequent CT scans in the fi rst 24 hr after injury to assess for 
hematoma expansion. In these cases, intravenous isotonic fl uid 
therapy should be used judiciously, as high intravenous volume 
may worsen cerebral edema and increase the risk of intracranial 
hypertension. However, intravenous fl uids should not be withheld 
when there is evidence of hemodynamic instability, as hypotension 
signifi cantly worsens outcome following closed head injury. If there 
is a change in neurologic status or pupillary size during this obser-
vation period, it is critical to obtain a repeated CT scan of the head 
to be followed by surgical evacuation of the expanding hematoma, 
if indicated.

Subdural hematomas may be managed either medically or surgi-
cally in children. Generally, subdural hematomas >5 mm should be 
treated with surgical evacuation, as they can precipitate cerebral 
edema, leading to a signifi cant mass effect and shift, which may 
progress to subfalcine and uncal herniation and eventually death. 
As with medical management of epidermal hematomas, subdural 
hematomas should be followed with frequent CT scans in the fi rst 
24 hr after injury.

After surgical evacuation of either a subdural or an epidural 
hematoma, the child’s neurologic examination should be moni-
tored closely. There is a moderate incidence of recurrence of sub-
dural and epidural hematomas after craniotomy for trauma. A CT 
scan is typically obtained at 24 hr after surgery or sooner if there 
is a change in the neurologic examination. Repeated craniotomy is 
occasionally required for recurrent hematomas. The management 
of children with head trauma frequently becomes complicated by 
management of concomitant injuries. Not only do children present 
with multisystem trauma, but also traumatic brain injury itself can 
precipitate pulmonary edema, acute respiratory distress syndrome, 
and other systemic complications (so-called neurogenic pulmonary 
edema). Therefore, collaboration between the PICU team, the neu-
rosurgeon, and the pediatric trauma team is essential to provide 
optimal care to these children.

Finally, presentation of a child with a subdural or epidural hema-
toma or a skull fracture without appropriate history of trauma 
must be considered nonaccidental trauma. In these cases, a full 
skeletal survey, ophthalmologic assessment for retinal hemor-
rhages, and social services evaluation must be pursued.FIGURE 3.2. Computed tomography appearance of a subdural hematoma.
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Spinal Cord Injury

Approximately 20% of all spinal cord injuries occur in children 
under the age of 20 years [42]. Because of the relative cephalocervi-
cal disproportion in younger children as well as ligamentous laxity 
in the developing spine, children often present with different mech-
anisms of spinal cord injury from adults [43]. Often, there is no 
evidence of fracture or dislocation on plain radiographs and CT 
scans, and injuries are identifi ed only after obtaining an MRI [44]. 
Hemodynamic instability often accompanies acute spinal cord 
injury. Neurogenic shock, which results in hypotension and brady-
cardia, is a result of decreased sympathetic tone. Neurogenic shock 
most commonly presents within the fi rst few hours after spinal 
cord injury and is treated with the use of vasopressors and sympa-
thomimetics. Hypotension typically resolves spontaneously after 
2–3 days. Autonomic dysrefl exia (AD), caused by a supranormal 
response of the sympathetic nervous system, is a common, often 
life-threatening, complication of high thoracic and cervical cord 
injuries. Often precipitated by bladder and bowel distention, AD 
may also occur after urinary tract infections, deep venous throm-
boses, or any surgical procedure. Classic symptoms of AD include 
hypertension, tachycardia, and cardiac arrhythmias. Treatment is 
focused on removal of the inciting stimulus.

Signifi cant controversy exists over the use of intravenous corti-
costeroids for the treatment of acute spinal cord injury. Preclinical 
data and the results from the landmark studies in the 1980s [45–47] 
suggest that treatment with high-dose intravenous methylpred-
nisolone may improve neurologic function after spinal cord injury. 
According to the National Acute Spinal Cord Injury Study protocol, 
any patient who presents within 3 hr of injury of injury should 
receive a 30 mg/kg bolus of intravenous methylprednisolone over 
15 min, followed by a continuous infusion of 5.4 mg/kg/hr for 23 hr. 
If the patient presents within 3 to 8 hr of injury, the hourly dosage 
is continued for a total of 48 hr. Results from these studies suggest 
that treatment with intravenous methylprednisolone may result in 
recovery of one to two levels of function above the level of injury. 
Importantly, however, these studies included no pediatric patients, 
and, to date, no randomized trials have been conducted to assess 
the benefi t of corticosteroid use in acute spinal cord injury in chil-
dren. Furthermore, recent publications have called into question 
the results of the original studies and point to serious potential side 
effects from this treatment [48–51].

Timing of surgery to decompress and stabilize the spine after 
spinal cord injury is somewhat controversial [52–54]. Some neuro-
surgeons advocate early surgery, even in cases of complete spinal 
cord injury, whereas others recommend delaying surgery until the 
patient is more stable. Incomplete spinal cord injury due to a lesion 
causing mass effect, such as a traumatic disc herniation or an epi-
dural hematoma, should always be treated early in order to allow 
for maximal recovery potential [55]. Optimal timing of surgery 
should be decided upon by both the neurosurgeons and pediatric 
intensivists to allow maximum recovery and address medical 
issues.

Intracranial Abscess

Brain abscess is a rare but serious condition in children (Figure 
3.3). The peak age for children to develop brain abscesses is
between 4 and 7 years [56]. Abscesses often occur secondary to 
direct contiguous spread from ear, sinus, or dental infections, but 
may also arise because of hematogenous seeding in children with 

cyanotic congenital heart disease [55]. With an increase in the 
number of pediatric immunizations and better treatment of sys-
temic infections in recent years, the incidence of brain abscesses in 
children has diminished signifi cantly. The classic triad for symp-
tomatic presentation of brain abscess is headache, focal neurologic 
defi cit, and fever. However, this triad is found in <30% of children 
with brain abscess [49], so, even in absence of these symptoms, a 
high index of suspicion must be maintained. Additionally, lack of 
fever should not rule out brain abscess, as low-grade fever is 
observed in 50% of children with this condition. Contrasted CT of 
the head and MRI of the brain with gadolinium are the imaging 
modalities of choice to diagnose brain abscess.

Most brain abscesses are caused by streptococci; however, Staph-
ylococcus species and occasionally enteric bacteria may be isolated 
from cultures as well [58]. Sterile cultures are found in a signifi cant 
number of abscesses, so generally antibiotic treatment should be 
tailored toward Gram-positive and Gram-negative bacteria, as well 
as anaerobes, unless a specifi c bacteria is isolated from cultures. 
We generally avoid intravenous corticosteroid therapy with brain 
abscess, as this can decrease the ability of the antibiotics to pene-
trate the abscess cavity; however, occasionally abscesses may cause 
malignant cerebral edema, and patients will require short-term 
intravenous dexamethasone administration. Brain abscesses carry 
a high risk of seizure; therefore, we recommend short-term treat-
ment with antiepileptic agents, such as phenytoin, for these 
children.

Small abscesses, less than 2.5 cm, or those in eloquent areas of 
the brain, such as the brain stem, may be treated medically with 
intravenous antibiotic therapy. In these cases, frequent CT scans 
will need to be obtained to assess for an enlarging abscess. Larger 
abscesses should be drained either stereotactically or through cra-
niotomy [59]. It is important to tailor therapy to prevent intraven-
tricular rupture of the abscess, as the mortality rate increases from 
15% to 80% with this complication [60]. If surgical intervention is 
deemed necessary, generally we do not administer intravenous 

FIGURE 3.3. Computed tomography appearance of a brain abscess.
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antibiotics until the abscess is drained, in order to increase the 
likelihood of obtaining a diagnosis through cultures. Postopera-
tively, children need to be monitored in the PICU for at least 24 hr 
to observe for potential postoperative hematoma. A noncontrasted 
CT scan of the head will typically be obtained the following day 
after drainage of the abscess. Intravenous antibiotics will be admin-
istered for 6–8 weeks after surgical drainage, typically in an out-
patient setting [61].

Epilepsy

Between 1% and 2% of children suffer from epilepsy [62]. Epilepsy 
cannot be controlled medically in 20% of these children. In fact, 
only one third of patients with intractable seizures treated with 
medications alone eventually become seizure free, and, of the 
remaining two thirds, one half cannot function independently 
[63,64]. Surgical treatment of epilepsy offers a safe and effective 
option to treat epilepsy in many of these children. Children are 
ideal candidates for surgical treatment of intractable epilepsy 
because of the plasticity of the developing nervous system, 
and 60%–80% of children who undergo epilepsy surgery become 
seizure free, without medications [63,65]. Chronic seizures have a 
negative impact on many psychosocial aspects of a child’s develop-
ment; thus, the earlier in a child’s life that surgical intervention is 
pursued, the better the prognosis. Major surgical complications are 
rare, ranging from 2% to 4% [61], and these risks are lower with 
modern surgical techniques, such as image guidance and brain 
mapping.

Prior to resective surgery, children undergo Phase I monitoring, 
which involves placement of surface electrodes to identify seizure 
foci. This is followed by Phase II monitoring, which involves cra-
niotomy with placement of subdural electrodes and possibly depth 
electrodes. Typically, only children under 2 years of age are moni-
tored in the PICU during Phase II monitoring. Computed tomog-
raphy scan is diffi cult to interpret in these children because of the 
signifi cant artifact from the grids and thus is not routinely per-
formed postoperatively. When postoperative CT is obtained, it is 
common to see a small epidural hematoma in these patients; 
however, it is rarely clinically signifi cant. Infection is also rare, 
occurring in less than 5% of these patients. The most common 
complication after subdural grid placement is the development of 
cerebral edema. Therefore, we typically place an ICP monitor in 
these children. We fi nd that ICP >20 mm Hg in these children typi-
cally responds to treatment with intravenous dexamethasone and 
mannitol. Only very rarely do we fi nd that removal of grids is neces-
sary to control ICP in these children [63].

Several surgical procedures are performed to treat epileptogenic 
foci. The most common procedure is extratemporal lobectomy, 
performed in about 50% of patients, followed by temporal lobec-
tomy, comprising about 25% of cases. Lobectomy involves removal 
of a seizure focus, demonstrated by preoperative and intraopera-
tive electroencephalography. Functional hemispherectomy and 
hemispherotomy account for 15% of cases, and, fi nally, corpus cal-
losotomy comprises about 10% of cases. Postoperatively, children 
are transported to the PICU and monitored overnight. Postopera-
tive CT of the head is obtained only when indicated by deterioration 
in the neurologic examination. Of note, seizures may actually 
become more frequent in the immediate postoperative period 
because of local edema near the resection site. Thus, the patient is 
typically kept on preoperative doses of antiepileptic drugs for 
several weeks after surgery.

Complications of resective surgery typically are related to the 
location of the resection. The most common postoperative fi nding 
is cerebral edema that may result in a temporary hemiparesis, 
which typically resolves in a few days. Patients are therefore main-
tained on intravenous corticosteroids for about 2 weeks after 
surgery. Stroke is a rare complication, occurring in only a small 
percentage of these children, and is more common in reoperations. 
Disconnection syndrome, which is characterized by mutism, 
apraxia, and inattention, is common after corpus callosotomy. 
Often, younger children and those whose resection is limited to the 
anterior two thirds of the corpus callosum are spared from this 
complication. Split brain syndrome, which results in nondominant 
hand apraxia and sensory disconnection, occurs rarely after com-
plete sectioning of the corpus callosum.

Children often require only 1–2 days’ stay in the PICU after these 
procedures. As with all neurosurgical procedures, careful monitor-
ing of electrolytes and neurologic examination is critical in the fi rst 
24 hr after epilepsy surgery. In general, imaging is not indicated in 
the immediate postoperative period, unless there is a change in the 
neurologic examination from baseline. Outcome is quite good in 
these patients, resulting in 65%–75% of children being seizure free 
children at 1-year follow up [66–68].
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Tumors that present in infancy tend to be more insidious because 
of the nonspecifi c nature of the clinical symptoms, including 
vomiting, irritability, lethargy, macrocephaly, failure to thrive, 
and loss of, or delay in, attaining developmental milestones [4,6]. 
Older children may better communicate specifi c neurologic defi -
cits. Additionally, signs and symptoms related to increased ICP, 
including headache, nausea, and vomiting (particularly upon 
awakening in the morning), frequently occur in this age group as 
well [4,6].

Supratentorial tumors produce signs and symptoms according 
to the area of the brain that is affected [4,6]. For example, cerebral 
hemispheric lesions may present with focal neurologic fi ndings or 
seizures, whereas tumors proximal to the optic chiasm and hypo-
thalamus may produce vision loss, visual fi eld defects, or endocrine 
abnormalities [6]. Cerebellar tumors, on the other hand, frequently 
result in ataxia, gait disturbances, and signs of increased ICP sec-
ondary to obstruction of the fourth ventricle [4,6]. Brain stem 
tumors present with cranial nerve abnormalities and/or upper 
motor neuron signs [4,6]. Signs and symptoms associated with spe-
cifi c tumor types are discussed in more detail in the following 
sections.

Gliomas

Tumors of glial origin constitute approximately 50% of all primary 
brain tumors in children and are grouped based on histopathologic 
appearance into low-grade and high-grade gliomas [4,6,8,9]. These 
tumors are found throughout the central nervous system, and loca-
tion is an important prognostic factor [3,10]. Low-grade gliomas 
are a heterogeneous group of tumors with an overall 10-year sur-
vival rate of greater than 80% with appropriate treatment [3,11]. 
The most frequent low-grade gliomas are posterior fossa and cere-
bral hemisphere astrocytomas. Most low-grade gliomas are classi-
fi ed into two histopathologic types: pilocytic astrocytomas (World 
Health Organization, WHO grade I) and diffuse or fi brillary astro-
cytomas (WHO grade II) [3].

Pilocytic astrocytomas occur primarily in young children with 
a median age of 4 years [3]. These tumors can occur at all levels of 
the neuroaxis but occur most frequently in the cerebellum and 
the optic pathways [12]. On radiographic imaging, nearly all are 
brightly enhancing, well-circumscribed tumors that are clearly 
demarcated from surrounding brain tissue and have little sur-
rounding edema; about half of them are cystic [3,12]. In contrast, 
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Introduction

Primary malignancies of the central nervous system are the second 
most common type of malignancy during childhood, second only 
to the leukemias. Although this chapter focuses primarily on 
central nervous system tumors and their treatment, it is important 
to realize that neurologic symptoms in the pediatric oncology 
patient may result from a variety of conditions. These conditions 
may, or may not, be related to their cancer and its treatment. Table 
4.1 illustrates a broad differential diagnosis of an altered mental 
status in the pediatric cancer patient.

Brain Tumors

Incidence

Approximately 2,200 children under the age of 20 years are diag-
nosed with a brain tumor each year in the United States [1,2]. 
Primary brain tumors are the most common solid tumor in the 
pediatric population, comprising 20%–25% of all childhood 
cancers, and are the second most common childhood malignancy 
overall [2–4]. Although signifi cant progress has been made in the 
diagnosis and treatment of childhood brain tumors, they are still 
responsible for the majority of cancer-related deaths in children 
[3,5,6]. Table 4.2 depicts the most common brain tumors in chil-
dren by histology [7]. Table 4.3 depicts the most common pediatric 
brain tumors by location, an important consideration, as symp-
toms of brain tumors are frequently related to the location of the 
tumor [4]. Children with brain tumors frequently require critical 
care services for management of increased intracranial pressure 
(ICP), postoperative care, and treatment of other tumor or treat-
ment-related morbidity.

Presenting Signs and Symptoms

The presenting signs and symptoms of pediatric brain tumors vary 
by the age of the child and by the location of the primary tumor. 
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grade II astrocytomas occur at a median age of 10 years, infi ltrate 
into the surrounding normal brain, do not enhance with contrast 
on diagnostic imaging, and mostly occur as cerebral hemisphere 
and intrinsic pontine tumors [3].

Pediatric high-grade gliomas are also a diverse group of tumors 
with different sites of origin and histologic features that affect 
children of different ages [13]. They account for approximately 14% 
of all childhood central nervous system tumors and consist of 
WHO grade III anaplastic astrocytomas and grade IV glioblastoma 
multiforme [3]. The overall incidence of high-grade gliomas in chil-
dren less than 19 years of age is 0.63 per 100,000 person-years, with 
a roughly equal distribution across age groups and gender [13]. 
These tumors can arise from any location in the central nervous 
system but are most common in the supratentorial region and the 
brain stem. They rarely originate from the spinal cord or the cere-
bellum [13]. Regardless of location, these poorly circumscribed, 
highly infi ltrative tumors are diffi cult to treat effectively, with long-
term survival rates ranging from less than 10% to 30% for most 
supratentorial tumors and less than 10% for diffuse brain stem 
gliomas [3,13]. The prognosis seems to be better for patients with 
anaplastic astrocytomas than for those with glioblastoma multi-
forme, although the degree of surgical resection is the most impor-
tant clinical prognostic factor for children with supratentorial 
high-grade astrocytomas [3,13–18].

TABLE 4.1. Etiology of acute alterations in consciousness in children with cancer.

Tumor
• Primary central nervous system tumor
• Metastatic tumor
• Leukemic meningitis
• Hyperleukocytosis
Infection
• Meningitis: bacterial, fungi
• Viral encephalitis
• Brain abscess
• Septic shock
Cerebrovascular accident
Seizure/postictal state
Disseminated intravascular coagulation
Treatment
• Cytotoxic chemotherapy

� Methotrexate
� Cytosine arabinoside
� Corticosteroids
� Ifosfamide
� 5-Fluorouracil

• Supportive care
� Opioids
� Benzodiazepines
� Antihistamines
� Anticonvulsants
� Tricyclic antidepressants

Leukoencephalopathy
Metabolic abnormality
•  Hyponatremia (syndrome of inappropriate 

secretion of antidiuretic hormone)
• Hypoglycemia/hyperglycemia
• Hypomagnesemia
• Uremia
Postradiation somnolence syndrome
Hypotension/hypertension
Dehydration
Hypoxia
Anemia
Liver failure
Depression

Source: Adapted from Rheingold SR, Lange BJ. Oncologic emergencies. In: Pizzo PA, 
Poplack DG, eds. Principles and Practice of Pediatric Oncology, 4th ed. Philadelphia: 
Lippincott, Williams & Wilkins; 2002:1189.

TABLE 4.2. Selected childhood primary (malignant and nonmalignant) brain and central nervous system tumor age-specific incidence rates* (ages 0–19), by age at diagnosis, CBTRUS 
1997–2001.†

 Age at Diagnosis

 0–4 5–9 10–14 15–19 0–19 0–14

Histology NO. Rate NO. Rate NO. Rate NO. Rate NO. Rate NO. Rate

Tumors of Neuroepithelial tissue 1,225 4.02 1,099 3.45   867 2.75   701 2.26 3,892 3.12 3,191 3.40
 Pilocytic astrocytoma   260 0.85   316 0.99   242 0.77   181 0.58   999 0.80   818 0.87
 Anaplastic astrocytoma    18 0.06    31 0.10    23 0.07    33 0.11   105 0.08    72 0.08
 Astrocytoma, NOS    76 0.25    79 0.25    75 0.24    63 0.20   293 0.23   230 0.25
 Glioblastoma    31 0.10    38 0.12    51 0.16    44 0.14   164 0.13   120 0.13
 Ependymoma/anaplastic   134 0.44    69 0.22    48 0.15    35 0.11   286 0.23   251 0.27
  ependymoma
 Glioma malignant, NOS   168 0.55   158 0.50   100 0.32    58 0.19   484 0.39   426 0.45
 Benign and malignantneuronal/   104 0.34    52 0.16    79 0.25    79 0.25   314 0.25   235 0.25
  glial, neuronal and mixed
 Embryonal/primitive/   296 0.97   253 0.79   133 0.42    78 0.25   760 0.61   682 0.73
  medulloblastoma
Tumors of cranlal and spinal     10 0.03    24 0.08    32 0.10    67 0.22   133 0.11    66 0.07
 nerves
Tumors of meninges    38 0.12    28 0.09    44 0.14    97 0.31   207 0.17 110 0.12
Lymphomas and hemopoietic
 neoplasms     6 — — —    12 0.04     8 —    30 0.02    22 0.02
Germ cell tumors    33 0.11    39 0.12    75 0.24    76 0.24   223 0.18   147 0.16
Tumors of sellar region    24 0.08    55 0.17    60 0.19   139 0.45   278 0.22   139 0.15
 Craniopharyngioma    24 0.08    51 0.16    40 0.13    32 0.10   147 0.12   115 0.12
Local extensions from regional — — — — — —     7 —    17 0.01    10 0.01
 tumors
Unclassified tumors    77 0.25    45 0.14    68 0.22    58 0.19   248 0.20   190 0.20

TOTAL§ 1,414 4.63 1,298 4.08 1,163 3.69  1,153 3.71 5,028 4.02 3,875 4.13

*Rates are per 100,000 person-years.
†Includes data from 15 of 17 registries; North Dakota and Rhode Island are excluded.
‡Counts are not presented when fewer than 6 cases were reported for the specific histology category, and rates are not presented when fewer than 10 cases were reported for the specific 
histology category. The suppressed cases are included in the counts and rates for totals.
§Refers to all childhood brain tumors, including histologies not presented in this table.
Source: Central Brain Tumor Registry of the United States. Statistical Report: Primary Brain Tumors in the United States, 1997–2001. Hillsdale, IL: CBTRUS; 2004:40, Table 15.
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Supratentorial high-grade astrocytomas make up one third of all 
pediatric high-grade gliomas and more commonly affect children 
during late adolescence (ages 15–19 years) [13]. These astrocytomas 
constitute 6%–12% of all primary pediatric brain tumors [19]. 
Children with supratentorial high-grade astrocytomas present 
with signs and symptoms attributable to the specifi c area of 
involved brain, as well as signs and symptoms of increased ICP and 
seizures [13].

Diffuse brain stem gliomas occur with an incidence of 0.18 per 
100,000 person-years and constitute 3%–10% of all primary pedi-
atric brain tumors [4,13,20]. Children with diffuse brain stem high-
grade gliomas classically present between 5 and 10 years of age with 
a brief history (<2–6 months) of pyramidal tract signs, cranial 
nerve defi cits, and cerebellar signs and symptoms [13,21]. This 
clinical picture differs from that of most pediatric posterior fossa 
tumors in which signs and symptoms of increased ICP dominate, 
and focal defi cits assume a secondary place [22]. Moreover, this 
clinical picture, in conjunction with typical magnetic resonance 
imaging fi ndings of an intrinsic, pontine-based infi ltrative lesion 
that exerts signifi cant mass effect on adjacent structures, including 
the basilar artery and the fourth ventricle, is highly specifi c for a 
diffuse brain stem glioma, precluding the need for histologic con-
fi rmation (Figure 4.1) [13,21]. The time between the onset of symp-
toms and diagnosis, as well as the degree of neurologic defi cits, are 
important prognostic factors [19]. Although outcomes are generally 
poor (as described above), patients with diffuse brain stem gliomas 
in association with neurofi bromatosis type 1 tend to have better 
outcomes than anticipated [23,24].

Medulloblastomas

Medulloblastoma is the most common malignant central nervous 
system tumor in children and the second most common pediatric 
brain neoplasm, accounting for 12%–25% of all central nervous 
system tumors in children [3,25,26]. More than 90% of medullo-
blastomas occur in the cerebellum, and medulloblastomas account 
for nearly 40% of all pediatric posterior fossa tumors, the most 
common pediatric posterior fossa tumor overall (Table 4.3) [25,27]. 
Among children, the mean age at presentation is approximately 7 
years, and there is a slight male predilection [25,27]. Clinical symp-
toms are usually brief (<3 months), refl ecting the aggressive nature 
of the tumor, and commonly include headache and persistent vom-
iting [3,25,28,29]. Because more than three fourths of medulloblas-

tomas arise from the midline cerebellar vermis and involve the 
fourth ventricle, it is not uncommon for patients to present with 
obstructive hydrocephalus, at times requiring emergent placement 
of an external ventricular drain [3,25,27]. Macrocephaly, lethargy, 
and cerebellar signs such as ataxia and dysmetria may also be 
reported [3]. Truncal ataxia is the most common objective clinical 
sign and is frequently accompanied by spasticity [25,28,29]. Other 
clinical signs may include papilledema, nystagmus, and positive 
Babinski and Hoffmann signs [25,28,29]. Limb ataxia and dysdi-
adokokinesis suggest a laterally located mass within the cerebellar 
hemisphere [25,28,29]. Abducens nerve palsy results from com-
pression of the nucleus of the sixth cranial nerve and suggests 
extraventricular tumor extension [25,29].

Although histologically similar, gene expression analyses show 
that medulloblastoma is a tumor type distinct from supratentorial 
primitive neuroectodermal tumors [3,30]. The classic CT appear-
ance of a medulloblastoma is a hyperattenuated, well-defi ned 
vermian cerebellar mass with surrounding vasogenic edema, evi-
dence of hydrocephalus, and homogeneous enhancement on con-
trasted studies in a child less than 10 years of age [25]. Magnetic 
resonance imaging generally reveals a brightly enhancing posterior 
fossa mass with low T1 signal and intermediate T2 and FLAIR 
signals [3].

Surgical resection to maximally reduce tumor burden and to 
relieve obstructive hydrocephalus is the initial intervention. A 
gross total resection of the tumor has been documented to offer 

TABLE 4.3. Relative incidence of common brain tumors in children by location.

Supratentorial tumors (45%–50%) Infratentorial tumors (50%–55%)

Astrocytoma 23% Medulloblastoma 20%
Malignant gliomas 6% Astrocytoma 15%
Craniopharyngioma 6% Brain stem glioma 10%
Embryonal tumors (PNET 4% Ependymoma 6%
 and others)
Pineal region/intracranial 4%
 germ cell tumors
Ependymoma 3%
Other 4%

Note: PNET, primitive neuroectodermal tumor.
Adapted from Kline and Sevier [4] and from Halperin E, Constine L, Tarbell N, Kun L. 
Pediatric Radiation Oncology. New York: Lippincott, Williams & Wilkins, 1999;38.

FIGURE 4.1. Typical appearance of magnetic resonance imaging scans of a patient with diffuse brain stem glioma. (A,B) T1-weighted axial and sagittal images without contrast. 
(C) Axial fluid-attenuated inversion recovery (FLAIR) image (Data from Broniscer and Gajjar [13].)
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patients long-term survival advantage [3]. Postoperative mutism is 
not an uncommon complication of posterior fossa resections in 
children [3,32]. In one large series, 8.5% of infratentorial tumor 
resections resulted in postoperative mutism. In each case, the 
tumor (medulloblastomas, N = 7; astrocytomas, N = 3; and epen-
dymomas, N = 2) involved the vermis. The incidence among chil-
dren with vermian neoplasms was 13% [32]. Other postoperative 
complications may include ataxia, hemiparesis, hydroce-
phalus, hematoma, aseptic meningitis, gastrointestinal hemor-
rhage, cervical instability, and sixth cranial nerve palsy [3,31]. 
Surgery is followed by adjuvant radiation, and, perhaps, chemo-
therapy based on the patient’s risk stratifi cation [3].

Long-term prognosis has improved dramatically in the recent 
past, with 5-year survival rates between 50% and 80% now being 
reported [25,33–36]. Absence of metastatic disease and gross total 
surgical resection are associated with a better prognosis [25,27,35]. 
Patients with metastatic disease at diagnosis have worse outcomes 
[36,37]. Recurrence is common and is also associated with a poor 
prognosis [25].

Ependymomas

Ependymomas are the third most common pediatric brain tumor, 
accounting for 6%–15% of brain tumors in children [3,38–40]. 
They tend to occur in younger children with a mean age at 
presentation of approximately 3 years and reported median ages 
ranging from 4 to 6 years [38–40]. Although ependymomas 
may occur anywhere in the central nervous system, approximately 
two thirds of intracranial ependymomas are localized to the 
posterior fossa. Localization to the posterior fossa is, in fact, 
more common in children less than 3 years of age [3,38]. A supra-
tentorial location accounts for the remaining one third of intracra-
nial ependymomas and is more common in children over 3 years 
of age [38].

Posterior fossa ependymomas frequently present with symptoms 
related to obstructive hydrocephalus secondary to compression of 
the fourth ventricle, including headache, nausea, and vomiting 
[3,38]. Tumor compression of posterior fossa structures may also 
result in ataxia, hemiparesis, neck pain, torticollis, nuchal rigidity, 
visual disturbances including nystagmus, papilledema, and cranial 
nerve palsies [38]. The duration of symptoms is usually less than 6 
months at diagnosis [38]. In contrast, supratentorial tumors tend 
to present with signs and symptoms related to ventricular compres-
sion and midline shift, including headache, nausea, vomiting, leth-
argy, papilledema, and cognitive decline or behavioral changes 
[38]. These tumors are usually well demarcated and distinct from 
adjacent areas of unaffected brain [3]. The degree of surgical resec-
tion appears to be a critical prognostic variable [3,38–45]. A gross 
total resection is associated with a substantially greater 5-year pro-
gression-free survival compared with a subtotal resection [3,38–
45]. Younger age (≤3–5 years), metastatic disease, and higher 
histologic grade are associated with worse outcomes [38–49].

Craniopharyngiomas

Craniopharyngiomas are the most common tumor to affect the 
hypothalamic-pituitary region in children and account for approx-
imately 6%–10% of all childhood intracranial tumors [4,50,51]. 
Craniopharyngiomas are thought to arise from epithelial cell rem-
nants of Rathke’s pouch at the junction of the infundibular stalk 
and the pituitary gland, although one case report documents de 

novo tumor occurrence in a 55-year-old woman [52]. The 
vast majority of these tumors have a cystic component, with less 
than 20% being totally solid [53]. Although the histology is benign 
and the overall survival rate is high, these tumors are associated 
with signifi cant morbidity because of their proximity to the 
optic nerves and the hypothalamus [50,53]. The median age of 
presentation is 8 years, and presenting symptoms are usually 
related to the location of the tumor, including visual disturbances, 
headache, nausea, and vomiting [53,54]. Endocrine abnormalities 
and intellectual dysfunction are also common at presentation 
[53,54]. The median duration of symptoms has been reported to be 
8 months, with a range of 1 week to 4 years, the wide range refl ect-
ing the nonspecifi c nature of the symptoms [54]. Neuroimaging is 
useful in determining the size, exact location, presence of calcifi ca-
tion, and the cystic nature of the tumor as well as detecting the 
presence of hydrocephalus (seen in as many as 23% of patients) 
[53,54].

The optimal management of craniopharyngioma in children 
remains controversial because of the attempt to balance the risks 
of a slowly progressive disease with the potential for high morbidity 
associated with treatment [53–56]. Some combination of surgical 
resection with radiation remains the mainstay of therapy. Diabetes 
insipidus is a common complication in the immediate postopera-
tive period, and the pediatric critical care provider should be pre-
pared for this complication [54,57]. In a report of 46 surgical 
resections for craniopharyngioma, diabetes insipidus was observed 
preoperatively in 14 cases, intraoperatively in fi ve others, and post-
operatively within 18 hr of surgery in 25 of the 27 remaining cases 
[57]. Long-term replacement of other hormones is almost always 
required.

Perioperative Care of Brain Tumors

The pediatric intensivist plays a key role in the perioperative care 
of children with brain tumors. For example, these children often 
present with increased ICP and require emergent attention. The 
initial management may include controlling the airway in a neuro-
protective manner, facilitating transport to the imaging center, and 
consulting with the neurosurgeon in a timely fashion. Increased 
ICP is often secondary to obstructive hydrocephalus requiring 
emergent placement of an external ventricular drain [3]. Shemie et 
al. have described a series of seven children who had sudden, unex-
pected death associated with acute hydrocephalus from a previ-
ously undiagnosed intracranial tumor, highlighting the need for a 
high index of suspicion and prompt intervention [58]. In addition 
to standard management of intracranial hypertension (see Chapter 
5), intracranial tumors are often associated with local vasogenic 
edema and may benefi t from administration of corticosteroids. 
Corticosteroids have been used for brain tumors since the 1960s, 
and a remarkable decline in perioperative mortality rates coincided 
with their implementation [59–61]. Several mechanisms for the 
observed corticosteroid-induced reduction in edema in this setting 
have been suggested, including reduced expression of the edema-
producing factor vascular endothelial growth factor (VEGF) 
[59,62,63]. The edema-reducing effect of corticosteroids is rapid, 
with decreased capillary permeability being noted 1 hr after a 
single dose in an animal model [64]. In addition to decreasing 
edema around the tumor, corticosteroids have also been demon-
strated to decrease the tumor volume itself [65,66]. According to 
the neurosurgical literature, dexamethasone appears to be the most 
commonly used corticosteroid.
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In addition to emergent preoperative management, postopera-
tive care may be critical for these patients. Intensive care monitor-
ing has been recommended for ≥12–24 hours to detect serious 
postoperative complications and facilitate rapid intervention, as 
well as to optimize the reestablishment of systemic and neurologic 
homeostasis [67]. Immediately upon admission to the PICU, a base-
line neurologic assessment of the patient must be made so that 
any subsequent, subtle deterioration may be identifi ed promptly. A 
clinical deterioration from baseline is an indication for emergent 
CT imaging. Early postoperative complications that may result in 
a prolonged PICU course include cerebrospinal fl uid leaks, diabetes 
insipidus, lower cranial nerve palsies, pneumocephalus, intracra-
nial hemorrhage, and signifi cant postoperative edema [68]. For 
example, in a study of 105 pediatric posterior fossa tumor resec-
tions between 1982 and 1992, one third of the patients were 
found to have an intra- or postoperative complication including 
hydrocephalus requiring shunt placement (N = 9), pseudomenin-
gocele formation requiring additional treatment (N = 5), wound 
problems (N = 4), hematoma requiring craniotomy (N = 3), and 
gastrointestinal hemorrhage (N = 2) [69]. The association of 
gastrointestinal hemorrhage with intracranial pathology and 
posterior fossa resections has been long established [69–71]. Ross 
et al. described three children with posterior fossa tumors who 
developed massive exsanguinating upper gastrointestinal 
hemorrhage within 7 days of their primary neurosurgical proce-
dure and recommended stress ulcer prophylaxis for this patient 
population [71].

The monitoring of other parameters such as blood pressure, 
cerebral perfusion pressure, fl uid balance, serum sodium concen-
tration (monitoring for central diabetes insipidus or cerebral salt 
wasting syndrome), and coagulation studies may be important in 
the postoperative care of these patients. The use of an arterial 
catheter may assist in blood pressure management. Although it is 
vital that an adequate cerebral perfusion pressure is maintained, it 
is also important to avoid potentially harmful hypertension. Con-
sistent communication with the neurosurgeon and oncologist will 
facilitate care. Postoperative imaging, which may provide impor-
tant prognostic and therapeutic information, is best performed 
within 24–48 hr of surgery to avoid the effect of normal postopera-
tive changes that may be mistaken for residual disease and thus is 
often the responsibility of the critical care team [4,14].

Malignant Spinal Cord Compression

Acute spinal cord dysfunction is a neurologic emergency and, in a 
pediatric patient with cancer, is most likely secondary to metastatic 
cord compression [72]. Acute metastatic spinal cord compression 
occurs in approximately 3% of all children with cancer [72,73] and 
in 5% of those with solid tumors [74]. The most common tumors 
associated with malignant spinal cord compression in children 
include sarcomas, neuroblastomas, and leukemias/lymphomas 
[72–76]. Depending on the series, 8%–12% of patients with sarcoma, 
7%–8% of patients with neuroblastoma, and 2%–4% of patients 
with lymphoma will develop spinal cord disease [72,74]. In one 
large series, 18% of children with Ewing sarcoma developed this 
complication [74].

Although often believed to be an end-stage problem, particularly 
in adults, as many as 33% of cases in children occur at presentation 
of their malignant disease with an additional proportion occurring 
at the time of relapse [72,76]. Moreover, children differ from adults 

in both the cause and mechanism of their spinal cord compression 
[72,75,76]. The mechanism of compression in the child is more 
often direct spread from a paravertebral tumor through the verte-
bral foramen that impinges on the spinal cord directly, without 
signifi cant bony involvement. The mass compressing the lesion is 
lateral, and spinal stability is usually not a factor [76]. This is in 
contrast to spinal cord compression in the adult, where metastasis 
more often invades the epidural space from a metastatic lesion in 
a vertebral body. This difference, and differences in tumor type 
(lung carcinoma, breast carcinoma, and prostate carcinomas being 
the most common causes in adults), suggest a need for a different 
approach to therapy for children [76]. In light of this, one report 
suggested that conclusions derived from the adult experience have 
led to recommendations that are inappropriate for children [74]. 
Moreover, there are data suggesting that children are more likely 
to have better outcomes than adults [74].

Pain is the most common symptom of malignant spinal cord 
compression and may be the only symptom at presentation 
[72,75,76]. Spinal tenderness and weakness are also common clini-
cal fi ndings [72,75,76]. The weakness occurs predominantly in the 
lower extremities, refl ecting the most likely locations of the lesions; 
6% cervical, 59% thoracic, and 35% sacral [72,75,76]. Loss of 
sphincter control and bowel/bladder dysfunction occur in approxi-
mately 50% of patients at presentation [72,76]. Sensory defi cits are 
often the least useful clinical fi nding, as patients are frequently 
unaware of this fi nding and these defi cits are diffi cult to ascertain 
in younger children [72,75–77].

The diagnosis of malignant spinal cord compression should be 
considered for any child with cancer (particularly those tumor 
types at highest risk, e.g., sarcomas) who presents with back pain, 
weakness, or sphincter disturbances. However, although metastatic 
spinal cord compression is the most likely cause of spinal cord 
dysfunction in children with cancer, accounting for 88% of the 
cases in one series, other conditions must be considered in the dif-
ferential [72]. Infection or radiation-induced transverse myelitis, 
spinal cord stroke, intradural/extradural hematoma, or extradural 
abscess may all present with similar symptoms in this patient pop-
ulation. Cases may be misdiagnosed as Guillain-Barré syndrome, 
sciatica, myopathy, plexopathy, or hip pain from bony metastasis. 
Magnetic resonance imaging is the diagnostic test of choice because 
it is noninvasive, provides high soft tissue resolution, can image 
several planes, and allows for reconstructed images (Figure 4.2) 
[75]. Although plain radiographs and myelography are falling out 
of favor, computed tomography imaging is still useful for implanta-
tion and instrumentation that may accompany surgery and dose 
planning for radiotherapy.

Treatment requires timely recognition and prompt intervention. 
The initial therapy for any child suspected of having malignant 
spinal cord compression is intravenous dexamethasone [72,75,77]. 
Two large pediatric studies have retrospectively attempted to assess 
the impact of surgery with chemoradiotherapy to chemoradiother-
apy alone [74,76]. Emergent radiotherapy may be useful; however, 
close proximity to the spinal cord limits the dose that may be 
administered, and tumor type infl uences radiosensitivity [74,75]. 
Surgery is indicated when neurologic dysfunction and an epidural 
mass are discovered in a child without a preexisting diagnosis 
[72,75]. Surgery may also be indicated if neurologic function dete-
riorates during radiation therapy [72]. Two large studies have ret-
rospectively assessed the role of surgical intervention in treating 
malignant spinal cord compression [74,76]. In a series of 33 chil-
dren, Raffel et al. reported that a decompressive laminectomy 
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resulted in better neurologic outcomes, in terms of both motor 
function and sphincter control, than radiation therapy alone [76]. 
In that series, all patients who were ambulatory before surgery 
remained so, and 5 of 13 patients who were not became ambulatory 
after surgical intervention. Nine of 13 patients who were inconti-
nent regained bladder control, and 10 of 13 regained normal bowel 
function. Similar results were not observed in the children who 
received radiation alone. The authors of this study also reported 
immediate improvement in back pain, reported no surgical mortal-
ity or morbidity (although fusions were required in two patients), 
and recommended that radiation therapy and chemotherapy follow 
the surgery [76].

In another report of 112 children with malignant spinal cord 
compression, Klein et al. recommended decompressive laminec-
tomy for children with sarcomas (except for osteogenic sarcoma 
where it tends to be a late diagnosis and treatment may not be 
offered), but not for children with small cell tumors unless there 
was rapid neurologic deterioration or complete loss of motor func-
tion [74]. In that study, sarcoma patients treated surgically (N = 31) 
had a better improvement in neurologic status post-treatment than 
those only medically treated (N = 21) despite no difference in pre-
treatment neurologic status. Among the 40 patients with small cell 
tumors (neuroblastoma, germ cell tumors, Hodgkin lymphoma), 
there was no difference in outcome independent of treatment 
modality. However, independent of tumor type, among the 31 
patients with a complete motor and sensory level, there was a sig-
nifi cant difference in post-treatment neurologic status between 
those treated with a decompressive laminectomy plus medical 
management (N = 18) and those treated with medical management 

alone (N = 13) [74]. In fact, 50% of those treated with a laminectomy 
became ambulatory after the procedure. Because laminectomy and 
spinal radiation in children may ultimately result in anterior sub-
luxation, scoliosis, and kyphosis, it appears best to use these thera-
pies for those who will benefi t most and to avoid these treatments 
and their complications whenever possible [74].

The prognosis of malignant spinal cord compression is most 
related to the degree of disability at diagnosis, which is associated 
with the duration of symptoms and the time to diagnosis, empha-
sizing the need for early detection and intervention [72,75,78]. In 
one small series, 80% of children who were paraplegic for <24 hr 
regained function compared with only 43% of those who were 
paraplegic for >24 hr [72]. Early and aggressive intervention can 
lead to improved neurologic outcomes. Available data suggest that, 
with appropriate and timely intervention, a majority of children 
who have loss of bowel or bladder function or who are unable to 
ambulate will regain these abilities [72,74,76]. Even in cases of a 
complete motor and sensory level, as many as 50% of children will 
regain the ability to ambulate, further underscoring the need for 
aggressive therapy [74].
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cranial hypertension contributing to brain pathology following 
injury. He offered a more precise formula for the Monro-Kelli doc-
trine that indicated that, with an intact skull, the sum of the volume 
of the brain with the CSF and intracranial blood is constant. There-
fore, an increase in one should cause a reduction in one or both of 
the remaining two [3].

Cerebral spinal fl uid production and subsequent absorption is, 
like cerebral blood fl ow, quite dynamic. The choroid plexus 
accounts for at least 70% of the brain’s production of CSF, and the 
transependymal movement of fl uid from the brain parenchyma to 
the ventricular system accounts for the rest. The average volume of 
CSF in children 4–13 years of age is 90 mL, and the rate of formation 
is approximately 500 mL per day, resulting in an hourly turnover 
of about 14% of the total volume. The rate of production remains 
fairly constant and declines only slightly with increased ICP, but 
the rate of absorption increases linearly as the pressure exceeds 
approximately 15 mm Hg to approximately 40 mm Hg to where the 
rate of absorption is triple the rate of production [5].

Cerebral Blood Flow

The morbidity associated with increasing ICP largely centers on its 
effects on cerebral blood fl ow. Clinically, it is diffi cult to accurately 
gauge changing cerebral hemodynamics, so most attention is cen-
tered on cerebral blood fl ow and its surrogate, cerebral perfusion 
pressure (CPP). The CPP is simply the ICP subtracted from the 
mean arterial blood pressure (MAP).

CPP = MAP − ICP or CPP = MAP − CVP

Unfortunately, the optimal CPP in children is extrapolated from 
adult guidelines that have been subject to considerable change. 
Cerebral autoregulation refers to a unique property of the brain’s 
vasculature that enables it to maintain constant perfusion despite 
fl uctuating blood pressure (Figure 5.1) [6]. This constant perfusion 
comes at the expense of variable blood volume, and therefore the 
perfusion state of the brain is intimately linked to ICP. Cerebral 
autoregulation in mammals was fi rst established in the 1930s by 
Mogens Fog who created a window in the skulls of cats to directly 
observe vessel changes in response to various stimuli [7]. What he 
and subsequently others described in other species, including 
humans, was the ability of cerebral vessels to dilate in response to 
lower systemic blood pressure and to constrict in response to 
higher pressures, thereby maintaining constant blood fl ow to the 
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Historical Perspective

The fact that increases in intracranial pressure (ICP) often result 
in signifi cant mortality if left untreated has been recognized for 
centuries. Alexander Monro (1733–1817), a Scottish anatomist, 
published a paper in 1783 describing certain aspects of brain 
anatomy that also incorporated principles of physics [1]. He 
described the brain as being enclosed in nonexpandable bone and 
that the brain itself is essentially incompressible. Therefore, there 
must be balanced infl ow and outfl ow of blood within the brain to 
keep the volume constant. A pupil of Monro, George Kelli, studied 
the venous blood in animals and humans who had died from 
various causes and noted that the blood volume in the brain 
remains constant even in deaths caused by hanging where venous 
drainage from the head and neck is severely impaired [2]. Thus, 
these observations serve as the basis for the often-quoted Monro-
Kelli doctrine (or hypothesis). Interestingly, neither scientist 
acknowledged the existence of cerebrospinal fl uid (CSF). Dating 
back to Galen’s writings in the second century is the notion that the 
cerebral ventricles were fi lled with spiritus animalus. It was Fran-
çois Magendie, a French physiologist in the 19th century, who con-
vinced his colleagues that the cerebral ventricles were actually 
fi lled with fl uid by tapping the cisterna magna in animals and per-
forming rudimentary analysis of CSF [3].

Pathophysiology of the Intracranial Vault

Cerebrospinal Fluid

The clinical consequences of raised ICP based on the Monro-Kelli 
doctrine were fi rst widely recognized by Cushing in 1926 [4]. He 
incorporated the existence of CSF as a vital component of intra-
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brain [8]. In normal adults, therefore, cerebral blood fl ow remains 
constant at a CPP above 40 mm Hg, but, below this threshold, isch-
emia occurs as autoregulation cannot compensate for further 
decreases in systemic pressure. In children who normally have 
lower mean arterial blood pressure or those who have hyperten-
sion, these cerebral threshold values are altered.

In the setting of brain injury, autoregulation becomes disrupted 
and ischemia may occur at CPPs greater than 40 mm Hg [9]. If 
autoregulation becomes completely disrupted, it is unclear what 
the optimal CPP then becomes, although it is clearly greater than 
40 mm Hg, and currently adult guidelines place it at 60 mm Hg [10]. 
For children, it becomes less clear. Cerebral autoregulation is dis-
rupted in response to many forms of brain injury, and the optimal 
CPP becomes an age-dependent phenomenon with secondary isch-
emia likely occurring at a higher CPP with advancing age until 
normal systemic blood pressures matches that of adults.

Herniation Syndromes

When intracranial hypertension exceeds the limited ability of the 
brain to compensate, the structural rigidity of the intracranial vault 
in noninfants plays a critical role in directing outcome following 
various brain insults. The brain itself is divided into anterior, middle, 
and posterior fossae. The anterior and middle fossae are separated 
from the posterior fossa by the tentorium cerebelli, an infl exible 
fi brous dural lamina that contains the tentorial notch, the opening 
through which pass the brainstem, the posterior cerebral artery and 
the third cranial nerve and where communication between the ante-
rior and posterior fossa occurs (Figure 5.2) [11]. When intracranial 
pressure rises due to a variety of causes, herniation typically occurs 
through the tentorial notch by downward displacement of middle 
fossa contents into the posterior fossa. Critical structures that are 
compromised by this downward displacement include the oculomo-
tor nerve (the third cranial nerve) and the posterior cerebral arteries. 
The parasympathetic components that control pupillary constric-
tion are the most vulnerable part of the oculomotor nerve when 
increased pressure causes nerve impingement; thus, ipsilateral pap-
illary dilatation is a precursor to herniation.

Herniation syndromes include unilateral (or uncal) transtento-
rial herniation in the case of unilateral mass-occupying lesions 
whereby the ipsilateral temporal lobe displaces the uncus or hip-
pocampus on that side through the tentorial notch. This is typically 
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accompanied by an increase in blood pressure, a decrease in heart 
rate, and a unilateral fi xed and dilated pupil. Central transtentorial 
herniation is associated with generalized cerebral edema whereby 
both hemispheres are displaced downward and both the dienceph-
alons and the midbrain are pushed caudad through the tentorial 
notch and results in rapidly evolving coma, pupil constriction, and 
then dilatation followed by death [5,11].

Cerebral Edema

Cerebral edema itself is caused by a variety of factors that have com-
monly been divided into vasogenic, cytotoxic, and interstitial edema. 
Vasogenic edema is caused by increased capillary permeability and 
disruption of the blood–brain barrier (BBB) following injury. It is 
seen with brain tumors, abscesses, hemorrhage, and trauma. Cyto-
toxic edema results from the swelling of neurons, glia, and endothe-
lial cells and is caused by hypoxic–ischemic insults, infection, and 
trauma. Although this classifi cation system is useful in understand-
ing individual disease processes, it is likely that elements of cytotoxic 
and vasogenic edema take place in all disease states.

Interstitial edema occurs when the usual fl ow of transependymal 
fl uid into the ventricular system is altered or impeded [5]. This 
occurs either when CSF absorption is blocked or when production 
is increased beyond the brain’s ability to reabsorb it. Much of the 
pathology associated with the development of cerebral edema 
centers on the BBB. The BBB is a diffusion barrier unique to the 
brain and required for its proper functioning. The endothelial cells 
within the brain are a critical component of the BBB and differ from 
endothelial cells in other organs by their lack of fenestrations and 
more extensive tight junctions. In addition to endothelial cells, the 
BBB is composed of the capillary basement membrane, pericytes 

embedded within the basement membrane, and astrocytic end-feet 
that ensheath the blood vessels (Figure 5.3) [12].

The aquaporins are a family of water channels that regulate 
water permeability across microvessels. In the brain, aquaporin-4 
is the most abundantly expressed member of this family and is 
found primarily on the astrocytic foot processes that contribute to 
the BBB (13). In mice defi cient for aquaporin-4, cytotoxic edema 
caused by simulated stroke or water intoxication is diminished, 
whereas vasogenic edema caused by parenchymal water infusion 
or a freeze injury worsens outcome and causes increased pressure 
[13]. Thus, it appears that aquaporin-4–mediated transcellular 
water movement is critical for the development of a mouse model 
of cytotoxic edema and is also needed for the resolution of experi-
mental models of vasogenic edema.

Evaluation and Monitoring of the Patient with 
Intracranial Hypertension

The clinical features of raised ICP vary with age in the pediatric pop-
ulation. Newborns and infants with open fontanelles can partially 
vent increased ICP by expanding the volume of the skull. The rate of 
change of ICP is a primary determinant in its clinical presentation. 
Slow changes are tolerated relatively well, particularly in children 
whose sutures can reopen in response to increases in volume. Sudden 
changes are intolerable, and children with a rapid rise in ICP present 
with headache, confusion, and decreasing consciousness.

The Glasgow Coma Scale (GCS) is the best known and most 
validated of all neurologic assessment scales in trauma. It was 
developed to quantify the level of arousal states following head 
trauma. It can be used to predict children at highest risk for sig-
nifi cant intracranial hypertension. It is divided into three areas: 
eye opening, verbal response, and motor response. Of these the 
motor component is the most reliable and the strongest predictor 
of outcome [14]. The original GCS was adopted for adults but has 
been modifi ed for use with young children and infants (Table 5.1) 
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FIGURE 5.3. Cross-sectional schematic of the blood–brain barrier. This transverse section 
demonstrates the tight junctions of the endothelium (boxed area) and their close proxim-
ity to ensheathing pericytes and basement membrane. Astrocytic foot processes that 
express the water channel aquaporin-4 regulate water flow into the brain.

TABLE 5.1. Glasgow Coma Scale and modified Glasgow Coma Scale for infants 
and children.

Best response Adults and children Infants Score

Eye Spontaneous Spontaneous 4
 To verbal stimuli To verbal stimuli 3
 To pain only To pain only 2
 No response No response 1
Verbal Oriented, appropriate Coos and babbles 5
 Confused Irritable cries 4
 Inappropriate words Cries to pain 3
 Incomprehensible sounds Moans to pain 2
 No response No response 1
Motor Obeys commands Moves spontaneously and 6
   purposefully
 Localizes pain Withdraws to touch 5
 Withdrawal from pain Withdraws to pain 4
 Flexion to pain Abnormal flexion in response 3
   to pain (decorticate)
 Extension to pain Abnormal extension in  2
   response to pain 
   (decerebrate)
 No response No response 1

Note: Total score is 3 to 15.
Source: Data are from Chameides and Hazinski [15] and Teasdale and Jennett [16].
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[15,16]. Glasgow Coma Scale scores range from 3 to 15, where a score 
of 13–15 represents mild injury, 9–12 is moderate injury, and 3–8 
is severe injury. There is obviously overlap in the true degree of 
injury based on other clinical and radiologic fi ndings as well as the 
rate of improvement or deterioration in the GCS. Similarly, GCS at 
the time of admission is more predictive of outcome than GCS in 
the fi eld [14].

The neurologic evaluation of the patient with a severe rise in ICP 
depends greatly on a properly performed assessment. Often the 
etiology of the altered patient is not due to intracranial hyperten-
sion alone but can also be secondary to hypoxia, ingestions, tumors, 
and metabolic factors that can all present in the setting of trauma 
or other etiologies that result in altered consciousness. Evaluation 
of coma status is self-explanatory for the eye and verbal portions 
of the GCS, but the motor component is the most diffi cult to prop-
erly evaluate. If a painful stimulus is administered, it should be 
done along the cutaneous distribution of a cranial nerve and not 
on the limbs or torso where it may elicit spinal refl exes that can 
mimic a central response. The Cushing refl ex occurs when brain 
stem ischemia results in systemic hypertension and reactive brady-
cardia. It is still unclear whether this refl ex is a normal regulator 
of blood pressure when the brain is at rest and baroreceptor affer-
ents are not activated, or it only occurs in response to pathologic 
ischemia of the brainstem [17]. In any event, it clinically represents 
an attempt during periods of brain compromise to overcome cere-
bral hypoperfusion by supraphysiologic increases in systemic 
blood pressure.

Computed tomography (CT) remains the primary radiologic 
method for evaluating the presence of intracranial hypertension, 
particularly in the setting of trauma where speed of diagnosing 
intracranial pathology is particularly important. In addition, CT 
scans of the head are also quite sensitive in detecting extrabrain 
pathology involving the skull and soft tissues. Computed tomogra-
phy scans with intravenous contrast are usually not needed and 
may in fact obscure acute pathology. Drawbacks to CT include its 
inferior resolution compared with magnetic resonance imaging 
(MRI), missed pathology such as small bleeds because of inappro-
priate window level and width, and diffi culty identifying some low-
density acute hemorrhages in the setting of severe anemia [18].

All children in the intensive care unit with suspected intracra-
nial hypertension should undergo a CT scan primarily for identifi -
cation of potentially reversible etiologies. It is less clear in the 
emergency department setting which clinical criteria best predict 
which patients might benefi t from a CT scan. Diffuse brain swelling 
that leads to intracranial hypertension can be caused by many eti-
ologies and is manifest on CT by obliteration of cerebral sulci and 
basal cisterns, effacement of the gray matter–white matter inter-
face, and small ventricles. Other lesions more commonly associated 
with trauma are intracranial bleeds and fl uid collections. A com-
monly used clinical rating scale was published by Marshall et al. 
that categorizes acute CT abnormalities in head injury from diffuse 
injury I (no visible intracranial pathology) to IV (greater than 5 mm 
midline shift and presence of nonspecifi c edema) [19].

If CT fi ndings are not consistent with the clinical course, then 
MRI should be performed. Magnetic resonance imaging and CT 
appear to have equivalent sensitivities for detecting hemorrhagic 
lesions, but MRI is much more sensitive in detecting nonhemor-
rhagic and brain stem lesions in the setting of trauma [18]. In the 
setting of traumatic brain injury, intracranial hypertension often 
manifests along with diffuse axonal injury. Diffuse axonal injury 
can occur in either white matter or subcortical gray matter and is 

one of the most common fi ndings that correlate with poor clinical 
outcome. In practice, diffuse axonal injury is actually many small 
shearing injuries at the gray matter–white matter interface, and 
MRI is much better than CT at their detection. Magnetic resonance 
imaging is also superior at detecting extraaxial fl uid collections, 
and, unlike CT, it is able to distinguish subdural blood from sub-
dural hygromas (pathologic collections of CSF). Other causes of 
increased ICP that are secondary to trauma or hypoxia such as 
vascular lesions and venous sinus clots are also much easier to 
detect with MRI.

As discussed earlier, much of the long-term sequelae associated 
with intracranial hypertension are attributed to impaired cerebral 
blood fl ow. In the absence of overt herniation, brain injury and 
intracranial hypertension affect how the metabolic demands of the 
brain are met. The most widespread surrogate of brain metabolic 
demands are measured by quantifying both global and regional 
cerebral blood fl ows. There are now many modalities to detect 
impaired cerebral blood fl ow in the setting of raised ICP, although 
none has gained uniform acceptance clinically, and each has sig-
nifi cant drawbacks.

Imaging methods to detect cerebral blood fl ow have signifi cant 
advantages because they can detect both global and regional dis-
ruptions in blood fl ow. Magnetic resonance imaging can be used to 
determine cerebral blood fl ow (CBF) (perfusion MRI) but has not 
gained acceptance within the intensive care unit setting because of 
the long time for each examination and the need for invasive moni-
toring equipment to be in the presence of high-powered magnetic 
fi elds. Xenon-CT is more widely used and is considered accurate 
and reliable, although it is limited by the fact that xenon produces 
anesthesia at high doses, and at the low doses that are used there 
is a relatively low signal-to-noise ratio. Single photon emission 
tomography (SPECT) allows qualitative determinations of cerebral 
perfusion and is much easier to use and less expensive than posi-
tron emission tomography, although it has not been useful at pro-
viding quantitative measurements of cerebral blood fl ow. Positron 
emission tomography is considered the gold standard for deter-
mining CBF. Using 15O-labeled water, a real-time global indicator 
of cerebral blood fl ow can be obtained quickly. Its disadvantages 
include its relatively low spatial resolution, high cost, lack of avail-
ability, and, particularly for young children, exposure to ionizing 
radiation [20].

There are also numerous nonimaging modalities to detect both 
global and regional impairments of cerebral blood fl ow. In 1945, 
Kety and Schmidt published the fi rst quantitative method to detect 
cerebral blood fl ow using N2O as an inert tracer gas and Fick’s 
principle to calculate cerebral blood fl ow from the arteriovenous 
difference [21]. A modifi ed version with argon25 is still used today, 
although it is quite labor intensive and not widely practiced [20]. 
Another version of the Kety-Schmidt technique is to use 133xenon 
by either injection or inhalation and then calculate by measuring 
its washout. This method is also not practical and gives fairly 
limited information based on its ability to measure mainly cortical 
blood fl ow. There are also several techniques available that are 
more commonly used in the intensive care unit setting, although 
they are nonquantitative. Jugular bulb oximetry gives global data 
concerning the adequacy of cerebral blood fl ow in relation to meta-
bolic demand. It has been widely studied, and correlations are 
found between the number of desaturations and clinical outcome, 
although it has not proved useful in managing patients with 
impaired cerebral blood fl ow [20]. Transcranial Doppler is easy to 
use and noninvasive but measures blood fl ow velocity and may not 
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give a true indication of cerebral blood fl ow. Near-infrared spec-
troscopy (NIRS) measures the average cerebral saturation in an 
area that cannot be clearly defi ned. It is controversial because of 
the large number of contradictory results that have appeared in the 
literature, although it appears to be promising because it is nonin-
vasive, it monitors continuously, and it is relatively inexpensive.

Brain tissue PO2 monitoring using an invasive probe that can be 
inserted through existing pressure monitors appears to give rela-
tively reliable data regarding regional oxygen saturations at the end 
capillary level. In the injury setting, however, the difference 
between tissue saturation and end capillary saturations does not 
correlate as well [20]. Microdialysis is a promising technology used 
to monitor tissue biochemistry, although it has not been shown to 
be useful in measuring cerebral blood fl ow [22]. It is still unclear 
what to do with data suggesting impairment of cerebral blood fl ow. 
Meaningful interventions directed at optimizing brain perfusion 
and meeting changing metabolic demands in the injured brain 
necessitates that uniform and accurate standards are validated 
before such interventions can be reliably assessed.

Treatment of Intracranial Hypertension

The purpose of treating intracranial hypertension is to avoid 
further brain injury caused by elevated ICP. Injury can be from 
focal or global brain ischemia caused by decreased blood fl ow. The 
ultimate and most severe form of ischemia takes place during a 
herniation event that causes compression of the arterial supply to 
the brain. The following sections outline a variety of therapies 
aimed at lowering the ICP. These therapies are listed in Table 5.2, 
and each is reviewed in this section. The therapies listed are effec-
tive in lowering ICP by a variety of mechanisms. There are limited 
therapies, however, that are proven to be benefi cial when studied 
long term, and there are fewer yet that have data supporting 
improved outcomes in children. Use of these therapies for many 
disease processes are often extrapolated from the trauma litera-
ture, sometimes with little scientifi c support. The sections that 
follow describe pertinent data as they relate to disease-specifi c 
therapy. Table 5.3 summarizes the evidence that serves as the basis 
for published guidelines.

There is more known about intracranial hypertension resulting 
from traumatic brain injury than perhaps all the other causes of 
intracranial hypertension combined. There have been excellent 
reviews of the current literature and publication of scientifi c state-
ments for the management of traumatic brain injury in both adults 
and children (Figure 5.4) [10,23]. In addition to reviewing the 
current state of knowledge about traumatic head injury, these 
reviews offer a critical pathway for the management of intracranial 
hypertension in traumatic brain injury. There are a number of 
causes of Intracranial hypertension in patients with traumatic 
brain injury: space-occupying lesions from extraaxial bleeding, 
hydrocephalus from edema or mass lesions around the third or 
fourth ventricles, vasogenic edema from direct brain injury, altera-
tion in the intracranial vault from a depressed skull fracture, and 
cytotoxic brain edema from ischemia, which can occur as a primary 
or secondary mode of injury.

Traumatic brain injury–induced intracranial hypertension is 
defi ned as an ICP of greater than 20 mm Hg. This threshold is based 
on fi ve studies assigned as class III data from adults, and the pedi-
atric guidelines state that it is optional to treat ICP greater than 
20 mm Hg. There are no prospective randomized studies that 

directly compare treatment threshold to outcomes. Although there 
may be a lower threshold for younger children or those with open 
sutures and fontanelle, there are no data that supports this. It 
should be noted, however, that brain ischemia and herniation can 
occur at pressures lower than 20 mm Hg, depending on the location 
of edema and the presence of mass lesions. Factors that are known 
to exacerbate cerebral edema should be avoided. These include 
hyperthermia, hypoxia, hypotension, and hypercarbia [23].

Sedation and neuromuscular blockade are often used to treat 
elevated ICP caused by increases in cerebral metabolism due to 

TABLE 5.2 Intracranial hypertension therapies.

Therapy Onset of action Proposed mechanisms of action

Avoiding ICH exacerbation Variable Various
Midline positioning
Reverse Trendelenburg
Seizure treatment
Avoiding hypoxia,
  hyperthermia, 
  hypotension,
  hypercapnia
Hyperventilation Seconds to  Decreased CBF
 Hypocapnia  minutes Decreased CBV
 Alkalosis
Osmotic agents Minutes Decreased cerebral water content
 Mannitol  Improved CBF
 Hypertonic Saline  Decreased CBV
 Glycerol
Barbiturates Minutes Decreased cerebral oxygen demand
    leading to decreased CBF/CBV
Sedation and Minutes Decreased metabolic demand and CBF
 Neuromuscular 
  blockade  
Hypothermia Hours Decreased cerebral oxygen 
    consumption and decreased CBF 
    and CBV
Corticosteroids Hours Restoring altered BBB permeability
  Reduction of CSF production
Acetazolamide Hours Reduction of CSF production
Surgical removal of mass Variable Decreased cerebral contents
  lesions
Decompressive craniotomy Variable Increasing volume of intracranial vault
Ventricular drain Variable Removal of CSF

BBB, blood–brain barrier; CBF, cerebral blood flow; CBV, cerebral blood volume; 
CSF, cerebrospinal fluid; ICH, intracerebral hemorrhage.

TABLE 5.3 Evidence requirements and certainty classification based on the pediatric and 
adult guidelines for severe traumatic brain injury.

Recommendation Degree of certainty Evidence required

Standard High degree of clinical Randomized controlled trials with
  certainty  outcome data
Guideline Moderate degree of clinical Weaker data from controlled trials
  certainty Prospectively collected data with
   retrospective analysis (case 
   control, cohort, etc.)
  Preponderance of retrospective 
   data
Option Unclear clinical certainty Retrospective reviews without 
   controls: case reports, case 
   series and expert opinion

Source: Data are from the Brain Trauma Foundation [10] and from Adelson et al. [23].
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noxious stimuli and pain [23,24]. There are several reports of mild 
increases in ICP with narcotic use and decreases in ICP with ket-
amine, diazepam, and propofol [25–28]. It should be noted, however, 
that ketamine has been considered contraindicated for patients 
with intracranial hypertension, and continuous propofol infusion 
is not recommended for pediatric patients. Although commonly 
used for patients with traumatic brain injury and intracranial 
hypertension, there are no studies with children that demonstrate 
an improvement in outcome from use of sedation or neuromuscu-
lar blockade.

Drainage of CSF via an external ventricular drain for reduction 
in total intracranial contents is an effective means of reducing ICP. 
In the pediatric guidelines, however, there is only enough scientifi c 
support to make CSF drainage an option; there is only one small 
retrospective pediatric study and some outcome data extrapolated 
from the adult guidelines [10,29]. In addition to CSF drainage 
through ventricular access, there has been some success with 
lumbar drains. Two case series of pediatric head injury from the 
same institution demonstrated signifi cant reduction in ICP 
with the institution of lumbar CSF drainage [30,31]. Although there 
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is theoretical concern of potentiating transtentorial or tonsillar 
herniation by using lumbar drains, this risk appears to be mini-
mized by selecting patients with open basilar cisterns and no mass 
lesions [32].

Hyperosmolar therapy with either mannitol or hypertonic saline 
has been a mainstay of treatment for elevated intracranial hyper-
tension for decades. Mannitol is an osmotic diuretic based on a 
six-carbon sugar that was fi rst used for decreasing elevated ICP by 
Wise and Chater in the 1950s [33]. Mannitol’s effect on intracranial 
hypertension is probably related to several different functional 
properties [34]. It has historically been thought to be clinically 
effi cacious because of its osmotic effects that promote movement 
of extravascular fl uid into the capillaries and then out of the intra-
cranial vault. This “brain dehydration” effect of mannitol may cer-
tainly be a factor in its ICP-lowering properties, although changes 
in cerebral blood fl ow and volume may be more important. Man-
nitol induces a rheologic effect on blood and blood fl ow by altering 
blood viscosity from changes in erythrocyte cell compliance 
[35,36]. There have been several studies on the effects of mannitol 
on cerebral blood fl ow, ICP, blood viscosity, and vessel diameter in 
both animals and humans. It appears from a subset of these studies 
that the decrease in ICP may be from cerebral vasoconstriction. 
This vasoconstriction does not occur in patients with defective 
autoregulation, and thus there was a less pronounced effect on 
lowering ICP [37,38].

Hypertonic saline solutions for the treatment of intracranial 
hypertension was fi rst described by Weed and McKibben in 1919 
and were the fi rst osmotic agents studied for this purpose [23]. Like 
mannitol, the mechanisms of action of hypertonic saline on intra-
cranial hypertension are probably multifactorial. Hypertonic 
saline not only acts to lower ICP but is also a volume expander 
acting to increase cardiac output and increase mean arterial blood 
pressure [39–41]. In addition to its effects on ICP and CPP, hyper-
tonic saline appears to have immunomodulatory and neurochemi-
cal effects [42]. Animal studies of hypertonic saline treatment in 
experimental (cryogenic) brain injury tend to show decreases 
in contralateral cortical water, decreased ICP, and increased CPP. 
In addition to pressure differences, animal studies have demon-
strated increased cerebral blood fl ow and oxygen delivery com-
pared with isotonic resuscitation fl uids [42]. Although the observed 
effects of hypertonic saline may be secondary to fl uid shifts that 
occur because of its osmotic effect, it is likely that there are addi-
tional effects similar to mannitol’s on cerebral blood fl ow and 
vessel diameter accounting for these fi ndings. Hypertonic saline 
does have the benefi t over mannitol of elimination of the rebound 
hypovolemia and possible hypotension seen with osmotic and non-
osmotic diuretics.

Initial reports on the use of hypertonic saline for traumatic brain 
injury were case reports and case series of patients who had failed 
conventional management strategies and had persistent intra-
cranial hypertension [43–45]. Since then there have been several 
prospective trials evaluating hypertonic saline in the treatment 
of intracranial hypertension. These studies have shown that the 
hypertonic saline group had lower ICPs and higher CPPs, required 
less interventions, demonstrated fewer complications, and had 
shorter intensive care unit stays [46,47]. The use of hypertonic 
saline to induce hypernatremia has also been evaluated to control 
intracranial hypertension. In children refractory to conventional 
ICP therapy, it appears that increased serum Na induced by hyper-
tonic saline may be benefi cial in managing intracranial hyperten-
sion [48,49]. Although mannitol is more accepted as an osmolar 

therapy for intracranial hypertension, there is more evidence sup-
porting the use of hypertonic saline in pediatric traumatic brain 
injury [23]. The pediatric guidelines have no standards for osmolar 
therapy but do offer the option of using either mannitol or hyper-
tonic saline, with suggested limits of an osmolarity of 320 mOsm/L 
for mannitol and 360 mOsm/L for hypertonic saline [23]. Although 
deemed effective by most investigators, future studies of osmolar 
therapy in intracranial hypertension need to better defi ne the 
optimal dosing, method of administration (continuous vs. bolus), 
and use of induced hypernatremia compared with other second and 
third tier therapies.

Hyperventilation had previously been a cornerstone of treatment 
of intracranial hypertension in traumatic brain injury based on 
Bruce’s data implicating hyperemia as the cause of intracranial 
hypertension in pediatric brain trauma [50]. More recent studies 
have challenged the idea that hyperventilation is benefi cial for 
traumatic brain injury and have conveyed concern over brain isch-
emia and decreased brain oxygenation caused by hypocapnia [23]. 
Hyperventilation leads to hypocapnia and CSF alkalosis, which 
results in vasoconstriction, decreased cerebral blood fl ow, decreased 
cerebral blood volume, decreased oxygen delivery, and cerebral 
ischemia [51]. Over time the extracellular fl uid pH normalizes by 
buffering mechanisms resulting in return of cerebral blood fl ow to 
normal levels. The return toward normocapnia in a buffered extra-
cellular cerebral fl uid can cause rebound intracranial hypertension 
and hyperperfusion [52,53]. Although hyperventilation does tran-
siently lower ICP, it does so at the expense of cerebral blood fl ow, 
and in patients with altered cerebral autoregulation it can cause 
regional mismatches in oxygen supply to metabolic demand. The 
pediatric guidelines for the use of hyperventilation to treat intra-
cranial hypertension offer only treatment options, noting insuffi -
cient data for guidelines or standards. The four options are that 
prophylactic hyperventilation should be avoided, mild hyperventi-
lation may be considered for refractory intracranial hypertension, 
aggressive hyperventilation (PaCO2 < 30) may be considered as a 
second tier option with monitoring for cerebral ischemia, and 
aggressive hyperventilation may be used in the setting of impend-
ing herniation. Although hyperventilation for control of intracra-
nial hypertension was once the standard of care, there is little 
evidence to support its use, and there is a growing body of evidence 
to suggest that it may be harmful. There is still not enough 
pediatric evidence to demonstrate a direct association between 
worse outcomes and hyperventilation. There may be a role for 
hyperventilation in the setting of acute neurologic deterioration 
because this is often the most rapidly applicable therapy for the 
herniating patient. In addition, there may be a role for hyperventi-
lation as a second tier therapy for refractory intracranial hyperten-
sion (Figure 5.5).

Barbiturates can be effective agents in lowering ICP in 
patients with intracranial hypertension. It is likely that barbitu-
rates act therapeutically by lowering cerebral oxygen consumption. 
Decreased oxygen demand will lead to decreased cerebral blood 
fl ow in those areas of the brain that can couple supply and demand, 
thus leading to a decrease in ICP [54]. In addition to their ICP-
lowering effects, barbiturates have been shown to have direct neu-
roprotective effects, including inhibition of free radical–mediated 
lipid peroxidation [23]. Use of high-dose barbiturates, however, has 
also been associated with systemic complications of myocardial 
depression and immune suppression. Thiopental and pentobarbi-
tal have both been described for control of intracranial hyperten-
sion, but presumably other barbiturates may be as effective. The 
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benefi t to adverse effect ratio decreases as the patients reach burst 
suppression on electroencephalography, and there is little more 
reduction in cerebral metabolism achieved with higher doses [55]. 
Although the adult traumatic head injury guidelines suggest bar-
biturate therapy to treat refractory intracranial hypertension, there 
is not as much support in the pediatric literature. A Cochrane 
review of barbiturates used for traumatic head injury found there 
to be no evidence of improvement in outcome and suggested that 
their hypotensive effects offset any improvement in ICP that they 
may confer [55]. The pediatric guidelines do give the option of 
high-does barbiturate therapy for refractory intracranial hyperten-
sion, although high-dose barbiturate therapy falls into the second 
tier therapy group [23].

Hypothermia has both neuroprotective and ICP-lowering effects. 
It has been well established that hypothermia lowers cerebral 
metabolism and will thus reduce cerebral oxygen demand [56]. The 
resultant decreased cerebral blood fl ow and volume contribute to 
the ICP-lowering effect of therapeutic hypothermia. In addition, 
hypothermia is neuroprotective, resulting in less infl ammation, 
less cytotoxicity, and less lipid peroxidation. Hypothermia does 
have adverse effects that may counteract the benefi cial effects of 
neuroprotection. Hypotension, cardiac arrhythmias, and immune 
suppression are three of the more signifi cant drawbacks. The inci-
dence of adverse effects in children compared with adults is not 
clear. Initial phase II clinical trials of therapeutic hypothermia for 
adult traumatic brain injury looked quite promising; however, a 
large multicenter study found no benefi cial effect on outcome [57–
59]. Any benefi cial effect of hypothermia may have been negated by 
the complications seen with its use. It may be possible that children 

who do not have as much preexisting organ dysfunction may be 
more resistant to these serious adverse effects. There is one small 
randomized, controlled study of hypothermia in pediatrics that did 
demonstrate signifi cant trends toward ICP control without signifi -
cant adverse effects [60]. There are few pediatric data to support 
the use of therapeutic hypothermia, and thus the pediatric guide-
lines give no standards but only the options to avoid hyperthermia 
and to potentially use hypothermia in the setting of refractory 
intracranial hypertension despite lack of clinical data [23].

For managing intracranial hypertension, corticosteroids have 
the putative benefi cial effects of decreasing edema, limiting free 
radical production, limiting lipid peroxidation, decreasing vasoac-
tive and chemoattractive factors, restoring altered vascular perme-
ability, and decreasing infl ammatory response [61]. The positive 
experience of glucocorticoids in edema surrounding brain tumors 
promoted their use in other disease states [62]. Use of corticoste-
roids for traumatic brain injury has been widespread, with as many 
as 64% of U.S. trauma centers using them routinely as recently as 
10 years ago [63]. There have been multiple studies of adult head 
injury and steroid use, with outcome data that demonstrate no 
benefi cial effect of steroids [64–67]. Based on existing evidence, the 
Brain Trauma Foundation published a standard to not recommend 
using steroids to improve outcome or reduce ICP in patients with 
severe traumatic head injury [10]. The CRASH trial (corticosteroid 
randomization after signifi cant head injury) included over 10,000 
patients and was stopped early as mortality was increased in the 
steroid treatment group [68]. There are insuffi cient pediatric data 
to make guideline or standard recommendations for using steroids 
in traumatic head injury, although, given the strong adult data, it 
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is unlikely that steroids will be evaluated for pediatric traumatic 
brain injury.

An area of emerging use in the treatment of both adults and 
children with traumatic brain injury is decompressive craniec-
tomy. Small case-controlled and randomized studies have con-
fi rmed the ICP-relieving effect of decompressive craniectomy and 
have shown a trend toward improved outcomes in these patients. 
There are insuffi cient data for standards or guidelines to be estab-
lished for the use of this operative technique, although options 
for its use include the setting of severe traumatic brain injury 
with diffuse swelling and intracranial hypertension refractory to 
medical management, refractory intracranial hypertension in 
abusive traumatic brain injury, and cases with indicators of “recov-
erable” brain injury [23]. As with all incompletely studied therapies 
for severe traumatic brain injury and intracranial hypertension, it 
is possible that decompressive craniectomy will result in decreased 
mortality by increasing the incidence of vegetative and severely 
disabled survivors. Timing, patient selection, and operative tech-
nique are three areas that need further study for this therapy that 
is rapidly gaining popularity.

Selected Disease States with 
Intracranial Hypertension

The differential diagnosis of intracranial hypertension is quite 
variable. Table 5.4 lists some of the etiologies. In this section, we 
review selected causes of intracranial hypertension and what is 
known about disease-specifi c treatments.

Hepatic Encephalopathy, Hyperammonemia, 
and Brain Edema

Several metabolic causes of intracranial hemorrhage and brain 
edema are seen in the pediatric intensive care unit. Two of the most 
common are fulminant hepatic failure and inborn errors of metab-
olism associated with hyperammonemia (such as urea cycle 
defects). Reye’s syndrome and Reye-like syndromes were common 
causes of hyperammonemia and intracranial hypertension but are 
now almost nonexistent. Although it is known that brain edema 
and intracranial hypertension are associated with hepatic failure 
and hyperammonemia, the exact underlying mechanisms are 
unclear. It is likely that there is not just one unifying mechanism 
for the etiology of the brain edema but rather a group of mecha-
nisms that may be more or less important in individual patients 
and in different diseases. One of the most important factors in the 
development of intracranial hypertension is the increased water 
content of the brain [69].

Ammonia, once thought to be the sole cause of the cerebral 
edema, is still recognized as a key player in its development. Hyper-
ammonemia seems to be required for brain herniation in acute 
liver failure, and there are no reports of brain edema in acute liver 
failure with normal ammonia levels [70,71]. Hyperammonemia is 
associated with increased brain glutamine as its route of detoxifi ca-
tion, and this may contribute an osmotic force in the development 
of brain edema. Ammonia may play a roll in the development of 
oxygen free radicals as demonstrated in animal studies of hyper-
ammonemia [72]. Glutamate accumulation in the extracellular 
fl uid of the brain has also been demonstrated in hepatic failure, 
although the exact role of this excitatory amino acid in the develop-

ment on cerebral edema is unclear [73]. Cerebral blood fl ow is 
altered in the setting of hyperammonemia and fulminate hepatic 
failure. Both pressure-regulated and carbon dioxide-responsive 
cerebral vasomotor control is lost in the setting of fulminant 
hepatic failure [74,75].

Treatment of intracranial hypertension in the setting of hyper-
ammonemia and/or acute liver failure is mostly based on adult 
data. Intracranial pressure catheters are an accepted way of moni-
toring these patients; however, those with fulminant hepatic failure 
may be at increased risk from complications [76]. Mannitol has 
been the mainstay of treatment of increased ICP for both its 
effects on cerebral blood fl ow and its possible reduction of cerebral 
water content through osmotic effects. A small randomized con-
trolled trail of mannitol for treatment of cerebral edema demon-
strated more frequent resolution and better survival in the mannitol 
treatment group [77]. The same trial also demonstrated no 
difference in the incidence or survival of patients who were treated 
with dexamethasone. Hypertonic saline may also have a role in 
treatment and prevention of intracranial hypertension in patients 
with acute liver failure, as one small prospective randomized study 
in adults showed decreases in ICP and less need for inotropic 
support [78].

Hyperventilation has been found to decrease ICP, reduce the cere-
bral glutamine effl ux, and restore cerebral blood fl ow autoregula-

TABLE 5.4 Etiology of intracranial hypertension.

Trauma
 Vasogenic edema
 Traumatic hydrocephalus
 Hematoma (epidural, subdural, intra parenchymal)
 Alteration of cranial vault (depressed skull fracture)
Metabolic disease
 Diabetic ketoacidosis
 Hepatic encephalopathy
 Hyperammonemia
Neoplastic disease
 Malignant tumors
 Nonmalignant tumors
Hydrocephalus
 Communicating
 Noncommunicating
Hypoxic–ischemic injury
 Near drowning
 Seizures
 Cardiac arrest
 Severe anemic hypoxia
 Severe hypoxic hypoxia
Vascular
 Arteriovenous malformation
 Vascular aneurysm
 Stoke
  Hemorrhagic
  Nonhemorrhagic
Infectious
 Meningitis
  Bacterial
  Viral
  Fungal
 Brain abscess
Miscellaneous
 Pseudotumor cerebri
 Malignant hypertension



48 S.G. Kernie and S.M. Lehman

tion, although its role for treating liver failure–related intra-cranial 
hypertension remains unclear [74,75,79–81]. Use of barbiturates for 
control of hepatic encephalopathy–induced intracranial hyperten-
sion has not been studied in a randomized and controlled fashion, 
although it has been used in several small trials [79,82,83]. There is a 
growing body of evidence that use of moderate hypothermia in adult 
patients with hepatic encephalopathy and intracranial hypertension 
has favorable results. A rat model of hepatic encephalopathy demon-
strated that moderate hypothermia reduced the amount of deposi-
tion of select osmolytes [84]. Moderate hypothermia appears to 
restore cerebral blood fl ow autoregulation and reactivity to carbon 
dioxide, in addition to the case series demonstrating improvements 
in intracranial hypertension. There are, however, no randomized 
and controlled trials of hypothermia in hepatic or metabolic disease-
induced intracranial hypertension.

Future treatment of intracranial hypertension in metabolic and 
liver disease will need to rely on examining the effects of osmotic 
agents, hypothermia, barbiturates, and hyperventilation in con-
trolled trials. Ammonia detoxifi cation strategies, including ultra-
fi ltration and ornithine-L-aspartate, play current and future roles 
in the treatment of these patients. In addition, there are some data 
that indomethacin may be a future therapeutic option for hepatic 
encephalopathy–induced intracranial hypertension [85].

Diabetic Ketoacidosis and Cerebral Edema

Cerebral edema and resultant intracranial hypertension is the 
major cause of mortality in pediatric patients with diabetes [86]. 
Cerebral edema in diabetic ketoacidosis (DKA) patients is more 
common in new presentations of diabetes [87]. Early studies have 
suggested that there is an increased incidence of cerebral edema in 
younger children and infants; however, more recent large patient 
studies have found no association between age and its development 
[87,88]. In addition to the obvious cases of DKA-associated cerebral 
edema, there appears to be evidence of subclinical cerebral edema 
that can be noted on CT scans of patients with only mild or no 
central nervous system symptoms, a phenomenon not seen in all 
patients [89–91]. The mechanism of development of cerebral edema 
in patients with DKA is not entirely clear. It is likely that the cere-
bral edema is a result of osmotic forces that cause increased intra-
cellular fl uid and swelling. These osmotic changes are most likely 
seen during the treatment phase, but there are examples of cerebral 
edema occurring before institution of therapy [87,88]. A consensus 
statement on DKA in children compiled the following proposed 
mechanisms for development of cerebral edema: cerebral isch-
emia–hypoxia, generation of infl ammatory mediators, increased 
cerebral blood fl ow, disruption of cell membranes and ion trans-
port, aquaporin channels, and generation of intracellular organic 
osmolytes [92]. Recent data using perfusion-weighted MRI suggests 
that cerebral edema results from expansion of the extracellular 
space (vasogenic edema) and not from cell swelling [93].

Identifi cation of risk factors for the development of cerebral 
edema in DKA has been derived from retrospective cohort studies 
and case series. In Glaser’s study of 61 cases of cerebral edema out 
of 6,977 hospitalizations for DKA, they found that low PaCO2, high 
serum urea nitrogen, and treatment with sodium bicarbonate in 
patients presenting with DKA were at increased risk for cerebral 
edema [88]. Although the changes in serum osmolality that occur 
with the initiation of treatment have long been thought to be a 
cause of DKA-associated cerebral edema, this rate of change may 
not be relevant [88,94,95].

There is little information on the treatment of cerebral edema 
associated with DKA, mostly because its infrequent nature does not 
lend itself to easy study of its treatment. There are only case reports 
and case series of patients who have been treated with mannitol or 
hypertonic saline [92,96,97]. One retrospective study of patients 
with DKA and cerebral edema noted worse outcomes in patients 
who were hyperventilated to a PCO2 < 22 mm Hg [98]. It remains 
unclear what the optimal ventilation strategy is when mechanical 
ventilation is initiated in a patient who had been previously hypo-
carbic with PvCO2 values of 10–20 or even lower secondary to 
Kusmal respirations [99,100]. There are case reports of patients 
improving with CSF drainage and use of ventriculostomy for ICP 
monitoring [101]. There are no data on the use of barbiturates, 
glucocorticoids, hypothermia, or other ICP therapies [92].

Mass Lesions: Tumors and Hydrocephalus

Hydrocephalus and abnormal CSF collections are the result of 
abnormal CSF fl ow (obstructive/noncommunicating) or inadequate 
CSF absorption (communicating). Communicating hydrocephalus 
is usually caused by obstruction of the absorptive function of the 
arachnoid villi from intracranial hemorrhage, meningitis, cerebral 
venous thrombosis, or malignancy [102]. Noncommunicating 
hydrocephalus can result from a variety of processes that obstruct 
CSF outfl ow from the lateral ventricles, including aqueductal ste-
nosis, neural tube defects, and lesions of the posterior fossa (tumors, 
arteriovenous malformations, Chiari malformation, Dandy-Walker 
syndrome). Infants with hydrocephalus usually present with an 
enlarged head, a large fontanelle, split sutures, deviation of eyes 
downward (sun-setting eyes), and long tract signs [103]. Older chil-
dren tend to present more with signs of increasing ICP.

The treatment of obstructive hydrocephalus and increased ICP 
is surgical decompression with an extracranial shunt or drain. 
With the exception of supportive care, medical management of 
intracranial hypertension in a patient with impending herniation 
and hydrocephalus is rarely helpful, although it may be of use in 
preventing herniation until defi nitive neurosurgical decompres-
sion is possible. Treatment of communicating hydrocephalus also 
focuses on removal of CSF; however, the temporary measure of CSF 
removal via lumbar puncture is an option. Use of acetazolamide 
and furosemide for decreasing the CSF production is not substanti-
ated with meaningful data [104].

Brain tumors in children are a well-recognized cause of increased 
ICP. There reasons for the increased ICP in these patients include 
the mass of the tumor itself, the edema surrounding the tumor, and 
hydrocephalus from impingement of the third and fourth ventri-
cles from infratentorial tumors. Although treatment most often 
requires resection of the tumor and/or ventricular drainage of CSF, 
there may be some value to initial medical management. Seizure 
prophylaxis and use of glucocorticoids for treatment of vasogenic 
edema associated with brain tumors are the mainstays of medical 
management [105]. Acute management of increased ICP relies on 
supportive care, airway and blood pressure management, osmotic 
therapy, and hyperventilation.

Hypoxic–Ischemic Brain Injury

Severe hypoxic–ischemic brain injury occurs from lack of oxygen 
delivery to the brain from severe hypotension, cardiac arrest, 
severe hypoxia, or severe anemia. There are several mechanisms 
by which neuronal injury occurs [106]. Glutamate and other 
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excitatory amino acids accumulate and are associated with calcium 
release. The resultant calcium and excitatory amino acids are asso-
ciated with activation of neuronal proteolysis. In addition, oxygen 
free radical generation, inducible nitric oxide synthase activation, 
and granulocyte accumulation all lead to energy depletion and cell 
death by either necrosis or apoptosis. The cerebral edema that takes 
place after a hypoxic–ischemic brain injury is initially described as 
cytotoxic edema as a result of swelling of glial cells and neurons 
[107]. After reperfusion takes place there is increased BBB perme-
ability from pinocytosis and opening of endothelial tight junctions. 
This leads to vasogenic edema that also plays a signifi cant role in 
the development of cerebral edema.

If the cerebral edema of hypoxic–ischemic injury is severe, it will 
cause intracranial hypertension. Treatment of intracranial hyper-
tension from hypoxic–ischemic injury is controversial [108,109]. 
There were several small studies of patients with cardiac arrest 
from near drowning in the 1980s that looked at ICP monitoring, 
ICP therapy, and outcomes [110–113]. Although the numbers were 
not large (the largest series included 66 patients), increased ICP in 
any patient whose primary insult was hypoxic–ischemic damage 
was associated with death or a vegetative state despite any therapy. 
It is generally accepted that monitoring and treating raised ICP 
following ischemic brain injury does not improve outcome and has 
thus fallen out of favor.

Infectious Causes of Intracranial Hypertension

The association between cerebral edema, intracranial hyperten-
sion, and infectious meningitis is clear to any pediatric intern who 
has measured an opening pressure when performing a lumbar 
puncture on a patient with meningitis. The mechanism of the 
development of cerebral edema in these patients is multifactorial 
and caused by cytotoxic or cellular swelling, disruption of the BBB 
and thus increased permeability, loss of cerebral blood fl ow auto-
regulation, and hydrocephalus caused by abnormal CSF resorption 
across infl amed arachnoid villi [114]. Cerebral edema, intracranial 
hypertension, and brain stem herniation can lead to exacerbation 
of ongoing brain injury and death. Although it seems reasonable 
that preventing or treating intracranial hypertension may be ben-
efi cial, there have been no controlled studies evaluating outcomes 
using monitoring or intracranial hypertension treatments. Unlike 
hypoxic–ischemic brain injury, intracranial hypertension is 
common in patients who have both good and poor outcomes, and 
it is unclear if attempts at attenuating intracranial hypertension 
result in improved perfusion and outcome. Monitoring and treat-
ment of intracranial hypertension in pediatric patients with men-
ingitis is not standard care. In pediatric critical care practiced in 
training programs throughout the United States, a recent informal 
poll revealed that about one third of centers routinely monitor and 
treat intracranial hypertension in infectious meningitis, about one 
third do so on occasion, and another one third never do so.

Vascular Accidents and Intracranial Hypertension

Stroke and spontaneous cerebral hemorrhage (an arteriovenous 
malformation or aneurysm) can lead to cerebral edema and 
increased ICP. Cytotoxic edema occurs 3–5 days after cerebral 
infarction and if large enough can lead to intracranial hypertension 
from both the edema itself and the hydrocephalus caused by com-
promised fl ow of CSF. Stroke is a relatively common disease process 
in adults and quite infrequent in children. In addition, the etiology 

of stroke in children is much more diverse and much less likely to 
be caused by an embolic phenomenon, which is seen more com-
monly in adults. Most information about intracranial hypertension 
in stroke patients comes from adult studies and series. Even though 
the disease process is different and therefore the therapy may need 
to be quite different, at this point we can only extrapolate from the 
adult data.

The American Stroke Association’s scientifi c statement on the 
management of stroke complications addresses the issue of cere-
bral edema and its treatment [115]. The only strong recommenda-
tion they make is the avoidance of corticosteroids following 
ischemic stroke. They give a moderate recommendation for use of 
osmotherapy and hyperventilation in patients who have neurologic 
deterioration and have evidence of brain stem herniation. The rec-
ommendations backed up by less rigorous data include surgical 
interventions (decompression, CSF drainage, infarct evacuation) 
and treatment of seizures. It is not clear if ICP monitoring and 
management of intracranial hypertension improves outcome after 
stroke in adults, much less in children. Despite this lack of evi-
dence, use of ICP monitoring and therapy for certain types of 
stroke with intracranial hypertension remains an option.

Treatment Strategies

Intracranial hypertension is a medical emergency that if not treated 
properly may result in morbidity or death. Although the data are 
not clear as to the best treatment strategies or if any treatment 
strategy is helpful at all, some general principles of management 
can be followed. We divide treatment into the categories of emer-
gency, etiology based, and global ICP based.

It is important to consider the onset of action in addition to the 
mechanism of action of each therapy. For emergency treatment, 
often the goal is to prevent herniation with any means possible 
until defi nitive therapy can be performed. Although osmotic agents 
and hyperventilation may not be as effective or benefi cial in the 
long term for an intracranial mass, these therapeutic modalities 
can be instituted quickly. For a patient with severe intracranial 
hypertension these measures can be effective in temporarily pre-
venting permanent injury while awaiting the defi nitive neurosurgi-
cal procedure. Intubation, sedation, mannitol, hypertonic saline, 
and hyperventilation should be instituted in the case of impending 
herniation.

Etiology-based treatment is often the most effective at relieving 
intracranial hypertension. This is treatment aimed at removing the 
offending agent. In the case of hydrocephalus, it would be removal 
of CSF by means of a ventricular drain. In the case of a tumor, it 
would be surgical resection of the tumor. For hemorrhage, it would 
involve evacuation of the blood clot causing the mass effect. In the 
case of seizures, it would mean abolishing the seizure and its asso-
ciated increased metabolic demands. For hyperthermia, it would 
be cooling the patient to relieve the increased metabolic demand. 
These are just some of the more common examples of etiology-
based treatment; treatments can include any that are aimed toward 
the removal of an intracranial mass that is causing the intracranial 
hypertension. After emergency treatment, this should be the fi rst 
treatment modality addressed.

Global ICP-based treatment in the setting of intracranial hyper-
tension can be done using a variety of methods as outlined in this 
chapter. Because most experience in managing intracranial hyper-
tension is found in both the adult and pediatric traumatic brain 
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injury populations, the proposed guidelines for intracranial hyper-
tension management for traumatic brain injury are the most rea-
sonable data available for other disease processes that result in 
intracranial hypertension. Exceptions include etiology-specifi c 
rationales for deviating from the standards for traumatic brain 
injury, such as the use of steroids for brain tumor edema.

Finally, it is important to make a note about cerebral perfusion 
and its management. The newer methods of measuring and moni-
toring cerebral blood fl ow and substrate delivery have yet to be 
systematically evaluated. Cerebral perfusion pressure, although a 
crude measurement of ischemia and brain perfusion, has the most 
information behind it. Study of the adult Traumatic Data Coma 
Bank date has found levels of CPP that correlate with outcome, and 
the original Brain Trauma Foundation recommendations sug-
gested a minimum CPP of 70 mm Hg in adults [10]. These have since 
been modifi ed to target CPP in adults to 60 mm Hg, with the recog-
nition that the development of acute respiratory distress syndrome 
is likely related to increased CPP [116,117]. There is not the same 
CPP versus outcome distribution for children, although the number 
of pediatric study patients evaluated is much fewer than 
those included in adult studies. It is evident that children with CPPs 
of less than 40 mm Hg have worse outcomes in traumatic brain 
injury, and it is likely that there is a continuum of optimal CPP 
between 40 mm Hg for infants and 60 mm Hg for older children and 
adults [23].
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6
Nonaccidental Trauma and Shaken Baby Syndrome
Robert C. Tasker

Clinical Best Evidence

In recent years, there has been a move toward basing medical prac-
tice and opinions on the best available medical and scientifi c evi-
dence [10]. In 2003, Mark Donohoe used these methods and rated 
the quality of evidence regarding SBS [11]. In the process, he identi-
fi ed three areas where there exist major data gaps in the medical 
literature.

Donohoe searched the Biomednet database for articles related to 
the pathogenesis, diagnosis, or management of SBS, using the 
search term “shaken baby syndrome” (http://www.biomednet.
com/db/medline). Letters, brief correspondence, and articles in 
non-English journals that lacked an English abstract were excluded 
from the assessment. Fifty-four remaining publications were then 
categorized into one of four types: (1) randomized controlled trial 
(one report), (2) case series (26 reports), (3) single case reports (12 
reports), and (4) other—reviews, opinion, and articles on social 
implication (15 reports). Table 6.1 summarizes the key features of 
these reports, which were published between 1966 and 1998. The 
largest experience has been with case series, where all but one was 
retrospective and all but fi ve had no control population with which 
to compare. In total, 307 SBS cases were assessed among 23 papers. 
In those reports where the numbers of SBS cases were provided, 
there was a median of 7 cases per series [12–34]. Donohoe found 
that there were three major gaps in the literature regarding SBS, 
which were as follows:

• Lack of clear defi nition of cases ( Donohoe proposed that there 
is an urgent need for standard criteria with which to identify 
cases for the purpose of homogeneity in trials and for identifi ca-
tion of unique features of SBS as opposed to other abuse, medical 
conditions, and controls.)

• Lack of diagnostic markers of SBS
• Lack of a checklist or management tool to assess cases and to 

quantify index of suspicion of shaking

In the following sections, SBS is discussed with a focus on issues 
related to critical care and on the literature published since 1998. 
However, the reader should be aware that, even in these reports, 
there remains a gap with regard to method of diagnosis and, there-
fore, a problem of clinical inhomogeneity.
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Introduction

This chapter presents the science and clinical evidence that form 
the basis for rational therapeutic strategies in the intensive care 
treatment of infants suffering nonaccidental head injury (NAHI) 
or shaken baby syndrome (SBS). This chapter is not about forensic 
investigation of suspected infl icted injuries, nor is it focused on the 
medicolegal aspects of such investigation. Accounts of appropriate 
professional practice, with these perspectives in mind, can be 
found in reports from the American Academy of Pediatrics [1,2]. 
The Royal College of Paediatrics and Child Health [3], and in stan-
dard textbooks [4,5].

Definition

In general, in clinical reports of NAHI the condition is defi ned as 
including one or more of the following features: shaking injury, 
cerebral lesions as a result of direct impact, compression, and pen-
etrating injuries [6,7]. Shaking injury, or SBS, is the most frequent 
form of NAHI in infancy (i.e., birth to 12 months) [8]. Population-
based studies indicate that, in Scotland, the annual incidence is 
24.6 per 100,000 children younger than 1 year (95% confi dence 
interval 14.9 to 38.5) [6], and, in North Carolina, the incidence is 
17 per 100,000 per person-year in the fi rst 2 years of life (95% con-
fi dence interval 13.3 to 20.7) [9]. Many of these patients die, and, in 
survivors, severe neurologic sequelae (e.g., cerebral palsy, blind-
ness, epilepsy, cognitive and behavioral disturbances) are com-
monplace. In the acute phase, seizures and the presence of raised 
intracranial pressure (ICP) appear to be the key intensive care–
related factors that are of adverse prognostic signifi cance.
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Outcome of Shaken Baby Syndrome

Survival and Category of Outcome

Our knowledge of morbidity and mortality among infant victims 
of SBS is derived from relatively small populations of injured chil-
dren in the United States or the United Kingdom. Barlow et al. have 
recently reviewed the 16 case series reporting the outcomes of 
NAHI that fall into this category [35]. The median number (and 
interquartile range) of patients in these series was 23 (and 14 to 28) 
cases. The mortality rate in individual reports in the literature 
ranged from 13% to 36%. The overall mortality rate when these 
studies, including the cases put forward by Barlow et al. [35] are 
combined is 20.6% (112 out of 544 cases). Morbidity in survivors 
ranged from 59% to 100%. In all, the reports provide a total of 317 
survivors of NAHI with outcome documented, and 74% of these 
cases are neurologically abnormal, with only 26% being normal on 
follow-up examination.

An extensive and comprehensive population-based study of 
clinical characteristics and outcomes of hospital cases of SBS was 
reported by King et al. in 2003 (36). This Canadian group evaluated 
all the cases of SBS for the years 1988 to 1998 that were referred to 
the child protection teams at 11 tertiary care pediatric hospitals. 
These hospitals were responsible for a large part of pediatric care 
in Canada with over 90,000 admissions annually (i.e., 85% of ter-
tiary care pediatric beds). The authors defi ned SBS as any form of 
intracranial, intraocular, or cervical spine injury as a result of a 
substantial or suspected shaking, with or without impact, in a child 
aged less than 5 years. The researchers relied on the diagnosis 
assigned by the physicians responsible for child protection at each 
hospital. Out of 364 children identifi ed according to these criteria, 
69 (19%) died; of those who survived, 162 (55%) had ongoing neu-
rologic injury, and 192 (65%) had visual impairment. Only 65 (22%) 
of those who survived were considered to show no signs of health 
or developmental impairment at the time of discharge.

Outcome in Relation to Severity of Acute Encephalopathy

Children with NAHI are often pale and shocked upon admission to 
the hospital. In addition to a primary brain insult, such patients 
are also at risk of secondary insults resulting from physiologic 
derangement outside normal ranges (e.g., hypoxia, hypotension, 
hypertension, bradycardia, and tachycardia). In this context, there 
are two clinical indicators of poor outcome: comatose state and 
absent pupil response.

Outcome is worse in infants who are comatose on presentation—
the majority die or survive with profound mental retardation, 
spastic quadriplegia, or severe motor dysfunction [35,37]. Outcome 

is also worse in those children with absent pupil response, although, 
by defi nition, this is not independent of coma. For example, in 30 
consecutive SBS cases (meeting the authors’ ophthalmologic crite-
ria for review, i.e., bilateral retinal hemorrhages), McCabe and 
Donahue found that nonreactive pupils and midline shift of brain 
structures at presentation correlate highly with mortality (38). 
With regard to outcome of vision, it is best predicted by the need 
for mechanical ventilation rather than visual acuity on presenta-
tion, again reiterating that it is the global encephalopathic state 
that determines outcome.

Brain Imaging

Brain imaging gives some insight into the evolving mechanism of 
injury in the acute encephalopathic stage of NAHI. For example, 
cranial computed tomography (CT) scans of patients with acute 
subdural (interhemispheric or convexity) hemorrhage can be cate-
gorized as those with diffuse cerebral hypoattenuation or those 
with focal cerebral hypoattenuation [39]. Gilles and Nelson [found 
that, on follow-up, such patterns of infarction fell into three groups: 
(1) total hemisphere necrosis following acute hemisphere swelling 
subjacent to an ipsilateral convexity subdural hematoma; (2) infarc-
tion related to acute brain swelling with CT fi ndings of infarction 
either in the posterior cerebral artery distribution or in the distri-
bution of the callosomarginal branch of the anterior cerebral 
artery; and (3) infarction related to hypoperfusion—arterial border 
zone distribution between anterior and middle and middle and 
posterior cerebral arteries [39]. Interestingly, the authors found 
that acute seizures were a common fi nding in these patients. The 
signifi cance of this problem is discussed later, but the reader should 
be aware that, as with other causes of infantile encephalopathy [40], 
seizures may be a symptom of underlying vascular pathology.

Diffusion-weighted imaging (DWI) and apparent diffusion coef-
fi cient (ADC) maps—forms of magnetic resonance imaging data 
sensitive to ischemia and cytotoxic edema—reveal nonhemor-
rhagic infarction (i.e., similar to that seen in CT). This type of 
investigation, however, can identify it much earlier than CT, in fact 
within hours [41]. Suh et al. found DWI/ADC abnormalities in 16 
of 18 (89%) NAHI patients [41]. These changes were more likely to 
involve posterior aspects of the cerebral hemispheres, and, on 
review, severity of abnormality correlated signifi cantly with poor 
outcome.

Seizures and Poor Cerebral Perfusion

Imaging points to some ischemia- or hypoperfusion-induced 
pathology that not only leads to symptomatic seizures but also 
results in poor outcome. Recently, these phenomena have been 
studied explicitly, and there is an indication that unfavourable 
outcome results from the severity of early post-traumatic seizures 
and lower perfusion pressures of the brain. The standard defi nition 
for an early post-traumatic seizure is that it has to occur within 1 
week of trauma [42]. Barlow et al. found that 32 of 44 cases (73%) 
of NAHI met this criterion and had early seizures, and the mortal-
ity rate in these children was 6% [43]. The authors classifi ed sei-
zures as being either responsive to medication without episodes of 
status epilepticus or unresponsive to medication (i.e., failure to 
respond to at least two anticonvulsant agents) with or without epi-
sodes of status epilepticus. In general, seizures occurred within 
24 hr of admission, reached a peak severity and frequency by day 
2, and resolved by 1 week. One third of the patients had seizures 

TABLE 6.1. Results of clinical evidence search, 1966–1998.

Report Total Notes

Controlled trial  1 Randomized assessment of electroretinograph in diagnosis 
Case series 26 • 25/26 studies are retrospective studies
  •  12/26 studies did not state the selection criteria for shaken 

baby syndrome
  • 21/26 studies had no control group
Case reports 12 Eclectic 
Other reports 15 • 10/15 papers are historical reviews
  • 3/15 papers are opinion pieces

Source: Donohoe [11].
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that were refractory to treatment. At follow up, neurodevelopmen-
tal outcome correlated signifi cantly with the presence and severity 
of the seizures. The authors’ conclusion was that severity of primary 
brain injury was refl ected in the severity of early seizures. That is, 
the seizures were symptomatic of underlying pathology.

Raised ICP has been described in four case series of NAHI [44–
47]. The most recent report is from Barlow and Minns, who retro-
spectively reviewed level of ICP and cerebral perfusion pressure 
(CPP, which is mean blood pressure minus ICP) in relation to 
outcome in 17 children [47]. The authors found that neurodevelop-
mental outcome was associated with lowest CPP and MAP, but not 
maximum ICP. However, on inspection of the data in the report, 
there does not appear to be a relationship between quality of sur-
vival and level of CPP. In fact, blood pressure appears to be the 
major problem.

Range of Neurologic Sequelae and Cerebral Abnormalities

A variety of neurologic sequelae have been reported in survivors of 
SBS [35,36]. It is important to consider each of these, because our 
understanding of their pathophysiologies may give insight into 
how best to manage acute critical care (Table 6.2). Based on the 
above information, a number of potential candidates causing prob-
lems for critical care can be inferred, and these are listed in Table 
6.3. The pathophysiology of SBS involves cerebral hypoxia, cere-
bral edema, raised ICP, vaso-occlusion, subdural hematoma, and 
brain tissue shifts or herniation caused by general swelling or 
space-occupying lesion.

After critical care another problem may evolve—cerebral 
atrophy. There have been four case series suggesting an inter-
ference with head and brain growth following SBS [48–51]. The two 
largest series showed that 15 of 34 survivors of NAHI developed 

cerebral atrophy [50], and 15 of 16 NAHI children acquired micro-
cephaly after injury [51].

Neuropathology

In 2001, Geddes et al. reported macroscopic neuropathology in 53 
cases of NAHI [52]. The authors analyzed patterns of neuropathol-
ogy in children of different ages (i.e., up to 8 years). The cases came 
from the fi les of two neuropathologists, and the authors carefully 
described what the cases comprised: (1) 7 head injuries where there 
had been a confession by the perpetrator; (2) 19 cases where NAHI 
had been established as a result of conviction in a criminal court 
and in which there were also unexplained extracranial injuries to 
support this diagnosis; (3) 8 cases with unexplained injuries else-
where in the body, in addition to the head injury, but no conviction; 
(4) 12 cases where the carer was tried and convicted of injuring the 
child but in which there were no extracranial injuries; and (5) 7 
cases where there was a major discrepancy between the explanation 
of the incident given by the carer and signifi cant injuries such as a 
skull fracture, or if the history was developmentally incompatible. 
The principal fi nding was that diffuse traumatic axonal injury 
occurred infrequently (i.e., 3 of 53 cases, 95% confi dence interval 
1% to 16%). In all, 45 out of 53 cases were found to have signs of 
impact to the head at autopsy in the form of either subscalp bruis-
ing or skull fracture. In the remaining 8 cases, all infants, neither 
bruising nor fracture was found at autopsy. These 8 infants were 
assumed victims of SBS, and in one case the carer had confessed to 
having been responsible. In a second report from Geddes et al. [53], 
in 37 infants under 9 months of age (using similar diagnostic cri-
teria to their fi rst study), the authors found that the predominant 
histologic abnormality was diffuse hypoxic brain damage. Also, 
there was epidural cervical hemorrhage and focal axonal damage 
to the brain stem and spinal roots in 11 cases, but not controls.

The authors’ principal conclusion from these data was that the 
craniocervical junction is vulnerable in infant NAHI, the neuropa-
thology being that of stretch injury from cervical hyperextension 
and fl exion. (This fi nding has also been reported by a group from 
Canada [54].) Geddes et al. also concluded that the presence of 
diffuse hypoxic brain damage, rather than diffuse axonal injury, 
could be explained either by resistance to traumatic damage of 
unmyelinated axons in the immature brain or by the fact that 
shaking-type injuries are not of suffi cient force to produce diffuse 
axonal injury [52,53]. Instead, the authors suggested that cranio-
cervical injury could lead to apnea and global hypoxia. This 
problem may be pertinent in infants without evidence of cerebral 
contusion or cranial impact injuries. Eleven of 37 infants in the 
second report had either trivial or no subscalp bruising and no 
skull fracture or contemporaneous extracranial injury. Three of 
these 11 infants had craniocervical axonal injury of varying sever-
ity [53,55,56]. The remaining 8 had no evidence of such injury, 
implying either that the authors were unable to detect it or that 
their terminal hypoxic-cell encephalopathy was not caused by 
trauma. Taken together with the above imaging and clinical reports, 
these fi ndings are in keeping with a hypoxia- or ischemia-related 
problem. Geddes et al. have discussed this pathophysiology in their 
most recent work and proposed a nontraumatic etiology in cases of 
SBS without impact [55]. These issues have been debated in the lit-
erature by those who disagree with the nontraumatic hypothesis 
[57,58], and Geddes et al. [56] and others [59] have responded to this 
critique.

TABLE 6.2. Range of neurologic sequelae of shaken baby syndrome.

Morbidity Notes

Cranial nerve • Rare
 • Sensorineural deafness
 • Brain stem lower motor cranial nerves—III, VII, XII
Speech and language • Common, ∼67%
 • Usually associated with other abnormalities
Epilepsy Common, ∼60%
Vision •  Common, ∼40%: cortical or optic radiation injury are the 

major causes
 •  Include in descending order: cortical blindness, visual field 

deficits, visual agnosia, and decreased visual acuity
Neuromotor Hemiparesis, ataxia, tetraplegia

Source: Barlow et al. [35].

TABLE 6.3. Potential causes of secondary brain injury in shaken baby syndrome and 
nonaccidental head injury.

Secondary cause Effects

Cerebral edema Brain swelling
 Raised intracranial pressure
 Tissue shifts and herniation
 Infarction
Intracranial hemorrhage Tissue shifts
 Seizures
Tissue herniation Infarction in vascular territory
 Seizures
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Neurochemistry

Neuron-specifi c enolase—an enzyme involved in glycolysis local-
ized in neurons and axonal processes—potentially escapes into the 
blood and cerebrospinal fl uid (CSF) at the time of neural injury (It 
should be noted, however, that this enzyme is also found in eryth-
rocytes). S100β protein, a calcium-binding protein localized to 
astroglial cells, may also be released from cells at the time of cere-
bral damage. However, this protein is also contained within non-
nervous tissue, such as fat, cartilage, and skin. Recently, Kleine et 
al. monitored a range of serum damage markers of brain and non-
nervous tissue injury in 401 acute care patients [60]. They also 
examined CSF of patients in coma or convulsive state. The data 
revealed that the most relevant sample to monitor brain damage 
was CSF and the presence of raised NSE and/or S100β in this fl uid 
refl ected injury. Furthermore, raised serum S100β with normal 
serum NSE indicates release from non-nervous tissue and points to 
other organ dysfunction, the implication being that studies where 
serum S100β is measured in isolation are not interpretable.

Traumatic Brain Injury

In traumatic brain injury there has been growing interest in the 
neurochemical markers that are concerned with broadly assessing 
tissue- and cell-specifi c injury in patients. A number of clinical 
monitoring studies of S100β and NSE have been undertaken in 
adults with head injury but, as discussed later, in the main they 
follow serum levels and not CSF. The results should therefore be 
interpreted with caution because they may refl ect co-morbid, 
nonhead injury (not reported by most authors).

In patients with mild traumatic brain injury, de Kruijk et al. 
found that in blood samples taken shortly after trauma the median 
and range of NSE levels were similar in patients (N = 104) and 
controls (N = 92) [61]. However, the authors found that S100β levels 
were signifi cantly higher, in patients particularly in those trauma 
patients who were also vomiting. Ingebrigtsen and colleagues 
selected a similar group of 50 patients (i.e., with a Glasgow Coma 
Scale [GCS] score of 13 to 15 and CT scan showing no abnormali-
ties) and found that serum S100β protein levels were highest imme-
diately after the trauma and then declined each hour thereafter 
such that the level was undetectable 6 hr postinjury [62]. Interest-
ingly, four of the fi ve patients with a magnetic resonance imaging 
(MRI)—detectable brain contusion had detectable levels of S100β.

In patients with more severe injuries (GCS score ≤8), Raabe et al. 
found that the level of S100β in venous blood was higher in non-
survivors, and on logistic regression the S100β level was an inde-
pendent predictor of outcome along with age, GCS score, ICP, and 
CT scan fi ndings [63]. Importantly, these authors also reported that 
persistent elevation of S100β for 3 to 5 days occurred even in 
patients with favorable outcome and no signs of secondary insults 
[63,64]. Finally, in this class of patient, venous NSE appears to 
perform poorly as a diagnostic marker of severity [65]. Its level rises 
acutely in both favorable and unfavorable outcome patients; and, 
using a cut-off level of >100 μg/L, the likelihood ratio for positively 
identifying unfavorable outcome is ∼2 (i.e., specifi city 0.96 and 
sensitivity 0.09), which is of indeterminate diagnostic impact.

Nontraumatic Encephalopathy

There are reports of monitoring serum NSE and S100β in a variety 
of nontraumatic encephalopathic conditions. For children with sei-

zures, there are studies of those with febrile convulsion [66], non-
complicated tonic-clonic seizure [67], and West syndrome [68]. 
None of these studies shows a signifi cant elevation in serum NSE 
concentration in patients with acute seizures [66–68]. Serum S100β 
level was equally uninformative in the two studies that have mea-
sured it [67,68], and CSF levels in these two studies were also not 
different from those of controls.

In contrast to the neurochemical fi ndings following seizure, 
levels of S100β and NSE are altered in newborn infants with 
hypoxic–ischemic encephalopathy [69–71]. For example, Thorn-
gren-Jerneck et al. found that infants with moderate and severe 
hypoxic–ischemic encephalopathy had signifi cantly higher serum 
levels of S100β on postnatal days 1 and 2; a level above 12 μg/L on 
the fi rst day was signifi cantly more frequent in infants who died or 
developed cerebral palsy than in infants with no impairment at 
follow up [69]. Gazzolo et al. found that, in the fi rst sample of urine 
after birth, a cut-off value of 0.41 μg/L had a high diagnostic impact 
for predicting the development of hypoxic–ischemic encephal-
opathy (i.e., likelihood ratio ∼17, sensitivity of 0.91, and specifi city 
of 0.95) [70]. Finally, with regard to serum NSE, Celtik et al. found 
higher acute levels in more severe hypoxic–ischemic encephal-
opathy [71]. However, by using a cut-off value of 45.4 g/L the likeli-
hood ratio for positively identifying poor outcome is ∼3 (i.e., 
specifi city 0.70 and sensitivity 0.84), which is of indeterminate 
diagnostic impact. Taken together, these biochemical data indicate 
that, in infants, hypoxic–ischemic encephalopathy rather than sei-
zures results in alterations in S100β. However, given the limitations 
of serum sampling and the discrepancy between S100β and NSE, it 
remains possible that the results in hypoxic–ischemic encephalop-
athy refl ect systemic insult where the extent of brain injury is 
accompanied by a similar degree of other organ injury.

Shaken Baby Syndrome and Nonaccidental Head Injury

A variety of neurochemical derangements have been observed in 
the CSF of infants with NAHI. These include markers of cell 
stress response [72], infl ammation and macrophage activation [73], 
and apoptosis [74]. In general, the fi ndings are more pronounced 
in patients with NAHI than in patients with accidental head 
injury. Almost all off this work has come from one group of 
investigators, and their fi ndings support the idea that NAHI is 
not the same as accidental head injury. That is, NAHI is different 
because of differences in age at occurrence (NAHI and SBS are 
seen in infants); injury frequency, duration, and severity; or 
mechanism.

With regard to levels of S100β and NSE, Berger et al. studied 
serial values of the CSF of individuals with NAHI as well as those 
with noninfl icted head injury [75]. Of note, these authors found that 
in both mechanisms of trauma there was a single peak in S100β at 
∼27 hr after injury, but there was a difference in the profi le for NSE. 
After an initial or transient peak in NSE (around 11 hr after injury) 
in both forms of insult, NAHI had the additional feature of a sus-
tained and delayed peak at around 63 hr after injury.

Collating these facts about neurochemical protein markers of 
injury, we are therefore left with a dilemma. Does the very nature 
of sustaining a head injury initiate a “normal,” yet insignifi cant, 
transient release (albeit marked in CSF) of NSE and S100β into the 
circulation? Alternatively, are we failing to identify patterns of 
injury with varying mechanisms such as cerebral contusion in the 
case of S100β and unappreciated hypoxia–ischemia or diffuse 
injury in the case of NSE?
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Treatment

The outcomes of NAHI and SBS and features of their encephalopa-
thy, neuropathology, and neurochemistry have been reviewed in 
this chapter. Treatment for this population has not been studied. 
Physicians are therefore left with adapting principles of neurocriti-
cal care—hopefully basing specifi c treatments on reason. However, 
this lack of data presents a problem.

Nonaccidental head injury and SBS are unlike traumatic brain 
injuries seen in older children and adults. The evidence indicates 
that these are conditions with a much poorer prognosis, more 
severe brain swelling and vaso-occlusion, and more deranged 
neurochemistry. In fact, they have features more typical of 
hypoxic–ischemic encephalopathy. Here is the dilemma: do we 
treat comatose NAHI and SBS patients according to our therapies 
for traumatic brain injury or according to our current management 
of comatose postcardiac arrest or near-drowning victims? In trau-
matic brain injury of later childhood, we use a variety of therapies 
aimed at maintaining cerebral perfusion and limiting secondary 
brain insults. In hypoxic–ischemic brain injury we take a less 
intensive course with limited neurocritical care. At present there 
are no clear evidence-based guidelines for the management of 
NAHI or SBS.

Traumatic Brain Injury Guidelines

With regard to managing the consequences of traumatic brain 
injury in infants, there are now guidelines endorsed by the Ameri-
can Association for the Surgery of Trauma, the Child Neurology 
Society, the International Society for Pediatric Neurosurgery, the 
International Trauma Anesthesia and Critical Care Society, the 
Society of Critical Care Medicine, and the World Federation of 
Pediatric Intensive and Critical Care Societies [76]. These guide-
lines are summarized in Table 6.4; in general, intensivists follow 
these recommendations. (Specifi c management strategies for trau-
matic brain injury are covered elsewhere in this textbook, and the 
reader is referred to Chapters 5, 7.)

Other Therapies for Infantile Encephalopathy

Another aspect of critical care for NAHI and SBS is how best to 
manage refractory seizures. Barlow et al. found one third of their 
patients had such seizures [43]. For these patients, anticonvulsant 
treatment should be given according to a standard protocol [77–79]. 
Continuous infusion of midazolam features most in the recent 
pediatric intensive care literature on refractory status epilepticus 
[80,81]. The alternatives are high-dose pentobarbital [82] or anes-

TABLE 6.4. A summary of guidelines for acute medical management of traumatic brain injury.

 A. Standard: accepted principles with certainty; 
Guideline B. Guide: Notes moderate clinical certainty (Infants)

Pediatric trauma center (PTC) A. Insufficient data
 B. Metropolitan area: transport to PTC
Prehospital airway management A. Insufficient data
 B. Avoid hypoxia, correct immediately, and use supplemental
 O2. Endotracheal intubation is not better than bag-valve-mask ventilation
Prehospital resuscitation of blood pressure and A. Insufficient data Use infant-specific values
 oxygenation B. Rapidly correct hypotension with fluid
Indications for intracranial pressure (ICP) monitoring A. Insufficient data Normal computed tomography scan and open
 B. Insufficient data  fontanelles and/or sutures do not rule out
   raised ICP
Treatment threshold for raised ICP A. Insufficient data Herniation can occur at 25 mm Hg
 B. Insufficient data
ICP monitoring A. Insufficient data
 B. Insufficient data
Cerebral perfusion pressure (CPP) A. Insufficient data There are likely to be age-related differences in
 B. A CPP >40 mm Hg in children  optimal CPP goals
Sedation and neuromuscular blockade A. Insufficient data
 B. Insufficient data
Cerebrospinal fluid drainage A. Insufficient data
 B. Insufficient data
Hyperosmolar therapy A. Insufficient data
 B. Insufficient data
Hyperventilation A. Insufficient data
 B. Insufficient data
Barbiturate coma A. Insufficient data May have deleterious effects on
 B. Insufficient data  neurodevelopment
Temperature control A. Insufficient data
 B. Insufficient data
Surgical treatment of ICP A. Insufficient data
 B. Insufficient data
Corticosteroids A. Insufficient data Recent adult study indicates worse outcome
 B. Insufficient data  with steroids

Source: Lai et al. [72].
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thesia with short-acting barbiturates [83]. The main problems with 
the barbiturates are the zero order kinetics once treatment is pro-
longed and the inability to assess clinical neurology [40,83] (the 
specifi c management of seizures and status epilepticus is covered 
elsewhere in this textbook).

One other therapy is a potential candidate for the future—induced 
hypothermia. To date, the weight of evidence points to no effect of 
induced hypothermia in improving outcome after traumatic brain 
injury in adults [84] (the reader should be aware that the results of a 
pediatric hypothermia study in traumatic brain injury are pending). 
In contrast to this result, there are now two studies of adults that 
indicate that mild therapeutic hypothermia improves neurologic 
outcome after cardiac arrest [85,86]. Also, there is a suggestion that 
selective head cooling with mild systemic hypothermia could improve 
survival without severe neurodevelopmental disability in infants 
with moderate neonatal hypoxic–ischemic encephalopathy [87]. 
Taken together with the previous discussion on pathophysiology 
(i.e., a signifi cant hypoxic component and similarity with hypoxic–
ischemic encephalopathy), infants with SBS may be the next appro-
priate group for a randomized controlled trial of hypothermia.

Conclusion

The pediatric critical care clinician should be aware of the possibility 
of NAHI in children and infants presenting with unexplained 
encephalopathy and subdural and retinal hemorrhages. Recent lit-
erature provides practical guidance in three key areas of manage-
ment. First, to aid diagnosis, Kemp has reviewed the essential 
baseline assessment of an infant or child in this category (Table 6.5) 

[88]. Second, in relation to medical and legal issues, Zenel and Gold-
stein have summarized the critical care perspective [89]. Finally, 
concerning limitation of or forgoing life-sustaining treatment, the 
American Academy of Pediatrics Committee on Child Abuse and 
Neglect has provided recommendations to be used for abused 
children [90].

Beyond these issues, there is the question of best treatment and 
how we can improve outcomes of critically ill infants and children 
with NAHI or SBS. Central to this discussion must be better diag-
nosis and better understanding of mechanism and pathophysiol-
ogy. The conclusion of Kemp et al.—Coma at presentation, apnea, 
and diffuse brain swelling or hypoxic ischaemia all predict poor 
outcome.  .  .  .   There is evidence of associated violence in the major-
ity of infants with NAHI. At this point in time however we do not 
know the minimum forces necessary to cause NAHI—highlights an 
issue that is the central question for future research [37]. What are 
the relative contributions of traumatic brain injury and hypoxic–
ischemic encephalopathy, and on which of these components 
should we be focusing our therapy?
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TABLE 6.5. Essential baseline medical assessment of an infant with subdural 
hemorrhage.

Assessment Notes

Clinical history • Full case history
 •  Full documentation of all possible explanations for 

injury
 •  Identification of any previous concerns about 

unexplained injury
 • Identification of relevant criminal record of caregivers
Examination • Thorough general examination
 •  Documentation and clinical photographs of coexisting 

injury
 •  Head circumference, weight, and length plotted on 

percentiles
Eyes Ophthalmologist to examine both eyes through dilated 
 pupils
Radiology • Initial cranial computed tomography scan
 • Repeated neuroimaging at 7 and 14 days
 • Neuroradiologic report of all imaging
 • Full skeletal survey; repeat at 10 and14 days
Serology • Full blood count repeated over first 24–48 hr
 • Coagulation screen
 •  Urea and electrolytes, liver function tests, blood 

cultures
Follow-up investigations • Exclude glutamic aciduria in cases with frontotemporal 
indicated by tests above     atrophy
  • Lumbar puncture where meningitis is possible
 • Save serum for viral serology

Source: Kemp [88].
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scious state (MCS), the locked-in state, and akinetic mutism (Table 
7.1). Patients may transition between various states as conscious-
ness improves or worsens.

Patients in a vegetative state have suffi cient hypothalamic and 
brain stem (vegetative) function to allow for normal sleep–wake 
cycles, with spontaneous eye opening during periods of arousal 
and prolonged survival with supportive care [3]. Such patients 
often have simple vocalizations (sounds but not words), facial 
expressions, and movements that can easily be misinterpreted by 
hopeful observers as refl ecting awareness. In this unconscious 
state, however, such movements are random or refl exive, and pro-
longed observations by trained clinicians fi nd that such patients do 
not have awareness of their internal or external environment. A 
vegetative state is considered permanent, with little chance of 
improvement, if it lasts longer than 12 months after traumatic 
injury or longer than 3 months after nontraumatic injury [4].

In contrast, patients in a minimally conscious state can at least 
occasionally demonstrate purposeful movements or responses. 
These can include following simple commands, making gestural or 
verbal responses to questions, making intelligible verbalizations, 
smiling or crying in response to evocative sounds or images, reach-
ing accurately toward the location of an object, or fi xating on and 
pursuing visual stimuli [5]. Accurate differentiation of minimally 
conscious patients from vegetative patients often requires repeated 
assessments by a multidisciplinary team with experience in the 
management of complex disabilities [6]. In the future, functional 
magnetic resonance imaging studies may be helpful in differentiat-
ing these conditions [7].

Patients in a locked-in state have normal arousal and awareness 
but little to no ability to respond to stimuli because of profound 
paralysis. This condition is rare, especially in children, but can 
occur with anterior brain stem injuries sparing the ARAS, and it 
has previously been described in patients with head trauma [8], 
pontine glioma [9], and basilar artery occlusion [10]. Paralysis suf-
fi cient to cause a locked-in state can also result from peripheral 
nervous system diseases such as Guillain-Barré syndrome [11], 
spinal muscular atrophy [12], botulism, and organophosphate 
toxicity [13].

Akinetic mutism is another state with preserved arousal and 
awareness but in which responses are impaired by what is best 
described as profound apathy. Patients appear awake and are atten-
tive to visual stimuli but have slow and inconsistent movements 
and little to no speech. This state has been seen in patients with 
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Normal and Impaired Consciousness

In the medical context, normal consciousness is determined by the 
presence of arousal and of awareness, easily recognizable in healthy 
individuals who are fully awake and responsive, with whom physi-
cians can easily interact and identify. Patients with severe motor or 
sensory impairments may be fully conscious, but recognizing this 
may be diffi cult. Identifying states of impaired consciousness, sus-
pected when alertness or responsiveness is incomplete or inconsis-
tent, is of great importance in making medical and ethical decisions. 
The physiology of arousal depends on stimulation of the ascending 
reticular activating system (ARAS), which transmits sensory infor-
mation from the spinal cord and brain stem to the hypothalamus, 
thalamus, and cerebral cortex. Awareness is thought to have a less 
linear pathway, arising from a network of connections between the 
cerebral cortex and the major subcortical nuclei [1]. Impaired con-
sciousness can be the result of diminished arousal or awareness, 
although awareness is not possible without at least partial arousal. 
Coma is a state of deep and sustained (over 1 hr) unconsciousness. 
A patient in a coma appears to be asleep but cannot be aroused, 
unlike a person who is in fact asleep [2].

Patients can be found to have levels of arousal and awareness 
anywhere along a continuum from heightened to absent. This has 
led to the introduction (and often imprecise use) of various descrip-
tive terms. Patients with diminished alertness can be lethargic 
(sleepy when unstimulated but easily awakened), obtunded (abnor-
mally drowsy even when stimulated), or stuporous (responsive only 
with vigorous and frequent stimulation). A state of heightened 
arousal, which can be manifested by hypervigilance and decreased 
need for sleep, can be seen in patients with delirium.

Coma may be transient or may persist for days, months, or years. 
There are, however, other states of severely impaired conscious-
ness, or mimics thereof, from which coma must be differentiated. 
These include brain death, the vegetative state, the minimally con-
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bilateral injuries to the more distal components of the ARAS, 
including the paramedian midbrain, basal diencephalon, and 
inferior frontal lobes. Injuries to these areas, with resulting aki-
netic mutism, have been seen in children as the result of 
head trauma [14], hydrocephalus [15], central nervous system infec-
tions [16], tumors [17], and tumor resection surgery [18]. 
Brain death is defi ned as complete loss of consciousness and of all 
brain stem refl exes that is caused by an irreversible brain injury. 
Variations exist among countries as to the extent of damage that 
must be present and the extent of confi rmatory testing that is 
necessary [19].

Causes of Coma

Coma, with complete loss of arousal, is a nonspecifi c consequence 
of ARAS dysfunction caused by a localized process within the brain 
stem, a mutifocal process that affects ARAS targets within both 
cerebral hemispheres, or a global process affecting all areas of the 
central nervous system. Coma resulting from head trauma, for 
example, may be due to hemorrhage within the brain stem, diffuse 
axonal injury and edema within both cerebral hemispheres, global 
hypoxia, hypotension, and iatrogenic sedation [2]. The most 
common etiologies of coma are listed in Table 7.2. Annually, trau-
matic and nontraumatic causes of coma have roughly equal inci-
dences of about 30 per 100,000 children. Nontraumatic causes are 
seen more frequently in infancy and early childhood, when con-
genital heart malformations and inborn errors of metabolism are 
most likely to become symptomatic. In a prospective, population-
based study of nontraumatic coma in children, infection (38% of 
cases) was the most common etiology, followed by exogenous 
toxins (accidental and deliberate intoxication), seizures, congenital 
heart or brain malformations, hypoxic–ischemic injury, and endog-
enous toxins (diabetes, inborn errors of metabolism) [20].

History and Physical Examination

The evaluation of a comatose patient must be both rapid and com-
plete, as early identifi cation of the underlying cause of coma is 
crucial for patient management. Coma may be the consequence of 
the expected progression or complication of a prior illness or injury 
[21]. Coma of abrupt, witnessed, and unexplained onset is sugges-
tive of an intracranial hemorrhage, seizure, or cardiac arrhythmia. 
Unwitnessed but abrupt onset of coma in a previously healthy child 
may be due to trauma or intoxication. An etiology for coma may 
remain obscure until, or even after, a thorough assessment of the 
patient. Nonaccidental head trauma is rarely witnessed or con-
fessed to but may be suspected on the basis of a vague, changing, 
or inconsistent history or unexplained signs of acute or prior 
trauma [22].

The evaluation of a comatose patient, as with any seriously ill 
patient, begins with assessment of airway patency, adequacy of 
oxygenation and ventilation, and adequacy of circulation. Vital 
signs must be measured and continuous monitoring should be 
instituted as soon as is possible. Many alterations of vital signs can 
suggest the etiology of coma. Hyperthermia is suggestive of infec-
tion, but is also seen with acute disseminated encephalomyelitis 
(ADEM), heat stroke, neuroleptic malignant syndrome, status epi-
lepticus, and anticholinergic poisoning. Even when an extracranial 
infection is apparent, consideration should still be given to possible 
intracranial involvement, septic shock, seizures, Reye’s syndrome, 
or exacerbation of an inborn error of metabolism. Hypothermia 
can also occur with infection, especially in infancy, but is more 
often caused by drug intoxication or environmental exposure and 
rarely by hypothyroidism. Tachycardia can occur with fever, pain, 
hypovolemia, cardiomyopathy, and tachyarrhythmia. Bradycardia 
occurs with hypoxic–ischemic myocardial injury and as part of the 
Cushing triad of increased intracranial pressure (ICP) along with 
hypertension and irregular respirations. Tachypnea can be seen 
with pain, hypoxia, metabolic acidosis, and pontine injury. Slow, 
irregular, or periodic respirations occur with metabolic alkalosis, 

TABLE 7.1. Disorders of consciousness and related conditions.

   Purposeful Spontaneous
State Awareness Alertness movements breathing

Brain death Absent Absent Absent Absent
Coma Absent Absent Absent Variable
Vegetative Absent Present Absent Present
Minimally conscious Present Present Limited Present
Akinetic mutism Present Present Limited Present
Locked-in Present Present Limited Variable

TABLE 7.2. Causes of coma.

 A. Metabolic
  a. Electrolyte, acid–base, glucose, water, or thermal disturbances
  b. Nutritional—thiamine, pyridoxine, or niacin deficiency
  c. Toxins—accidental or intentional ingestion, overdose, or inhalation
  d. Medications—overdose or adverse reaction
  e. Inborn errors of metabolism
    i. Organic acidurias and amino acidemias
    ii. Urea cycle defects
    iii. Carbohydrate disorders
    iv. Mitochondrial and carnitine disorders
    v. Fatty acid oxidation defects
    vi. Leukodystrophies
 B.  Organ dysfunction
  a. Endocrine—pituitary, thyroid, pancreas, adrenal
  b. Renal failure—uremia
  c. Hepatic failure—hyperammonemia, Reye’s syndrome
  d. Cardiorespiratory failure—shock, hypoxia, CO2 narcosis
 C. Infectious
  a. Systemic
  b. Cerebral—meningitis, encephalitis, cerebritis, empyema, or abscess
 D. Inflammatory
  a. Vasculitis
  b. Acute disseminated encephalomyelitis
 E. Paroxysmal
  a. Seizure—convulsive, nonconvulsive, or postictal
  b. Migraine—”basilar”
 F. Traumatic
  a. Intracranial hemorrhage or contusion
  b. Diffuse axonal injury
 G. Neoplastic
  a. Infiltration or edema—herniation, hydrocephalus, seizures
  b. Chemotherapy or radiation therapy toxicity
 H. Vascular
  a. Ischemia—thrombosis, embolism, strangulation, or arterial dissection
  b.  Hemorrhage—arteriovenous malformation, aneurysm, coagulopathy, atrophy, or 

trauma
  c. Venous sinus thrombosis
 I. Structural—communicating or noncommunicating hydrocephalus
 J. Psychiatric—conversion, malingering, or Munchausen by proxy
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diabetic ketoacidosis, sedative intoxication, and brain stem inju-
ries. Hypotension suggests hypovolemic, septic, or cardiogenic 
shock, intoxication, and adrenal insuffi ciency. Hypertension may 
be caused by pain, intoxication, renal failure, and increased ICP.

A complete skin examination can be particularly helpful and 
requires carefully inspecting the scalp, removing all of the patient’s 
clothing, and turning the patient to visualize the back. Abnormal 
skin color accompanies bruising (blue, purple, red, or yellow), 
hypoxia (blue), jaundice (yellow), anemia (white), and carbon-
monoxide poisoning (cherry red). Bruising and swelling are sug-
gestive of trauma, and the examination may reveal evidence of a 
basilar skull fracture such as periorbital bruising (raccoon eyes), 
mastoid bruising (battle sign), or cerebrospinal fl uid (CSF) rhinor-
rhea or otorrhea. Bruises or burns of varying ages, unusual shapes, 
or unusual distributions should raise concerns regarding nonacci-
dental trauma. Rashes are often nonspecifi c but may suggest infec-
tion with herpes, measles, varicella, meningococci, or ricketsiae. 
Abnormally pigmented macules accompany tuberous sclerosis and 
neurofi bromatosis, and generalized hyperpigmentation suggests 
primary adrenal insuffi ciency.

Neurologic Examination

The neurologic examination establishes the diagnosis of coma but 
can also provide invaluable clues as to its etiology. A fundoscopic 
examination showing papilledema can lead to early institution of 
measures to lower ICP. Findings consistent with meningeal irrita-
tion, such as passive resistance to neck fl exion, involuntary knee 
fl exion with forced hip fl exion (Kernig’s sign), or involuntary hip 
and knee fl exion with forced neck fl exion (Brudzinski’s sign), can 
be seen with infectious meningitis, chemical meningitis (as with 
subarachnoid hemorrhage), and parameningeal infl ammation.

As long as deep sedation and paralysis have not been induced 
iatrogenically, the cranial nerve examination can yield important 
information about brain stem function. The afferent arm of the 
pupillary refl ex depends on intact transmission of light through the 
eye, activation of the retina, and transmission of impulses along a 
branch of the optic nerves to nuclei in the rostral midbrain. Signals 
from each eye are distributed to bilateral parasympathetic Edinger-
Westphal nuclei, which affect pupillary constriction, and to bilat-
eral sympathetic nuclei in the hypothalamus, which affect pupillary 
dilation. Lesions of one eye or optic nerve (CN II) result in a pupil 
that has little to no direct response to ipsilateral light but has a 
normal consensual response to contralateral light. Lesions of a 
parasympathetic nucleus or of its fi bers (running along the surface 
of the ipsilateral third cranial nerve) results in ipsilateral pupillary 
dilation (mydriasis) and loss of both direct and consensual 
responses to light. Sympathetic efferents to the pupil originate in 
the hypothalamus, descend uncrossed through the brain stem and 
synapse with nuclei of the intermediolateral columns of the lower 
cervical and upper thoracic spinal cord. Second order axons then 
exit the spinal cord along with the ventral rami and synapse with 
nuclei of the paraspinal sympathetic chain. Third order axons then 
run along the surface of the internal carotid artery and the oph-
thalmic division of the trigeminal nerve to reach the ipsilateral 
radial pupillodilator muscles of the eye, the Muller’s muscles of the 
upper and lower eyelids, and the sweat glands of the face. Compres-
sive or destructive lesions anywhere along this pathway can result 
in an ipsilateral Horner syndrome, consisting of pupillary constric-
tion (miosis), partial ptosis, and anhidrosis. Unequal pupil size 
(anisocoria) may be caused by direct injury to an iris, miosis of one 

eye, or mydriasis of the other eye. Bilaterally miotic but reactive 
pupils can be seen with metabolic disorders, intoxications, and 
bilateral Horner syndrome. Fixed and mydriatic or midposition 
pupils can be seen with complete bilateral afferent defects but are 
most often seen with severe brain stem injuries that disrupt both 
the sympathetic and parasympathetic pupillary efferents.

The extraocular muscles controlling eye movements are inner-
vated by the oculomotor (CN III), trochlear (CN IV), and abducens 
(CN VI) nuclei. Conjugate horizontal eye movement toward one 
side begins with activation of the ipsilateral parapontine reticular 
formation, which sends coordinated impulses to the ipsilateral 
abducens nucleus in the pons and contralateral oculomotor nucleus 
in the midbrain. Rapid horizontal eye movements to one side are 
directed by the contralateral prefrontal cortex. Smooth pursuit 
movements are infl uenced by coordination of visual, propriocep-
tive, and vestibular inputs by the cerebellum. The involuntary 
function of these pathways to maintain visual fi xation during head 
movements can be tested with the oculocephalic (doll’s eye) refl ex. 
The oculocephalic refl ex is abnormal when one or both eyes do not 
move in the opposite direction of rapid lateral or vertical head rota-
tion. Such rapid neck movements are contraindicated in patients 
with diagnosed or suspected cervical spine injuries, but the oculo-
vestibular (caloric) refl ex tests the same pathways. Irrigation of the 
external ear canals with water can induce convection currents 
within the semicircular canals. Unilateral warm water irrigation 
(with 30° of head elevation) causes slow horizontal deviation of the 
eyes away from the irrigated ear, whereas cold water causes devia-
tion toward the irrigated ear. Conscious patients will have saccadic 
eye movements that attempt to maintain visual fi xation. It is from 
the direction of these saccades that the mnemonic COWS (Cold 
Opposite, Warm Same) is derived. In the unconscious patient, 
caloric testing is usually limited to cold water, saccades are not 
seen, and the mnemonic does not apply.

The corneal refl ex tests the sensory function of the ophthalmic 
division of the ipsilateral trigeminal nerve (CN V), transmission of 
impulses within the pons from the trigeminal nucleus to bilateral 
facial nerve nuclei, and the motor function of the ophthalmic 
branches of the facial nerves to the orbicularis oculi muscles, which 
effect eyelid closure. An asymmetric response is suggestive of a 
compressive or destructive lesion interrupting one limb of the 
refl ex arc. Closure of only one eye with stimulation of either cornea 
suggests an efferent defect. Lack of response to touching one cornea 
but not the other suggests an afferent defect. Bilateral absent 
corneal refl exes can be seen with more extensive structural lesions 
but also occur with metabolic disorders, intoxication, and 
paralysis.

The gag refl ex depends on intact functioning of afferents and 
efferents from both the glossopharyngeal (CN IX) and vagal (CN 
X) nuclei within the medulla. The ideal test looks for palatal eleva-
tion with stimulation of each side of the posterior wall of the oro-
pharynx. When a patient is tracheally intubated, as is often the case 
in the context of coma, eliciting a cough with endotracheal tube 
manipulation or suctioning is often used as an acceptable alterna-
tive. However, it should be noted that cough can also be elicited in 
these ways through refl exes involving the cervical spine.

Asymmetric limb movements or postures are also suggestive of 
lesions within the central nervous system. Flaccid weakness can 
occur with lesions of the medulla or spinal cord. Decerebrate pos-
turing, with extension and internal rotation of both the arm and 
leg, can occur with lesions in the pons. Decorticate posturing, with 
fl exion of the arm and extension of the leg, can occur with lesions 
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of midbrain, thalamus, and cortex. Symmetric fl accid weakness or 
decorticate posturing is diffi cult to localize and can be associated 
with global metabolic insults, intoxication, and trauma. Asymmet-
ric responses are particularly suggestive of focal compressive or 
destructive processes.

Rating scales such as the Glasgow Coma Scale and its modifi ca-
tion for use in children (Table 7.3) are frequently used to sum-
marize a patient’s level of consciousness, using scores for motor, 
verbal, and eye opening responses. Such scales have proven descrip-
tive and prognostic value, especially in the fi rst hours and days of 
evaluation of coma, but it should be remembered that they do not 
refl ect brain stem refl exes and other important aspects of a com-
plete neurologic examination.

Herniation Syndromes

Beyond early infancy, when open fontanelles and sutures allow 
limited expansion, the skull is a fi xed structure that cannot accom-
modate an increase in the overall volume of its contents. According 
to a principle known as the Monroe doctrine, an expansion of one 
of the three intracranial components (blood, CSF, and brain) will 
initially be compensated by a reciprocal decrease in the other com-
ponents. Shifts of this kind normally occur throughout the day, 
with small changes in venous pressure and intracranial blood 
volume caused by position changes and valsalva maneuvers. Large 
increases in any of the components, as with a rapidly expanding 
hematoma, obstructive hydrocephalus, or cerebral edema, can 
overwhelm the capacity of the brain for compensation, induce 
rapid and dramatic increases in ICP, and result in herniation of 
brain contents past their usual boundaries, resulting in several 
well-characterized herniation syndromes (Figure 7.1).

Uncal herniation is a unilateral, downward transtentorial her-
niation caused by expansion within or above one temporal lobe, 
which pushes the mesial temporal lobe (uncus) and parahippocam-
pal gyrus into the suprasellar cistern, through the tentorial notch, 
and onto the ipsilateral oculomotor nerve (Figure 7.2). Initial
compression of this nerve affects the parasympathetic pupillomo-
tor fi bers running along its surface and results in a poorly reactive, 
then fi xed and dilated pupil. Further compression causes the ptosis 
and outward and downward deviation of the ipsilateral eye (Figure 
7.3). Ongoing uncal herniation can also lead to ipsilateral hemi-
paresis as the brain stem is pushed against the contralateral inci-
sural notch, contralateral hemianopsia as the ipsilateral posterior 
cerebral artery is compressed, and apnea as the entire brain stem 
is pushed downward, causing hemorrhage and ischemia within the 
medulla.

Bilateral expansion of cranial contents, with a generalized 
increased in ICP, can result in central herniation of the thalamus 
and hypothalamus through the tentorial notch, downward move-
ment of the brain stem, and eventual downward herniation of the 
cerebellar tonsils through the foramen magnum (Figure 7.4). 
Expansion within the posterior fossa alone can cause brain stem 
compression and downward herniation of the cerebellar tonsils or, 
rarely, upward transtentorial herniation of the cerebellum and 
brain stem.

Compression and ischemia of the diencephalon and brain stem 
can progress slowly in a rostrocaudal fashion or can occur abruptly. 
With a diencephalic level injury, patients show decorticate postur-
ing, Cheyne-Stokes respirations, and small pupils but preserved 
brain stem refl exes and ability to localize noxious stimuli. With 
involvement of the midbrain and upper pons, posturing becomes 

TABLE 7.3. Glasgow Coma Scale (GCS).

Sign GCS* GCS modified for children† Score

Eye opening Spontaneous Spontaneous  4
 To command To sound  3
 To pain To pain  2
 None None  1
Verbal response Oriented Age-appropriate vocalization,   5
   smile, or orientation to sound
 Confused, disoriented Irritable, consolable,   4
   uncooperative, aware of 
   the environment
 Inappropriate words Irritable, inconsistently   3
   consolable
 Incomprehensible  Inconsolable, unaware of the  2
  sounds  environment, restless, 
   agitated
 None None  1
Motor response Obeys commands Obeys commands, spontaneous  6
   movements
 Localizes pain Localizes pain  5
 Withdraws Withdraws  4
 Abnormal flexion to Abnormal flexion to pain  3
  pain
 Abnormal extension  Abnormal extension to pain  2
  to pain
 None None  1
Best total score   15

*Based on Teasdale and Jennett [83].
†Based on Simpson et al. [84].

FIGURE 7.1. Herniation syndromes. (A) Subfalcine herniation. (B) Uncal hernation. (C) 
Central herniation. (D) Extracranial herniation. (E) Tonsillar herniation. (Copyright 
Harris and Troetscher, http://www.uth.tmc.edu/radiology/test/er_primer/skull_brain/
skull.html.)
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decerebrate, pupils become midposition in size and sometimes 
irregular in shape, and there is a loss of pupillary, oculocephalic, 
and oculovestibular refl exes. Respirations may become rapid, 
leading to respiratory alkalosis. With involvement of the lower 
pons and medulla, all brain stem refl exes are lost, posturing is 
replaced with a fl accid paralysis, and respirations become ataxic, 
irregular, and slow before eventually ceasing.

Subfalcine herniation results from unilateral expansion of one 
hemisphere causing lateral movement of the ipsilateral cingulate 
gyrus underneath the anterior portion of the falx. The anterior 
horn of the ipsilateral ventricle is compressed by the local mass 
effect but the opposite lateral ventricle can become enlarged due to 

obstruction of the foramen of Monroe (Figure 7.5). This type of 
herniation can also result in contralateral leg weakness as the ipsi-
lateral anterior cerebral artery is pulled along with the cingulate 
gyrus and compressed by the falx.

FIGURE 7.2. Uncal herniation. Axial T1-weighted magnetic resonance image of the brain, 
demonstrating increased intensity in the left medial temporal lobe from acute hemorrhage 
and swelling (A), causing compression of the suprasellar cistern (B). (Copyright H. 
Irvine and J.G. Smirniotopoulos, MD, rad.usuhs.mil/rad/herniation.)

FIGURE 7.3. Oculomotor palsy. Total right third nerve palsy resulting in outward and down-
ward deviation of the right eye with an efferent pupilary defect. (Copyright Jeremy Payne, 
www.neurology.arizona.edu/Training/c10.html.)

FIGURE 7.4. Tonsillar herniation. Axial computed tomography scan of the head of a patient 
whose cerebellar tonsils (A) have descended into the foramen magnum to compress the 
cervical spinal cord (B). (Copyright H. Irvine and J.G. Smirniotopoulos, MD, rad.usuhs.
mil/rad/herniation.)

FIGURE 7.5. Subfalcine herniation. Coronal T1-weighted magnetic resonance image of
the brain showing swelling of the right hemisphere (A) causing herniation of the right 
cingulate gyrus under the falx (B) and compression of the right lateral ventricle (C). (Copy-
right H. Irvine and J.G. Smirniotopoulos, MD, rad.usuhs.mil/rad/herniation.)
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Extracranial herniation occurs when there is a defect in the skull 
that allows expanding intracranial contents to herniate outward 
(Figure 7.6). This is most often seen as the intended consequence 
of a decompressive craniotomy performed for the relief of increased 
ICP.

Diagnostic Testing

Routine laboratory testing of a patient with coma of unknown etiol-
ogy should include an immediate bedside test for serum glucose 
level, a complete blood count, and a complete metabolic profi le that 
includes measurement of serum electrolytes, calcium, blood urea 
nitrogen, creatinine, liver transaminases, ammonia, and lactate 
levels. The blood count may demonstrate leukocytosis or leukope-
nia related to infection or hematologic malignancy, macrocytosis 
related to folate or cobalamin defi ciency, or anemia caused by hem-
orrhage. Any suspicion for infection should lead to the collection 
of blood, urine, and CSF cultures. A complete metabolic profi le may 
disclose the presence of an electrolyte imbalance, a disorder of 
osmolality, renal or hepatic dysfunction, or an inborn error of 
metabolism. If a blood gas is measured for respiratory management 
it may provide the fi rst evidence of metabolic acidosis associated 
with hypotension, intoxication, or an inborn error of metabolism. 
If the clinical suspicion for an inborn error of metabolism is high, 
more specifi c tests can be performed, such as serum amino acids, 
urine organic acids, and serum carnitine and acylcarnitines, but 
the results of such tests are often unavailable for days or weeks. 
Testing of children in coma that remains unexplained despite a 
routine workup may expand to measures of thyroid function, cor-
tisol, and urine porphyrins.

Toxic ingestions are best identifi ed by history and by the recogni-
tion of specifi c clinical syndromes (toxidromes), but it is known 
that children are more likely than adults to present with unfamiliar 
or atypical clinical features [23,24]. Some laboratory tests can 
provide rapid results and are commonly ordered as a batch, includ-
ing standard serum or urine tests for common drugs of abuse 
(barbiturates, benzodiazepines, opioids, amphetamines, cocaine 
metabolites, phencyclidine, and marijuana metabolites) and serum 
tests for acetaminophen, salicylates, ethanol, sympathomimetic 
amines, and tricyclic antidepressants. Broader drug screens, such 
as thin-layer chromatography and ultraviolet spectroscopy, can 
detect less common causes of intoxication but are not rapidly avail-
able and often require confi rmatory tests [25].

Neuroimaging by computed tomography (CT) is most suited to 
the critically ill patient because of its fast scanning. Computed 
tomography is able to detect pathology in need of immediate surgi-
cal intervention, including hydrocephalus, herniation, and mass 
lesions caused by infection, neoplasia, hemorrhage, and edema. 
Magnetic resonance imaging (MRI) provides greater structural 
detail but may be uniquely able to show early evidence of infection, 
infarction, diffuse axonal injury, petechial hemorrhage, sinove-
nous thrombosis, and demyelination [26,27]. Some advanced but 
not universally available methods of MRI, such as proton spectros-
copy, can also offer signifi cant information regarding prognosis in 
patients with anoxic or traumatic coma. Magnetic resonance 
imaging is therefore preferred but may often be delayed until a 
child is stable enough to endure the long acquisition time within 
the scanner. It is recommended that some form of neuroimaging 
be considered before lumbar puncture in any patient with a 
decreased level of consciousness, given the perception of an 
increased risk of inducing herniation.

Additional neuroimaging studies may be suggested by the initial 
CT or MRI, such as magnetic resonance angiography or conven-
tional angiography for cases of suspected vascular malformation, 
vasculitis, or venous thrombosis. Repeated scanning, usually with 
CT, is often undertaken on an emergent basis in patients with clini-
cal deterioration and can demonstrate worsening edema, hemor-
rhage, herniation, and hydrocephalus. Patients without a surgically 
remediable lesion on initial 24 or 48 hr CT scans do not appear to 
benefi t from continued routine imaging [28]. There is currently no 
role for the routine use of functional MRI, positron emission 
tomography, or single photon emission tomography in the evalua-
tion of comatose patients.

An electroencephalogram (EEG) should be among the tests per-
formed routinely in patients with coma of unknown etiology and 
is often the only means of recognizing nonconvulsive status epi-
lepticus (NCSE), especially in patients who are paralyzed [29]. Peri-
odic epileptiform discharges have been associated with NCSE [30]. 
In patients without epilepsy, these discharges are suggestive of 
underlying brain injury and, when lateralized, are suggestive of 
herpes encephalitis or infarction. Multifocal or generalized peri-
odic discharges can also be seen with metabolic and infectious 
causes of widespread cerebral dysfunction and are characteristic of 
subacute sclerosing panencephalitis [31]. Nonepileptiform features 
of the EEG, such as slowing or asymmetry, are largely nonspecifi c 
but can sometimes provide diagnostic or prognostic information 
[32,33]. Continuous EEG is useful to assess and titrate the depth of 
sedation in patients placed under anesthesia for control of status 
epilepticus or increased ICP.

Other electrodiagnostic tests, such as somatosensory, auditory, 
and visual evoked potentials, are sometimes used in comatose 
patients for assessment of prognosis but do not have a well-defi ned 

FIGURE 7.6. Extracranial herniation. Coronal T1-weighted magnetic resonance image 
of the brain showing an edematous right hemisphere (A) herniating through a 
craniotomy defect (B). (Copyright H. Irvine and J.G. Smirniotopoulos, MD, rad.usuhs.
mil/rad/herniation.)



7. Evaluation of Coma 67

diagnostic utility. Nerve conduction and needle electromyographic 
studies also have no place in the routine evaluation of coma, 
although they are essential for diagnosing the locked-in syndrome 
caused by peripheral nervous system disorders and are generally 
useful in the evaluation of paralysis in critically ill patients.

Management of Coma

After initial evaluation and stabilization, and reversal of the under-
lying cause if possible, the treatment of a comatose patient is 
focused on prevention of secondary brain injury caused by sys-
temic hypotension, hypoxia, hypoglycemia, seizures, hyperther-
mia, infection, and herniation [34]. Our ability to recognize and 
treat these secondary factors has steadily gotten better, although 
parallel improvements in outcomes are diffi cult to demonstrate 
[35]. Children with severe traumatic injuries have been shown to 
have better outcomes when treated in pediatric trauma centers 
[36].

Our understanding of the pathophysiology of brain injury, 
regardless of etiology, has also improved. Cell death along 
necrotic and apoptotic pathways involves energy failure, loss of ion 
homeostasis, membrane depolarization, release of excitatory 
neurotransmitters, elevation of intracellular calcium, production 
of excessive free radicals, release of proinfl ammatory cytokines, 
activation of proapoptotic proteins, cleavage of DNA, lysis of 
proteins, and peroxidation of lipids [37]. Interventions to inhibit 
each of these biochemical derangements have been developed, and 
many have shown promise in animal and in vitro experiments; 
however, none has as yet been translated successfully into clinical 
practice.

Table 7.4 outlines steps in the management of coma. Tracheal 
intubation for airway protection and mechanical ventilation will 
be required in most instances. Stabilizing the circulation in patients 
with brain injury involves maintaining an adequate cerebral perfu-
sion pressure (CPP), calculated as the difference between the mean 
arterial pressure and the ICP. A CPP of 50 mm Hg or more is corre-
lated with improved survival after traumatic brain injury [38]. 
Steps to maintain the CPP, even in patients at risk for cerebral 
edema, lead to better outcomes than routine dehydration [39]. A 
bedside test of the serum glucose level allows early recognition and 
treatment of hypoglycemia. Hyperglycemia, on the other hand, is 
associated with increased morbidity and mortality in patients with 
traumatic and ischemic brain injuries. It is currently recommended 
that normoglycemia be maintained [40,41]. Reversal of known or 
suspected intoxication with opiates, anticholinergics, and benzo-
diazepines can be attempted using the specifi c antagonists nalox-
one, physostigmine, and fl umazenil. These agents can induce 

withdrawal symptoms and cause other potentially serious side 
effects. Adult patients with unexplained coma can often safely be 
treated with a coma cocktail that includes dextrose, thiamine, and 
sedative reversal agents [42]. Given evidence that children are even 
less likely to experience adverse reactions from fl umazenil and 
naloxone, their empiric use has been suggested [43].

Patients suspected of having increased ICP need urgent neuro-
imaging and neurosurgical consultation. Urgent surgical manage-
ment of increased ICP may require placement of an intracranial 
pressure monitor, decompression of a hematoma or other mass 
lesion, decompressive craniotomy, or cerebrospinal fl uid shunting. 
Efforts to maintain an ICP at less than 20 mm Hg improve the out-
comes of patients with severe traumatic brain injury [44]. Recent 
studies suggest a benefi t from early decompressive craniotomy in 
these patients [45,46]. Lowering the ICPs of patients who have suf-
fered a severe hypoxic insult, on the other hand, may only serve to 
improve the survival of profoundly impaired or vegetative patients 
[47]. Nonsurgical measures for lowering ICP include hyperventila-
tion, head positioning, and the use of hyperosmolar fl uids, corti-
costeroids, and sedatives. There are concerns that prolonged 
hyperventilation can decrease cerebral perfusion [48]. Osmolar 
diuretics such as mannitol carry a risk of dehydration, decreased 
cerebral perfusion, and rebound cerebral edema. The use of hyper-
tonic saline has been established as safe and effective [49].

Early post-traumatic seizures, most of which occur in the fi rst 
24 hr, can elevate ICP and increase cerebral metabolic demand, 
potentially worsening secondary brain injury. Prophylactic anti-
convulsants do improve neurologic outcomes in children after 
severe trauma [50] but do not lower the incidence of post-traumatic 
epilepsy, and their prolonged use may impair rehabilitation [51]. 
Status epilepticus necessitates urgent anticonvulsant therapy but 
may be clinically subtle or nonconvulsive. An epileptic etiology 
should be considered whenever neurologic deterioration or vital 
sign abnormalities are otherwise unexplained.

Infection is often suspected and treated on the basis of initial 
clinical signs and laboratory test results. Intracranial infections 
can be diffi cult to diagnose without cerebrospinal fl uid analysis. 
Even when bacterial meningitis is strongly suspected it is accept-
able and often prudent to treat empirically and defer lumbar punc-
ture in patients at an increased risk of cerebral herniation on the 
basis of a known or suspected intracranial mass lesion [52]. Neu-
rogenic fever, which may be related to impairment of the hypo-
thalamus, occurs in up to 40% of patients with severe traumatic 
brain injury and in up to 50% of patients with severe hypoxic–
ischemic injury [53]. Hyperthermia is clearly detrimental to the 
injured brain, and cooling measures should be used as needed to 
bring core temperatures into the normal range [54]. However, clini-
cal trials of therapeutic hypothermia in brain-injured patients do 
not currently support its routine use [55].

Critically ill patients are at risk for malnutrition and electrolyte 
and acid–base imbalances. Appropriate nutrition maximizes neu-
rologic recovery and resistance to infection [56]. Rapid changes in 
serum osmolarity can cause myelinolysis or cerebral edema. Hypo-
natremia is frequently seen in patients with brain injuries and can 
be caused by inappropriate antidiuretic hormone release, which is 
associated with decreased urine output, or cerebral salt wasting, 
which is associated with increased urine output [57].

The risk of deep venous thrombosis and consequent pulmonary 
embolism is lower in comatose patients treated with low-
molecular-weight heparin, sequential compression stockings, and 
foot pumps [58].

TABLE 7.4. Steps in the management of coma.

 1. Ensure a stable airway, adequate oxygenation and ventilation, and circulation
 2. Recognize and treat hypoglycemia
 3. Consider specific antidotes for medication overdoses
 4. Monitor for, prevent, and treat increased intracranial pressure
 5. Evaluate for and treat seizures
 6. Treat suspected infection
 7. Normalize body temperature
 8. Optimize nutrition
 9. Correct electrolyte and acid–base disturbances
10. Prevent deep venous thrombosis
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Outcome of Coma

Despite efforts to prevent secondary brain injury, clinical outcomes 
are often frustratingly poor and largely depend on the etiology and 
severity of the initial injury. Trauma is consistently among the most 
common causes of mortality in childhood, and many survivors are 
left with severe neurologic handicaps [59]. Studies often report 
neurologic outcomes using one of several scales. The commonly 
used Glasgow Outcome Scale (GOS), outlined in Table 7.5, empha-
sizes functional independence [60]. The Pediatric Cerebral Perfor-
mance Category Scale (PCPCS), outlined in Table 7.6, evaluates 
both the independence and age-appropriateness of a child’s func-
tion [61]. These scales are easily applied and have good inter-rater 
reliabilities but do not take into account the effects of emotional 
and social impairments common among survivors of brain injury. 
Among the more broadly inclusive scales in use are the Functional 
Independence Measure (FIM) and its pediatric counterpart 
(WeeFIM), which assess 18 items in six categories, including self-
care, sphincter control, mobility, locomotion, communication, and 
social/cognitive function [62,63]. When a patient is able to cooper-
ate, testing by a clinical neuropsychologist provides the most com-
prehensive assessment of cognitive recovery [64].

Outcome Prediction

Families may be frustrated when recovery from coma proceeds 
slowly, perhaps conditioned to expect a sudden and dramatic awak-
ening. Such recoveries do occur but are exceptional, as are recover-
ies from a severely disabled state lasting more than 6 months. Most 
children with traumatic brain injury reach their highest GOS score 
within that time frame, although independence can continue to 
subtly improve for months and years. Most children who survive 
traumatic coma (up to 90% of those with coma lasting less than 6 
weeks) will eventually achieve a GOS score of moderately disabled 
or better, although cognitive and emotional problems may persist. 
Similar outcomes are seen with nontraumatic causes of pediatric 
coma, as in one population-based study of 278 children in which 
46% died, 64% of the survivors were neurologically intact, 16% had 

mild to moderate disability, and 14% were severely disabled or in 
a vegetative state [65]. The widespread use of the GOS, emphasizing 
motor independence, has contributed to a belief that brain injuries 
affect younger children less than they do adults. However, cogni-
tive defi cits may have a more profound infl uence on subjects with 
a lifetime of impaired learning ahead of them [66].

Families of children in coma are often presented with diffi cult 
decisions about the institution, continuation, or withdrawal of 
medical care. Early measures that predict eventual death or severe 
impairment allow some to decline what they perceive to be futile 
care, even though most measures are less than ideal. The accuracy 
of outcome predictions made using combined clinical, serologic, 
radiologic, and electrophysiologic measures is as high as 90%, but 
no measures have been able to avoid predicting bad outcomes for 
children who nevertheless make meaningful recoveries.

The clinical measure most commonly used for prediction is the 
presenting GCS score. Children whose injuries are severe but who 
present with a GCS from 4 to 8 are very unlikely to die, whereas 
those with the lowest score of 3 have a mortality rate of 50% to 60%, 
often dying within a few days of hospitalization [67]. Outcome from 
severe traumatic brain injury is also correlated with multiple 
trauma, hypoxia, hypotension, disseminated intravascular coagu-
lation, hyperglycemia, and early post-traumatic seizures [68]. 
Outcome from nontraumatic coma is also worse for patients with 
lower presenting GCS scores, especially lower motor scores, and is 
negatively correlated with younger age, absent brain stem refl exes, 
and hypotension [69].

Electrophysiologic somatosensory evoked potentials (SSEPs) can 
add even more to outcome prediction. Pooled studies of adults and 
children have shown a more than 90% accuracy in using bilaterally 
intact SSEPs within 48 hr of resuscitation to predict good recovery 
and bilaterally absent SSEPs to predicts severe disability or death 
[69]. However, absent SSEPs are far more likely to be misleading in 
children and adolescents, who are more likely to awaken from coma 
and go on to recover signifi cant independence [70]. Other electro-
physiologic tests, including EEGs, brain stem auditory evoked 
responses (BAERs), and visual evoked potentials (VEPs), have 
limited value in outcome prediction [33]. Nevertheless, some EEG 
patterns, such as burst-suppression and isoelectricity, are highly 
predictive of a very poor prognosis. These patterns were seen only in 
children with a fatal outcome in one series of near-drownings [71].

Some clinical scenarios offer little hope for intact survival. Chil-
dren who suffer cardiopulmonary arrest, especially those who 
remain pulseless on arrival to the emergency room after an out-of-
hospital arrest, nearly always die or remain profoundly impaired. 
Some children, such as those who are found pulseless after an 
unwitnessed arrest, who require more than 25 min of cardiac resus-
citation, or who suffer warm-water near-drowning and are pul-
seless on arrival to the emergency room, are so unlikely to survive 
or recover that any continuation of care may be futile [72–75]. On 
the other hand, intact recovery rates of up to 75% have been 
reported with other scenarios, including witnessed cardiopulmo-
nary arrest, isolated respiratory arrest, and ice-water submersion. 
For submersion victims, other factors found to be associated with 
better recovery include preservation of pupillary refl exes, a GCS of 
greater than 5 in the emergency room, female gender, and initial 
blood glucose of less than 250 mg/dL [76].

Neuroimaging studies, particularly proton magnetic resonance 
spectroscopy (MRS), are of great value for outcome prediction. 
Lower N-acetyl aspartate to creatine (NAA/Cr) ratios and higher 
lactate levels on MRS are highly predictive of poorer outcomes in 

TABLE 7.5. Glasgow Outcome Scale.

1. Death
2. Persistent vegetative state
3. Severe disability: conscious but dependent
4. Moderate disability: independent but disabled
5. Good recovery

Source: Tilford et al. [50].

TABLE 7.6. Pediatric Cerebral Performance Category Scale (51).

1. Normal: able to perform all age-appropriate activities
2.  Mild disability: conscious, alert, and able to interact at an age-appropriate level but 

may have a mild neurologic deficit
3.  Moderate disability: conscious, sufficient cerebral function for most age-appropriate 

independent activities
4.  Severe disability: conscious, dependent on others for daily support because of 

impaired brain function
5. Persistent vegetative state or coma
6. Death

Source: Beghi [50].



7. Evaluation of Coma 69

near-drowning patients (Figure 7.7) [77,78]. Even conventional
MRI has a signifi cant advantage over CT scanning for patients with 
traumatic brain injury: one series found that signal abnormalities 
in the brain stem, seen in 60% of cases, were 100% predictive of 
mortality [79]. Similarly, the extent of signal abnormality on MRI 

after hypoxic–ischemic injury, especially in watershed and basal 
ganglia areas, is strongly correlated with neurologic outcome [80]. 
Susceptibility weighted MRI is particularly helpful in demonstrat-
ing the presence and extent of intracranial hemorrhages in patients 
with diffuse axonal injury (Figure 7.8). Studies using higher reso-

FIGURE 7.7. Proton magnetic resonance spectroscopy. 
Proton magnetic resonance spectroscopy of a voxel cen-
tered within the occipital gray matter of a 15-month-old 
child who suffered an axphyxial injury from a foreign body 
aspiration, showing an extremely depressed ratio between 
N-acetyl aspartate (C) and creatine (B), indicating neuronal 
loss or dysfunction. The ratio between choline (A) and cre-
atine is elevated, suggesting membrane disruption or glial 
activation. The presence of a large lactate peak (D) is con-
sistent with a severe anoxic injury. The patient has remained 
in a persistent vegetative state. (Courtesy of Barbara Hols-
houser, MD, Department of Neuroradiology, Loma Linda 
University School of Medicine.)

FIGURE 7.8. Magnetic resonance imaging of a 10-year-old pedestrian hit by an automobile. 
The axial computed tomography scan (A) shows bleeding within the anterior corpus cal-
losum. Magnetic resonance imaging using susceptibility weighting (B) is able to demon-

strate more extensive hemorrhage within the corpus callosum, thalamus, and ventricles. 
(Courtesy of Karen Tong, MD, Department of Neuroradiology, Loma Linda University School 
of Medicine.)
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lution images may eventually show even greater precision, espe-
cially in correlating regional abnormalities with specifi c cognitive 
defi cits among survivors.

Serum tests for markers of the severity of brain injury, such as 
the glial and neuronal proteins neuron-specifi c enolase (NSE), 
S100, and glial fi brillary acidic protein (GFAP), are also showing 
great promise in early studies [81]. However, the limitations of 
outcome prediction are such that caution in their application is 
warranted. Even victims of warm-water near-drowning who appear 
to have little chance of survival are given at least 48 hr of intensive 
support under current recommendations [82]. Furthermore, deci-
sions to order tests for outcome prediction should be mindful of 
the family’s desire for the information. A decision to continue care 
may seem futile to some families but reasonable to others, depend-
ing on many factors, including culture, religion, and education.
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systems or medical emergency teams may also have an important 
role [5,6].

More recently there has been a change in emphasis from merely 
achieving ROSC using advanced life support techniques to mini-
mizing the impact of CRA and subsequent reperfusion injury in the 
brain [7]. Importantly, the term cardiopulmonary cerebral resusci-
tation (CPCR) is slowly beginning to enter medical consciousness. 
This is underscored by the fact that in both the adult and pediatric 
populations, there remains a large discrepancy between those 
patients who are successfully resuscitated from CRA and those 
patients who ultimately survive to leave the hospital without neu-
rologic consequences. This discrepancy has been the focus of both 
basic and clinical research in recent times, but more research is 
needed to provide clinicians with the tools to treat the reperfusion 
injury effectively.

When ROSC is achieved after prolonged resuscitative attempts, 
there is signifi cant insult to the brain, which often results in death 
or signifi cant neurologic morbidity. Even with the availability of 
highly invasive techniques such as extracorporeal membrane oxy-
genation (ECMO), which can successfully restore circulation, clini-
cians must be aware that implementing neuroprotective strategies 
early in the resuscitative process is likely to improve patient 
outcomes.

Definitions

In 1995, a consensus paper was published describing the recom-
mendations of a taskforce representing the American Academy of 
Pediatrics, The American Heart Association, and the European 
Resuscitation Council on the uniform reporting of pediatric 
advance life support [8]. It is known as the pediatric Utstein report-
ing style. It has standardized the way investigators record and 
report data from CRA studies. The essential components of the 
pediatric Utstein criteria are standardized descriptions of prehos-
pital variables, hospital variables, arrest and event variables, and 
outcome variables. It is imperative that researchers in this fi eld be 
familiar with this reporting style during the design of studies. This 
reporting style provides a tool to critically examine and compare 
studies of pediatric CRA. There have been many reports of pediat-
ric CRA, but unfortunately the number of prospective studies to 
date reported using the pediatric Utstein style has been relatively 
small, making comparison diffi cult.

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Defi nitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Epidemiology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  74
Etiology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  74
Pathophysiology of Global Cerebral Ischemia . . . . . . . . . . . . . . . .  74
Neuropathology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
Outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
Neurologic Injury After Cardiorespiratory Arrest  . . . . . . . . . . . . 76
Therapy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
Monitoring of Parameters That Affect the Brain After 

Return of Spontaneous Circulation . . . . . . . . . . . . . . . . . . . . . . . 79
Prognosis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
Conclusion   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81

Introduction

This chapter focuses on the temporary cessation and subsequent 
restoration of cerebral blood fl ow, otherwise known as transient 
global cerebral ischemia. For the vast majority of patients, this is 
caused by cardiorespiratory arrest (CRA). Ischemic mechanisms 
also come into play in traumatic brain injury, stroke, acute hydro-
cephalus, and other encephalopathies complicated by severe intra-
cranial hypertension [1–3]. Consequently, there is overlap in the 
metabolic and cellular processes of diseases of differing etiologies. 
A thorough review of the mechanisms of global cerebral ischemia 
therefore provides a basis for understanding the mechanisms of 
other brain injuries and encephalopathies.

There are four distinct phases relating to CRA in children: (1) 
pre-CRA physiologic deterioration, (2) the period of no fl ow, (3) the 
period of low fl ow during resuscitation, and (4) the return of circu-
lation. The cardiopulmonary resuscitation (CPR) algorithms, and 
indeed much of resuscitation research, have focused on establish-
ing the return of spontaneous circulation (ROSC). Effective resus-
citation with the goal of early ROSC will have a profound impact 
on mortality and morbidity. This is being addressed by coordinated 
“code-blue” teams and training of fi rst responders in basic cardiac 
life support, advanced cardiac life support, and pediatric advanced 
life support algorithms [4]. It is also possible that the identifi cation 
of those children at risk for CRA would have a functional outcome 
and survival benefi t, given that many children may have raised red 
fl ags of their impending deterioration in the hours before CRA. In 
this respect, the organization of hospital pediatric early warning 
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Epidemiology

It is diffi cult to know the true incidence of CRA in the pediatric 
population largely because of differences in how the data have been 
defi ned and collected [9,10]. An excellent review by Morris and 
Nadkarni summarizes much of the data from the pre-Utstein era 
[9]. The incidence of all inhospital CRAs is 1%–3% of the hospital 
population [11,12]. Approximately one third of children will have 
had their CRA in the community [13]. Within the pediatric inten-
sive care unit (PICU) population, a 32-institution study reported 
an incidence of 1.8% of all PICU admissions [14]. Others have 
reported higher incidences, ranging from 6% to 14% [11,12]. Within 
the cardiac PICU population in a single center over 2 years, an 
incidence of 4% was reported [15], and the Pediatric Perioperative 
Cardiac Arrest Registry (POCA) reports an incidence of 1.4/10,000 
related to anesthesia [16]. Not surprisingly, approximately 75% of 
inhospital CPR events occur in the intensive care unit [12,13].

Etiology

In recent prospective studies by Reis et al. [11] and Lopez-Herce et 
al. [13] most patients (71%) had chronic medical conditions before 
CRA. The chronic medical conditions were cardiac in 20%–21.6%, 
neurologic in 11%–16%, respiratory in 6%–13%, congenital malfor-
mations in 3%–11.7%, oncologic in 2.9%–13%, and other diseases 
in 13.8%–19% [11,13]. Of those patients having CRA in the com-
munity, the etiology was sudden infant death syndrome in 23%, 
trauma in 20%, sepsis in 12%, near-drowning in 9%, cardiac 
disease in 7%, and seizures in 7%, as reported by Schindler et al. 
in Toronto in 1996 [17].

Cardiac arrests are far more common than respiratory arrests, 
accounting for approximately three fourths versus one fourth of all 
CRA events [13]. However, the failing system that precipitates the 
CRA is predominantly the respiratory system (approximately 60%), 
with septic shock as the next leading cause, accounting for 18% of 
CRAs [11,13]. Not surprisingly, bradycardia and asystole are the 
predominant cardiac rhythms (88%) at the time of CRA [11,12]. 
Pulseless ventricular arrhythmias are less common, accounting for 
10% of CRAs [13], which is in stark contrast to the adult population 
[13,18] where ventricular tachyarrhythmias account for the vast 
majority. An important exception to these etiologies is seen within 
the cardiac PICU population, where arrhythmia and shock account 
for 60%–70% of CRAs [12,15].

Pathophysiology of Global Cerebral Ischemia

Energy Failure

Following cardiac arrest there is complete cessation of blood fl ow, 
which deprives the brain of substrates for energy production 
(oxygen and glucose). The remaining glucose and glycogen are 
rapidly metabolized to lactate as cells switch from oxidative 
phosphorylation to anaerobic respiration. Lactate levels will rise 
exponentially and proportional to plasma glucose levels and will 
coincide with hydrolysis of adenosine triphosphate (ATP), causing 
[H+] to increase [19]. Hyperglycemia will worsen hypoxic brain 
damage [20].

During global ischemia the brain loses its ability to generate 
energy (Figure 8.1). The breakdown of ATP to adenosine and 

organic phosphate is buffered initially by creatine phosphokinase, 
adenosine diphosphate (ADP), and adenosine monophosphate 
(AMP), but, if no phosphate bonds are being generated, the buffer-
ing capacity is rapidly exceeded [21]. During this early phase, the 
brain will conserve energy by inhibiting neural activity through 
membrane hyperpolarization, caused initially by the opening of 
voltage-dependent K+ channels and later by ATP-dependent K+ 
channels [22]. Clinically, we see this manifest as unconsciousness 
and quickly followed by isoelectric EEG within a minute of CRA. 
This “neural shutdown” is short lived, as it is followed by a failure 
to maintain membrane electrochemical gradients over the next few 
minutes. There is rapid uncoordinated depolarization caused by K+ 
effl ux and Na+ and Ca2+ infl ux into the cell. This will result in two 
major events. First, there will be an osmotic shift and conforma-
tional change in the cell membrane, which will lead to dysfunction 
of transmembrane structures. Some cells may rapidly lyse or prog-
ress to necrosis. Second, the electrochemical threshold for excita-
tion will be passed, and there is rapid uncontrolled synaptic activity 
known as anoxic depolarization. This will lead to excessive release 
of primarily excitatory neurotransmitters, which is known as 
excitoxicity [22].

Excitotoxicity and Calcium

Neurotransmitters released initially by changes in electrochemical 
gradients and ionic fl ux will cause further release of predominantly 
excitatory compounds of which the most abundant and most 
studied is glutamate. Although not the only mediator in this 
synaptic maelstrom, glutamate acts in three main receptor 
types, N-methyl-D-aspartate (NMDA), alpha-amino-3-hydroxy-5-
methyl-4-isoxazoleproprioniate (AMPA), and kainate receptors, 
causing further ionic fl ux. Other substances, such as gamma-ami-
nobutyric acid (GABA), adenosine, and serotonin, attenuate the 
effect of glutamate, but excitotoxic effects predominate.

CRA onset 
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PCr/ATP  
Energy failure 
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Reactive O2 species 

Chemokines, Cytokines, 
Cell adhesion molecules 
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FIGURE 8.1. Pathophysiology of hypoxic–ischemic brain injury following cardiorespira-
tory arrest (CRA) and potential therapeutic window for neuroprotective strategies. ATP, 
adenosine triphosphate; FFA, free fatty acids; PCr, phosphocreatine.
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N-methyl-D-aspartate receptor activation provides a major stim-
ulus for the rapid infl ux of calcium, more so than AMPA or kainate 
receptor activation, and, because of this, NMDA receptor antago-
nism has been a primary therapeutic target for neuroprotective 
research [23]. A vicious circle of uncontrolled metabolic activity, 
neuronal body swelling, and further neurotransmitter release 
ensues.

The role of calcium as a second messenger is pivotal, as it pro-
motes spreading depolarization and triggers a multitude of cyto-
toxic molecular cascades that will further deplete cell energy stores 
[24] and promote apoptosis or necrosis [25]. Calcium concentra-
tions in the cell increase secondary to infl ux of interstitial calcium 
but also from the release of calcium from the endoplasmic reticu-
lum. The plethora of Ca2+-activated events includes the activation 
of proteases, DNAses, and lipases. Examples include mitogen acti-
vated protein kinases (MAP kinases), including c-Jun NH2-
terminal kinase, p38, and extracellular signal regulating kinases, 
that may trigger cell death pathways [26]. Calpains are Ca2+-
activated serine proteases that have been implicated in excitotoxic 
neuronal death [27]. Protein kinase C (PKC) activation will exacer-
bate excitotoxicity and neuronal excitability [28].

Membrane phospholipids are broken down during ischemia by 
the activation of phospholipase A2 and phospholipase C [29]. The 
products of lipid breakdown such as free fatty acids (FFA), diacyl-
glycerol (DAG), and platelet-activating factor (PAF) will behave as 
lipid messengers and activate important modulators of neuronal 
activity such as PKC [30]. Lipid membrane products generated by 
the lipase activation have further implications. The fi rst relates to 
the loss of structural integrity within the cells or its organelles, and 
the second relates to the generation of metabolites of FFA, DAG, 
and PAF. The peroxidation of lipid membrane molecules by reac-
tive oxygen species (ROS) can generate nitric oxide, superoxide, 
and hydroxyl radicals, which further damage membranes and DNA 
and can lead to cell death.

Reactive Oxygen Species and Reperfusion Injury

Under normal circumstances, the brain controls its regional/local 
blood fl ow in proportion to neuronal activity with important vaso-
regulatory compounds such as nitric oxide (NO). Nitric oxide is 
generated from NO synthase (NOS) in the endothelium, neuron, 
and interstitium from the amino acid L-arginine. In the presence 
of ROS, NOS combines with ROS to generate peroxynitrite at a rate 
outpacing the rate of its absorption by scavengers, such as super-
oxide dismutase. Peroxynitrite is an extremely volatile substance 
that damages DNA and other cellular components.

Mitochondrial Injury

The increase in cytosolic calcium can trigger the formation of 
membrane transport pores in the mitochondrial membrane [31]. 
These portals can allow free passage of cytosolic compounds into 
the mitochondrial lumen and interfere with the inner mitochon-
drial membranes and elements of the respiratory chain. The mito-
chondrion can lyse in this scenario, or its contents will leak out. 
Cytochrome c is one of the mitochondrial compounds that leaks 
into the cytosol and executes the intrinsic apoptotic cascade by 
activating caspases and poly(ADP)-ribose polymerase (PARP) 
cleavage [32]. Energy failure therefore precipitates mitochondrial 
disruption, which triggers programmed cell death (apoptosis) 
through cytochrome c release.

Inflammation

The infl ammatory responses in the fi rst few minutes of hypoxic–
ischemic encephalopathies consist of both humeral and cellular 
components. Proinfl ammatory cytokines such as interleukin (IL)-
1β, tumor necrosis factor (TNF)-α, and IL-8 are released from the 
cerebral microvascular endothelium and brain parenchyma. Che-
motaxis and activation of leukocytes and microglia will occur, and 
upregulation of cell adhesion molecules will stimulate increased 
leukocyte traffi cking in the cerebral microcirculation. Compared 
with thromboembolic stroke, where leukocytes are very prominent 
in the perinecrotic tissue, the role of leukocytes in transient global 
ischemia is not yet clear. There has been no temporal or mechanis-
tic relationship demonstrated between infl ammation and the fate 
of neural tissue in transient global ischemia [33]. It is, however, 
probable that leukocytes play some role in transient global isch-
emia, as they are seen to be adherent to the cerebral endothelium 
within minutes of reperfusion [34].

The blood–brain barrier (BBB) is intermittently disrupted after 
cerebral ischemia. Microstructural conformational changes medi-
ated by infl ammation lead to this loss of BBB integrity [35]. This 
creates another vicious cycle in which a combination of vasogenic 
edema from increased BBB permeability and cytogenic edema gen-
erated through multiple pathways leads to cerebral edema.

Apoptosis and Necrosis

Cell death occurs by both apoptotic and necrotic mechanisms fol-
lowing transient global ischemia. Many of the mediators reviewed 
earlier can trigger pathways leading to cell death. Some of the car-
dinal features of apoptosis are not always present following global 
ischemia because of overlap between some of the molecular and 
morphologic features of cell death [36,37]. In global ischemia, there 
is not an anatomically defi ned penumbra as there is in stroke, 
where apoptosis plays a clear role [38,39]. However, in various 
animal models of transient global ischemia cell death is attenuated 
by pharmacologic therapies that inhibit apoptotic cascades [40,41]. 
It is possible that there is a spectrum of neuronal death following 
global ischemia, with both necrosis and apoptosis playing a role. 
Molecules that trigger cell death, such as ROS, can lead to DNA 
damage and activation of caspases and PARP. The PARPs are an 
important group of enzymes, whose activation may not be adequate 
to repair the damaged DNA, in which case the damaged cells are 
removed by apoptosis. Excessive activation of PARPs leads to deple-
tion of nicotinamide adenine dinucleotide and ATP, causing dete-
rioration in the cell’s energy potential leading to necrosis. Cell 
content leakage leads to promotion of transcription of proinfl am-
matory genes by neighboring cells [42].

No Reflow and Delayed Hypoperfusion

The no-refl ow phenomenon describes a situation in which there is 
no fl ow in some microvessels upon reperfusion following cerebral 
ischemia [43]. This has been attributed to adherent neutrophils, 
endothelial swelling, blood hyperviscosity, and platelet aggregates 
accumulating in microvessels in the no-fl ow period during 
CRA [44].

It has been understood for some time that, after global cerebral 
ischemia and reperfusion, there is a brief (several minute) period 
of relative hyperperfusion followed by a prolonged (several hour) 
period of low cerebral blood fl ow (delayed hypoperfusion [45,46]. 



76 D.R. Doherty and J.S. Hutchison

The mechanism of delayed hypoperfusion is not clear, but there is 
evidence of vasoactive substances mediating vasoconstriction. For 
example endothelin-1 antagonism and L-arginine infusion have 
been shown to reduce delayed hypoperfusion [47,48]. It is impor-
tant to note that during delayed hypoperfusion metabolic recovery 
is impaired by an inability to deliver adequate substrate to meet the 
metabolic demands.

Neuropathology

The pattern of selective vulnerability of neurons to hypoxia isch-
emia evolves with the developing brain. Infants tend to have selec-
tive neuronal loss in the diencephalons, olives, and hippocampus, 
with relative sparing of the cerebral cortex and cerebellum. In con-
trast, older children and adults have selective neuronal loss in 
layers III and V of the cortex (especially in the watershed zones 
between the anterior-middle and posterior cerebral arteries), the 
CA1 and CA3 regions of the hippocampus, and the Purkinje layers 
of the cerebellum [49,50]. This type of damage is usually delayed 
and is preceded by a maturation period, which tends to be inversely 
proportional to the length of the precipitating ischemic event [51]. 
Krep et al. reported a timeline of metabolic recovery using diffu-
sion and perfusion weighted magnetic resonance imaging (MRI) 
studies of animals resuscitated from CRA [52]. The rate and topo-
graphic pattern of recovery refl ects those areas that show histologic 
evidence of ischemic injury in other models.

Outcomes

Historically, the outcome of CRA in children has been dismal. The 
mechanism of the arrest is also important, with a better survival 
outcome from respiratory arrest than from cardiac arrest (approxi-
mately 70% vs. 33%) [9,13]. Out-of-hospital CRA has the worst prog-
nosis, with an ROSC rate of approximately 14%, hospital survival 
rate of approximately 7%, and an intact neurologic survival rate of 
approximately 3% [9,17,53]. In hospital CRA has a better outcome, 
with approximately 60% achieving ROSC; however, the survival 
rate drops to 30% at 24 hr and 15% at 1 year [11,12,15,54]. It is clear 
from this discrepancy between short- and long-term survival rates 
following ROSC that other factors play a major role in the mortality 
and functional outcome.

Neurologic Injury After Cardiorespiratory Arrest

The outcome of CRA is related to many different factors, with many 
children dying of the disease that precipitated the CRA. Survival is 
inversely proportional to the duration of the cardiac arrest [13], 
which refl ects the duration of cerebral ischemia. A diagnosis of brain 
death accounted for 15% of those children who died between days 1 
and 7 after ROSC, but this represents the severest of neurologic inju-
ries. Approximately one half of the children who could be neurologi-
cally assessed (i.e., not sedated or muscle relaxed) demonstrated 
neurologic injury, which was refl ected with signifi cantly increased 
mortality (56.8%) compared with those who could not be assessed or 
respond to tactile stimulus (18.7%) [13]. Interestingly, of those chil-
dren who are alive at 1 year (10%–18%), the vast majority (73%–84%) 
return to baseline function and have a good neurologic outcome 
(pediatric cerebral performance category [PCPC] grade 1–2) 
[11,15,55]. Children with the most severe neurologic injury have a 

high mortality rate. In addition, many of those patients who remain 
comatose will ultimately have their life support withdrawn [13].

Therapy

At this time, there are no specifi c therapies aimed at neuroprotec-
tion recommended for children. This situation is likely to change 
as translational research emerges from the basic science models 
and the results of current research are analyzed. The clinician can, 
however, use existing knowledge of pathophysiology and make use 
of monitoring modalities available to intensivists to optimize care 
aimed specifi cally at the brain after ROSC or commencement of 
ECMO fl ow (Table 8.1). The restoration of an adequate cerebral 
blood fl ow and oxygen delivery on the one hand, with the minimi-
zation of metabolic activity on the other hand, should be the main 
principles of post-ROSC brain care.

TABLE 8.1. Suggested algorithm after return of spontaneous circulation (ROSC).

Established Care Standard
Normal oxygen
Normocarbia
Normotension
Normothermia
Normoglycaemia
Normal hematocrit
Treat seizures
Determine Risk of CNS Injury

Short CRA Duration Moderate CRA Duration Prolonged CRA Duration
 1–5 min  5–20 min  >20 min

Balanced Clinical Decision Given Factors Determined by:
1. Pre-morbid physiological deterioration severity
2. Chronic medical condition
3. Duration of resuscitation and interventions
4. Expressed wishes of patient, parent(s) or guardians
5. Likelihood of meaningful recovery

Continue conventional care Consider experimental Limiting/withdrawing life
   therapies  support if prognosis 
   grave
• Early neurologic • Mild hypothermia up to  • Clinical prognostic 
 assessments.  48 hr (32°–34°C)  examination
• Attention to normal • Post-ROSC hypertension • Electrophysiology
 physiologic parameters • Targeted sedation • MRI
• Option to broaden scope • Hyperosmolar therapy • Biochemical tests
 of neuroprotection

Prognostic Tools
Neurological examination
• Good: Conjugate eye movements, extensor motor response at 24 hr
•  Bad: Absent pupillary response, disconjugate eye movement, flexor motor response or 

worse (24 hr)

Somatosensory evoked potential
• Bad: Absent N20 Median SSEPs at 24 hr
• Good: Long-latency SSEPs less than 120 msec

Electroencephalograph
• Good: Return of EEG slowing and sleep pattern preservation
• Bad: Isoelectric, burst suppression, low amplitude, alpha rhythm

MRI scanning
• Good: MRI scan score ≤2
• Bad: MRI scan score>2

Note: CNS, central nervous system; CRA, cardiorespiratory arrest; MRI, magnetic reso-
nance imaging; SSEP, somatosensory evoked potential.
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Optimizing Perfusion

Using the Poiseuille-Hagan formula (which describes fl ow in a 
tube), one can conceptualize the perfusion variables with regard to 
the brain (Figure 8.2). For blood to fl ow, there must be an arterio-
venous pressure gradient (P1–P2), and in the brain the upstream 
pressure is mean arterial pressure (MAP). Under normal circum-
stances the downstream pressure is intracerebral pressure (ICP) or 
cerebral/central venous pressure. However, in pathologic circum-
stances, the ICP is the effective downstream pressure. In this 
context, cerebral perfusion pressure (CCP) is MAP − ICP.

The other major contribution of the Poiseuille-Hagan formula is 
that fl ow is a function of πr4, where r = the radius of the tube. This 
formula clearly demonstrates that fl ow and substrate delivery are 
far more dependent on the radius of a blood vessel than the arterial 
to venous pressure gradient. Within the brain, carbon dioxide 
tension is a major contributor to vascular diameter. In the recent 
past, control of ICP was achieved through hyperventilation pro-
moting cerebral vasoconstriction and lowering total brain blood 
volume. Hyperventilation clearly reduces fl ow to the brain, leading 
to poorer outcomes following CRA, and should not be used [56].

The fi nal variable from the Poiseuille-Hagan formula is viscosity. 
Because viscosity (η) is a denominator in the equation, a lower 
value of η would result in a higher value for Q, or fl ow [57]. However, 
this needs to be balanced by the fact that there must be adequate 
hematocrit for oxygen delivery, and the effect of higher viscosity 
must be balanced by the need to decrease microvascular fl ow dis-
turbance [58]. The balance of cerebral oxygen supply and demand 
can be monitored by measuring the surrogate of cerebral venous 
blood oxygenation (jugular venous oxygen saturation).

The roles of delayed hypoperfusion and the no-refl ow phenome-
non in the pathophysiology of hypoxic–ischemic brain injury have 
been addressed using several models [44]. In the 1970s, the late 
Peter Safer of Pittsburgh, who was a luminary in the fi eld of resus-
citation research, demonstrated in dogs that high perfusion pres-
sure after ROSC overcame the no-refl ow problem and was associated 
with better outcome. He recommended a “hypertensive bout” after 
ROSC that would act as a hydrodynamic rescue for hypoperfusion 
[59].

Metabolic Supply and Demand

Administration of 100% oxygen is recommended during CPCR. 
Some have questioned this recommendation, as higher PaO2 levels 
may provide a ready source of ROS. There are some animal and 
human data to support resuscitation using room air to decrease 
ROS. However, a recent Cochrane review concludes that there is 

insuffi cient evidence to recommend this [60]. There is little ratio-
nale or evidence to use hypoxic mixtures to prevent reperfusion 
injury, so normal physiologic oxygen tension is a reasonable goal. 
Indeed, it may be that the recovering brain has a higher oxygen 
extraction ratio. Clues to this come from intraparenchymal oxygen 
sensors in brain that refl ect lower brain tissue oxygen tensions than 
those measured systemically [61].

As mentioned previously, PaCO2 has an enormous role in control 
of cerebral blood volume and ICP. For reasons mentioned earlier, 
hypocarbia is not recommended following cardiac arrest. There is 
a suggestion that in other models of organ dysfunction higher CO2 
has cytoprotective functions [62]. However, the current recommen-
dation is to maintain normocarbia following global cerebral 
ischemia.

As mentioned previously, the ability to regenerate the energy 
potential of the brain is key to reestablishment of homeostasis. 
There is, however, evidence that oversupply of glucose leads to 
generation of excessive lactate or H+, which is injurious after 
hypoxic brain injury. The avoidance of hypoglycemia and the 
pursuit of normoglycemia are reasonable therapeutic goals after 
ROSC.

Hypothermia Therapy

Hypothermia therapy remains the basis of neuroprotection for cir-
culatory arrest or low-fl ow cardiopulmonary bypass in complex 
cardiac surgery and also in certain neurosurgical procedures 
[63,64]. It was also used in the 1980s to treat cerebral edema in 
children following cardiac arrest caused by near-drowning [65,66]. 
Interest in this therapy has increased again recently after the simul-
taneous publication of two studies that demonstrated a tangible 
improvement in survival and neurologic outcome when hypother-
mia therapy was used following cardiac arrest caused by acute 
ventricular fi brillation in adults [67,68]. Indeed, current recom-
mendations for resuscitation are that adults resuscitated after 
cardiac arrest because of ventricular dysrhythmia should undergo 
hypothermia therapy [7]. Recent studies of hypothermia therapy in 
newborns with hypoxic–ischemic encephalopathy also demon-
strate an improved survival rate and neurologic outcome [69]. The 
effect of hypothermia therapy in children following cardiac arrest 
is unknown, but it is clear from research that we have carried out 
that hypothermia therapy is being used in children. At this time, 
there is clinical equipoise among pediatric intensivists regarding 
the use of therapeutic hypothermia, so an appropriately powered 
randomized controlled trial needs to be done in this patient 
population.

Recently, research in rodent models of global cerebral ischemia 
demonstrated that if mild hypothermia was implemented within 
1–6 hr following the ischemia for durations of 12–48 hr, both histo-
logic and functional outcomes were improved [70–72]. It may be 
that the use of hypothermia may be more pronounced in younger 
animals [73]. Mild hypothermia protects against neuronal loss in 
the hippocampus (CA1) and improves neurobehavioral outcome 
following 5 min of global (two-vessel occlusion) cerebral ischemia 
in the gerbil [36,70,71,73]. The protection against loss of CA1 
neurons and memory defi cits is sustained for at least 6 months fol-
lowing the injury [71]. Mild hypothermia is most benefi cial when 
applied immediately following the ischemic insult [36] and for 
longer durations (i.e., 48 hr). Mild hypothermia of 48 hr duration is 
effective even when the onset of hypothermia is delayed 6 hr after 
10 min of severe forebrain ischemia in the rat [72].

Flow = πr4 P1 (MAP) P2 (CVP or ICP)

8 × length (L) × viscosity coefficeint (η)

Poiseuille
formula

FIGURE 8.2. The Poiseuille equation. CVP, central venous pressure; ICP, intracranial pres-
sure; MAP, mean arterial pressure.
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Proposed mechanisms of action of postischemic hypothermia 
therapy include decreased cerebral metabolism [74], antiinfl amma-
tory effects [75,76], decreased glutamate concentrations [2,77], 
decreased generation of free radicals and lipid peroxidation [78], 
decreased heat shock protein response [79], and kinase activation 
[80]. We have also demonstrated that hypothermia has selective 
antiinfl ammatory effects decreasing the expression of nuclear 
factor kappa B (NFκB) and secretion of IL-8 by cerebral endothelial 
cells, thereby limiting leukocyte recruitment to the cerebral micro-
circulation [76]. In summary, the results of animal studies and 
studies of adult and newborn humans support further study of 
therapeutic hypothermia after CRA for children.

Pharmacotherapy

Anesthesia and Sedation

Sedation therapy is ubiquitous in intensive care units, aimed pri-
marily at the facilitation of mechanical ventilation, invasive 
procedures, and anxiolysis. Anesthetic agents and sedatives have 
the added benefi t of decreasing the cerebral metabolic rate of 
oxygen (CMRO2) in a dose-dependent manner. The degree to which 
they do this is variable depending on the compound, and 
both intravenous and gaseous aesthetics have been extensively 
investigated in this role. Most neuro-intensive care unit sedation 
studies focus on control of neurophysiology as an outcome, without 
the power to detect a survival difference related to the choice of 
agent [81].

Inhalation Anesthetics

Isofl urane produces an isoelectric EEG and dramatically decreases 
CMRO2 at clinically relevant doses, and it has been shown to 
produce less necrosis than a fentanyl–nitrous oxide combination 
after global ischemia in mice [82]. A similar study of complete and 
incomplete forebrain ischemia showed signifi cant neuroprotection 
in terms of selectively vulnerable neurons and functional outcome 
compared with fentanyl and ketamine [83]. Isofl urane has a neuro-
protective effect through upregulation of the antiapoptotic protein 
kinase B (Akt) [84]. However, another study showed that isofl urane 
exerted a proapoptotic effect by endoplasmic reticulum calcium 
depletion in a neuronal cell model (in vitro) [85]. Traditionally, 
isofl urane has been called the neuroanesthetic of choice, but 
because, of its impracticality in terms of machinery, scavenging, 
and manpower, routine use in the intensive care unit has never 
occurred.

Barbiturates

Reports in the 1980s of the use of barbiturate-induced coma and 
hypothermia therapy for children following near-drowning 
described adverse outcomes, and both of these therapies fell out of 
favor for some time [66]. Studies previous to this cast doubt on the 
effi cacy of high-dose barbiturate in complete cerebral ischemia in 
dogs [86,87]. Thiopental produces EEG burst suppression at clini-
cally relevant doses, but, compared with hypothermia therapy, the 
time to reach anoxic depolarization is reached earlier with thiopen-
tal [88]. More recent data suggest a synergistic neuroprotective 
effect of hypothermia and thiopental after CRA [89]. While intui-
tively it makes sense to lower CMRO2, adverse outcomes with bar-
biturates may refl ect the side effects of the barbiturate rather than 
the central nervous system effect.

Propofol has been used in neuro-intensive care because of its 
titratable pharmacokinetic profi le. It provides metabolic suppres-
sion, which can result in a fall in ICP [90], and it has potential 
neuroprotective properties [91]. Recently there has been some 
animal data showing the upregulation of antiapoptotic proteins by 
propofol after cerebral ischemia [92]. Given the reports of propofol 
infusion syndrome in children, prolonged use in the PICU is not 
recommended [93].

Sedation therapy is used in most cases after PICU admission 
after CRA, and the reader is directed to the relevant literature 
[81,94]. The choice of agents varies among PICUs. The clinician 
should be familiar with each agent and understand and prescribe 
based on the goals to be achieved by a given agent and the risk/
benefi t ratio and cost of the sedative for a specifi c patient. When 
the prognosis is grave, sedative agents should be withheld in order 
to assess the neurologic status of the patient.

Suppressing Excitotoxicity and Calcium Flux

The rationale for the use of GABA agonists is that they will raise the 
threshold for uncontrolled depolarization by their action on the 
chloride channel. Chlormethiazole, GABA, gamma-hydroxybutyr-
ate, and tiagabine have been examined in mainly rodent models. 
There was protection against neuronal death when animals were 
treated with these agents; however, promising early studies did not 
translate into a long-term functional outcome benefi t [95–98]. Simi-
larly, the NMDA antagonist properties of ketamine did not result in 
signifi cant improvement in neurohistologic outcome [83]. Indeed, 
ketamine may be proapoptotic in the developing brain [99].

Calcium channel blockers in many forms have been studied in 
stroke studies. In a review by Horn and Limburg, an analysis of 47 
trials of calcium antagonists failed to show a clinically important 
effect [100]. While acknowledging that stroke and transient global 
ischemia are different entities, the role of calcium certainly over-
laps. Nimodipine is used in neuro-intensive care for prophylaxis 
against cerebral vasospasm following subarachnoid haemorrhage. 
It does not provide a neuroprotective effect in rodent models of 
CRA, especially at high doses [101], but lower doses may offer some 
albeit marginal benefi t [102]. In the same study, the author reports 
that fl unarizine provided more substantial neurohistologic protec-
tion at a lower dose range [102], which has also been seen in a fetal 
brain injury model in sheep [103]. Dantrolene, which stabilizes the 
release of calcium from the endoplasmic reticulum, has been shown 
to attenuate glutamate release and improve neurohistologic 
outcome in a rodent model [104]. Recently a report in Cell suggests 
that calcium fl ux may be mediated by the effect of acidosis on sensi-
tive transmembrane ion channels, which would offer a new thera-
peutic approach for modulating calcium in hypoxia ischemia [105]. 
As more is learned about the role of calcium channels in reperfu-
sion injury, there will be future investigation into targeted calcium 
channel manipulation following global cerebral ischemia (Aarts, 
2002).

No Reflow and Delayed Reperfusion

Recently, investigators have studied mechanisms of improving fl ow 
by addressing some of the causes of no refl ow and delayed hypo-
perfusion. Osmotic therapies using starches and hypertonic saline 
have had mixed results. The rationale behind their use is twofold: 
to increase the circulating volume and to reduce brain edema 
volume (and hence ICP). Hypertonic saline is of particular interest, 
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as it may have an antiinfl ammatory mechanism in that it sheds 
adhesion molecules and hence may reduce the leukocyte–endothe-
lial interaction [106]. Other attempts have been reported address-
ing platelet plugging specifi cally as a cause of no refl ow using 
heparin and tissue plasminogen activator [52]. These have failed to 
produce sustained improvements in delayed hypoperfusion.

Antiinflammatory Therapies and Immunomodulation

Given that the infl ammatory response is signifi cant after reperfu-
sion, and the inducible cyclooxygenase (COX) synthase plays a key 
role, it is not surprising that numesulide, a COX-2 inhibitor, had a 
benefi cial effect in a gerbil global ischemia model, as did a COX-2 
knockout model [107,108]. Similarly, ibuprofen has been shown to 
be neuroprotective in vitro and in vivo by an antiinfl ammatory 
mechanism [109]. Immunosuppressants have neuroprotective 
effects, albeit specifi c to their mechanisms of action.

Adhesion molecules may play an important role after CRA in 
terms of their effects on the cellular infl ammatory response and 
cerebral blood fl ow/no refl ow. Antiadhesion antibodies (CD11b/
CD18, intercellular adhesion molecule [ICAM]-1, vascular cell 
adhesion molecule [VCAM]) hold promise in stroke [34,110]. The 
rationale for their use is that fi rst there have been reports that 
neutrophil depletion or adhesion antagonism improves microvas-
cular fl ow and second that antiinfl ammatory effects may attenuate 
cell death pathways. Clinical trials of anticellular adhesion mole-
cule antibodies in stroke have not been successful [111]. Although 
there is upregulation of adhesion molecules after transient global 
ischemia, there is not a strong leukocyte response in this type of 
injury [33]. Intercellular adhesion molecule-1–defi cient mice failed 
to demonstrate neuroprotection after global ischemia [112]. We 
have demonstrated that hypothermia therapy signifi cantly attenu-
ates cerebral endothelial adhesion receptor expression and leuko-
cyte adhesion to the endothelium following global ischemia [113], 
and this is associated with neuroprotection. However, we are cur-
rently investigating whether this effect is an important therapeutic 
mechanism of hypothermia therapy.

Other pharmacologic therapies have been approached and 
reported in this immense fi eld of neuroprotection research. Some 
of the notable reports are with hormones, especially progesterone 
and estrogens. For a concise review of pharmacotherapeutic 
approaches, the reader is directed to a review by Weigl et al. [114].

Monitoring of Parameters That Affect the Brain 
After Return of Spontaneous Circulation

With data emerging from neuromonitoring studies, it is clear that 
secondary hypoxic–ischemic injury can occur following ROSC. The 
concept of anoxic depolarization describes waves of synaptic activ-
ity after injury [115]. This depolarization can increase metabolic 
demand at a time when cerebral blood fl ow is low (delayed hypo-
perfusion) [116]. This poses a challenge for the intensivist in that 
further evolution of the injury may be taking place, and we are not 
routinely monitoring for or able to prevent it.

Standard cardiorespiratory monitoring is essential for the acute 
phase of ischemic encephalopathy to create the correct physiologic 
substrate for brain recovery after CRA. Blood pressure, central 
venous oxygen saturations as a surrogate measure of cardiac 
output, and respiratory gas tensions should be monitored and 

maintained in the normal range. Temperature should also be 
recorded and normothermia maintained. We monitor lower esoph-
ageal temperature as a surrogate of brain temperature (Bisson-
nette, 2000). Even though tight parameters are being achieved and 
recorded, occult hypoxic events in the brain are common [117].

Jugular venous bulb oximetry (SjvO2) measures the venous 
oxygen saturation in the jugular venous bulb (which is consider the 
venous outfl ow tract from the brain), using a similar principle to 
the pulse oximeter. Modern fi beroptic sensor probes provide con-
tinuous monitoring of the percentage saturation of jugular bulb 
venous blood, which is around 55%–71%. A value of <50% may 
represent ischemia, but it must be taken in the context of the cere-
bral DO2. Isolated from the PaO2 and lactate, a low or normal SjvO2 
may be erroneous as there is the potential for technical error caused 
by catheter misplacement or displacement. For example, a catheter 
too low will mix with extracranial venous blood, and a catheter 
placed too high may measure a nondominant hemisphere. A normal 
SjvO2 may also refl ect decreased oxygen extraction because of 
shunting or a shift in the O2 dissociation curve to the left. Manage-
ment of SjvO2 is concisely reviewed by Feldman and Robertson 
[118], and further study is needed it can be recommended for 
general use in children after CRA.

Near-infrared spectroscopy (NIRS) is a noninvasive method of 
measuring regional cerebral oxygenation saturation (StcrO2). Near-
infrared spectroscopy works on the principle that the cranium is 
transparent to near-infrared wavelengths, and there is differential 
absorption of near-infrared light by substances relevant to oxygen-
ation. The peak absorbance of deoxygenated hemoglobin is 760 nm 
and that of oxygenated hemoglobin is 900 nm, with the absorbance 
of total hemoglobin peaking at approximately 800 nm. Oxidized 
cytochrome oxidase has an absorbance spectrum of approximately 
800–900 nm, and, when this substance becomes reduced during 
anoxia, this absorbance spectrum will disappear from the blood. 
This ratio of deoxyhemoglobin to O2 hemoglobin and cytochrome 
oxidase is reported as a percentage of saturated blood or as an 
absolute value, refl ecting the metabolic status of the tissue under 
the probe. However, there are sources of error caused by nonspe-
cifi c absorbance from other chromophores and, depending on the 
patient, a variable optical path length for light. Modern monitors 
will compensate for these sources of error. However, three prob-
lems recur. First, there is interpatient variability because of bone 
and/or soft tissue density differences, which makes comparison or 
defi nition of relative values diffi cult. Second, despite one probe 
measuring the oxygenation of the cerebral tissue compartment and 
the second measuring the oxygenation of the noncerebral tissue 
compartment, there is contamination between the two compart-
ments. Third, NIRS will measure the metabolic status of the venous 
compartment, the arterial compartment, and the cerebral micro-
circulation. The proportion to which any one of these compart-
ments contributes to the absorbance of near-infrared light at any 
one time varies particularly in pathologic conditions. It is generally 
accepted that the StcrO2 is a mixture of arterial and venous 
saturations.

As the technology was initially thought to be more accurate for 
neonates and children, most of the experience with NIRS is reported 
in the pediatric literature, particularly in cardiopulmonary bypass 
for congenital heart disease. Considering the potential problems 
with accuracy, this technology does correlate well with metabolic 
status [119]. When compared with SjvO2, in pediatric cardiac surgi-
cal patients, NIRS/TcrO2 generally correlates well, with the proviso 
that it overestimates low SjvO2 and underestimates high SjvO2 
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values [120]. A recent study in adults with traumatic brain injury 
reported that TcrO2 <60% correlated with CPP, severity of injury, 
and outcome [116]. Unfortunately, there are no data relating to 
children resuscitated from CRA to our knowledge. Given the 
improvement in this technology, and the fact it is noninvasive and 
portable, its utility should be investigated for children after CRA.

Invasive ICP monitoring has been used in the past, but treatment 
of ICP was not associated with improved outcome so the practice 
has been abandoned. Transcranial cerebral Doppler measurement, 
similar to other sonographic vascular assessments, can give the 
user real-time information on the volume, velocity, and character-
istics of fl ow, usually measured in the middle cerebral artery [121]. 
The clinician can see the effects of raised ICP on the volume of 
blood and judge therapeutic maneuvers in real time [90]. The pres-
ence of diastolic fl ow reversal may indicate severe ICP elevation 
where there is little or no antegrade cerebral blood fl ow. Given the 
emerging technologies available, we recommend that the use of one 
or a combination of these neuromonitoring techniques to assess 
the adequacy of cerebral oxygen delivery should be further 
investigated [122].

Prognosis

Many patients resuscitated after CRA remain comatose for a vari-
able period of time, and even experienced clinicians cannot reliably 
predict prognosis in terms of functional outcome or survival early 
after CRA [123] using standard clinical criteria. There are clinical, 
radiologic, biochemical, and electrophysiologic tests described, but 
the physician must balance the entire clinical picture with an eye 
to determine what is useful, practical, and available to help predict 
outcome.

History and Physical Examination

As mentioned earlier, the duration of cardiac arrest and the loca-
tion (out-of-hospital or inhospital) of CRA have an impact on sur-
vival. Confounders to this are hypoxic preconditioning because of 
the child’s chronic medical condition and hypothermic near-
drowning. Anecdotally, chronically hypoxic children seem to be 
able to tolerate CRA better than previously healthy children, and 
there may be sound metabolic reasons for this.

Levy et al. [124] determined that absent pupillary refl exes at 
initial examination universally predicted poor outcome. The pres-
ence of a pupillary response with spontaneous conjugate albeit 
roving eye movements and the presence of motor extensor response 
or better was associated with favorable outcome. At 24 hr, the 
absence of conjugate eye movements and motor responses that were 
fl exor or worse predicted adverse outcome [124]. The loss of other 
brain stem refl exes is usually a sinister sign, as it would be unlikely 
that higher cortical function would remain normal in the presence 
of a compromised brain stem. The development of seizures 
and myoclonus evolving to status myoclonus or epilepticus is 
signifi cant [125].

Biochemical Markers

Three markers have been reported to have prognostic value after 
CRA; neuron-specifi c enolase (NSE), S100β protein, and neurofi la-
ment protein. However, there are few pediatric data for CRA. In a 
prospective adult study, NSE demonstrated a wide range (1.8–

250 μg/L) in those patients who did not recover consciousness after 
CRA, predicting 64% of poor neurologic outcomes [126]. Similar 
reports have been made for the protein S100β. Most reports use 
these neurobiologic markers along with clinical and electrophysi-
ologic investigations. Zingler et al. reported NSE and S100β on days 
1,3, and 7, combined with somatosensory evoked potentials (SSEPs) 
had a 100% specifi city [127], whereas clinical and biochemical 
examinations at 72 hr have been recommended by others [128]. 
There is variation in the literature as to the level of NSE or S100β 
that is the cut-off for prediction of poor outcome, but a serum 
concentration >25 μg/L should raise concerns of unfavorable 
outcome. Importantly, high levels of these proteins were predictive 
of poor outcome measured using the Glasgow Outcome Scale but 
were not predictive of the secondary outcomes of the activity of 
daily living index and the mini-mental state examination [129].

Electroencephalography

The EEG has been extensively studied following CRA in adults and 
in birth asphyxia in neonates, but there are few studies with chil-
dren [130]. There have been attempts to provide prognostic criteria 
with the EEG, but unfortunately they have not gained wide accep-
tance [131]. As a general principle, patients with isoelectric EEGs, 
burst suppression, invariant and unreactive low-amplitude record-
ings, and alpha rhythms usually have poor outcomes [131,132]. 
Patients with mild slowing of the EEG and the return of sleep pat-
terns tend to have better outcomes [133]. Electroencephalographic 
fi ndings should be taken in context with the whole clinical picture. 
Further investigation is needed for children with CRA.

Somatosensory Evoked Potentials

Using the median nerve bilaterally, two types of SSEPs have been 
used to predict outcome in hypoxic–ischemic brain injury; short-
latency and long-latency peaks. Short-latency peaks (N20) SSEPs 
refl ect the thalamocortical region or the cervicomedullary region 
to the sensory cortex. Long-latency SSEP (N70) peaks refl ect corti-
cocortical activity. A bilaterally absent N20 peak at 24 hr is uni-
formly fatal; however, preservation of the N20 does not predict 
favorable or undesirable outcome [123]. Early appearance (less than 
110 msec) of long-latency (N70) peaks is usually a good sign; 
however, when the long-latency N70 peak appears with increasing 
delay or is absent, it correlates with adverse outcome [134]. Madl et 
al. [134] demonstrated that an N70 peak measured after 130 msec 
is a sensitive measurement of poor outcome. A range of outcomes 
is seen in patients whose N70 peaks are seen between 111 and 
127 msec.

A systematic review by Zandbergen et al. [130] demonstrated that 
absent pupillary refl exes, absent motor responses on day 3, isoelec-
tric EEG, and burst suppression were 100% specifi c, albeit with 
sometimes wide confi dence intervals. They concluded that short 
cortical SSEPs had the lowest pooled false-positive rates and nar-
rowest confi dence intervals and as such was the most useful method 
to predict outcome [130].

Imaging Modalities

Standard CT scanning is probably the most available imaging 
modality. However, it lacks sensitivity or specifi city to address 
prognosis. An MRI score has a high sensitivity (96%) for predicting 
poor outcome in children with hypoxic–ischemic brain injury 
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[135]. Diffusion weighted MRI, which is sensitive to cellular 
water shifts, may also be a sensitive tool for prognostication after 
CRA [136].

Conclusion

Following a signifi cant CRA and ROSC, children need to be moni-
tored and treated in a PICU to prevent a secondary brain injury 
from hypoxia, hypotension, hypo- or hyperglycemia, seizures, and 
hyperthermia. Recognizing children at risk of CRA is very impor-
tant for those who have their CRA on the hospital wards, and for 
this early warning mechanisms will clearly have a role. Given that 
70% of patients have their CRA in the intensive care unit, they have 
been identifi ed as already being at high risk. The use of prophylac-
tic interventions such as appropriate use of ECMO might be 
indicated in specifi c cases. Further studies of neuromonitoring 
techniques for cerebral oxygenation and electrical and metabolic 
activities are needed. Further studies of hypothermia therapy are 
also needed for this patient population. There is increasing knowl-
edge of the molecular pathways that lead to cell death in the brain 
during the reperfusion injury, and hopefully this research will lead 
to novel therapies. Prognosis can be determined clinically in 
patients with prolonged arrest who remain comatose following 
ROSC. For some patients, EEG, SSEPs, and MRI will help the clini-
cian to determine prognosis.

References

 1. Czosnyka M, Pickard JD. Monitoring and interpretation of intracra-
nial pressure. J Neurol Neurosurg Psychiatry 2004;75(6):813–821.

 2. Marion DW, Penrod LE, Kelsey SF, Obrist WD, Kochanek PM, Palmer 
AM, Wisniewski SR, DeKosky ST. Treatment of traumatic brain injury 
with moderate hypothermia. N Engl J Med 1997;336(8):540–546.

 3. Teasdale GM, Graham DI. Craniocerebral trauma: protection and 
retrieval of the neuronal population after injury. Neurosurgery 1998;
43(4):723–737.

 4. Lopez-Herce J, Carrillo A, Sancho L, Moral R, Bustinza A, Serina C. 
Pediatric basic and advanced life support courses: fi rst experiences in 
Spain. Resuscitation 1996;33(1):43–48.

 5. Duncan H, Hutchison J, Parshuram CS. The Pediatric Early Warning 
System score: a severity of illness score to predict urgent medical need 
in hospitalized children. J Crit Care 2006;21(3):271–278.

 6. Tibballs J, Kinney S, Duke T, Oakley E, Hennessy M. Reduction of 
paediatric in-patient cardiac arrest and death with a medical emer-
gency team: preliminary results. Arch Dis Child 2005;90:1148–
1152.

 7. Nolan JP, Morley PT, Vanden Hoek TL, Hickey RW, Kloeck WG, Billi 
J, Bottiger BW, Morley PT, Nolan JP, Okada K, Reyes C, Shuster M, 
Steen PA, Weil MH, Wenzel V, Hickey RW, Carli P, Vanden Hoek TL, 
Atkins D. International Liaison Committee on Resuscitation. Thera-
peutic hypothermia after cardiac arrest. An advisory statement by the 
Advanced Life Support for the International Committee on Resuscita-
tion. Circulation 2003;108:118–121.

 8. Zaritsky A, Nadkarni V, Hazinski MF, Foltin G, Quan L, Wright J, 
Fiser D, Zideman D, O’Malley P, Chameides L. Recommended 
guidelines for uniform reporting of pediatric advanced life support: 
the pediatric Utstein style. A statement from a task force of the Ameri-
can Academy of Pediatrics, the American Heart Association, and 
the European Resuscitation Council. Circulation 1995;92(7):2006–
2020.

 9. Morris MC, Nadkarni VM. Pediatric cardiopulmonary-cerebral 
resuscitation: an overview and future directions. Crit Care Clin 2003;
19:337–364.

 10. Whitelaw CC, Goldsmith LJ. Comparison of two techniques for deter-
mining the presence of a pulse in an infant. Acad Emerg Med 1997;4:
153–154.

 11. Reis AG, Nadkarni V, Perundi MB, Grisi S, Berg RA. A prospective 
investigation into the epidemiology of in-hospital pediatric cardio-
pulmonary resuscitation using the international Utstein reporting 
style. Pediatrics 2002;109(2):200–209.

 12. Suominen P, Olkkola KT, Voipio V, Korpela R, Palo R, Rasanen J. 
Utstein style reporting of in-hospital cardiopulmonary resuscitation. 
Resuscitation 2000;46:17–25.

 13. Lopez-Herce J, Garcia C, Dominguez P, Carrillo A, Rodriguez-Nunez 
A, Calvo C, Delgado MA; Spanish Study Group of Cardiopulmonary 
Arrest in Children. Characteristics and outcome of cardiorespiratory 
arrest in children. Resuscitation 2004;63(3):311–320.

 14. Slonim AD, Patel KM, Ruttimann UE, Pollack MM. Cardiopulmonary 
resuscitation in pediatric intensive care units. Crit Care Med 1997;
25(12):1951–1955.

 15. Parra DA, Totapally BR, Zahn E, Jacobs J, Aldousany A, Burke RP, 
Chang AC. Outcome of cardiopulmonary resuscitation in a pediatric 
cardiac intensive care unit. Crit Care Med 2000;28:3296–3000.

 16. Morray JP, Geiduschek JM, Ramamoorthy C, Haberkern CM, Hackel 
A, Caplan RA, Domino KB, Posner K, Cheney FW. Anesthesia-
related cardiac arrest in children: initial fi ndings of the Pediatric 
Perioperative Cardiac Arrest (POCA) Registry. Anesthesiology 2000;
93(1):6–14.

 17. Schindler MB, Bohn D, Cox PN, McCrindle BW, Jarvis A, Edmonds J, 
Barker G. Outcome of out of hospital cardiac or respiratory arrest in 
children. N Engl J Med 1996;335(20):1473–1479.

 18. Waalewijn RA, de Vos R, Koster RW. Out-of-hospital cardiac arrest in 
Amsterdam and its surrounding areas: results form the Amsterdam 
resuscitation study (ARREST) in Utstein style. Resuscitation 1998;
38(3):157–167.

 19. Katsura K, Asplund B, Ekholm A, Siesjo BK. Extra- and intracellular 
pH in the brain during ischaemia, related to tissue lactate content in 
normo- and hypercapnic rats. Eur J Neurosci 1992;4(2):166–176.

 20. Park WS, Chang YS, Lee M. Effects of hyperglycemia or hypoglycemia 
on brain cell membrane function and energy metabolism during the 
immediate reoxygenation–reperfusion period after acute transient 
global hypoxia–ischemia in the newborn piglet. Brain Res 2001;
901(1–2):102–108.

 21. Ekholm A, Katsura K, Seisjo BK. Ion fl uxes in ischemia: relationship 
to excitatory amino acids. Drug Res Rel Neuroactive Amino Acids 
1992;4:351–361.

 22. Lee JM, Grabb MC, Zipfel GJ, Choi DW. Brain tissue responses to 
ischemia. J Clin Invest 2000;106(6):723–731.

 23. Katsura K, Siesjo BK, Bazan NG. Excitotoxicity, free radicals, and cell 
membrane changes. Ann Neurol 1989;35(Suppl):S17–S21.

 24. Nicotera P. Molecular switches deciding death of injured neurons. 
Toxicol Sci 2003:744–749.

 25. Ankarcrona M, Dypbukt JM, Bonfoco E, Zhivotovsky B, Orrenius S, 
Lipton SA, Nicotera P. Glutamate-induced neuronal death: a succes-
sion of necrosis or apoptosis depending on mitochondrial function. 
Neuron 1995;14(4):961–973.

 26. Cohen P. The search for physiological substrates of MAP and SAP 
kinases in mammalian cells. Trends Cell Biol 1997;7:353–361.

 27. Siman R, Noszek JC. Excitatory amino acids activate calpain-1 and 
induce structural protein breakdown in vivo. Neuron 1988;1:279–
287.

 28. Kaczmarek L. The role of Protein Kinase C in the regulation of ion 
channels and neurotransmitter release. Trends Neurosci 1987;10:
30–34.

 29. Aveldano MI, Bazan NG. Rapid production of diacylglycerols enriched 
in arachidonate and stearate during early brain ischemia. J Neuro-
chem 1975;25(6):919–920.

 30. Katsura K, Rodriguez de Turco EB, Siesjo BK, Bazan NG. Effects of 
hyperglycemia and hypercapnia on lipid metabolism during complete 
brain ischemia. Brain Res 2005;1030(1):133–140.



82 D.R. Doherty and J.S. Hutchison

 31. Smaili SS, Russell JT. Permeability transition pore regulates both 
mitochondrial membrane potential and agonist evoked Ca2+ signals 
in oligodendrocyte progenitors. Cell Calcium 1999;26(3–4):121–130.

 32. MacManus JP, Linnik MD. Gene expression induced by cerebral isch-
emia: an apoptotic perspective. J Cereb Blood Flow Metab 1997;
17(8):815–832.

 33. Emerich DF, Dean RL 3rd, Bartus RT. The role of leukocytes following 
cerebral ischaemia: pathogenic variable or bystander reaction to 
emerging infarct. Exp Neurology 2002;173:168–181.

 34. Gidday JM, Park TS, Gonzales ER, Beetsch JW. CD-18 dependent leu-
kocyte adherence and vascular injury in pig cerebral circulation after 
ischemia. Am J Physiol 1997;272(6 Pt 2):H2622–H2629.

 35. Mayhan W. Cellular mechanisms by which tumor necrosis factor-α 
produces disruption of the blood brain barrier. Brain Res 2002;927:
144–152.

 36. Colbourne F, Sutherland GR, Auer RN. Electron microscopic evidence 
against apoptosis as the mechanism of neuronal death in global isch-
emia. J Neurosci 1999;19(11):4200–4210.

 37. Martin LJ, Al-Abdulla NA, Brambrink AM, Kirsch JR, Sieber FE, 
Portera-Cailliau C. Neurodegeneration in excitotoxicity, global cere-
bral ischemia, and target deprivation: a perspective on the contribu-
tions of apoptosis and necrosis. Brain Res Bull 1998;46(4):281–309.

 38. Mergenthaler P, Dirnagl U, Meisel A. Pathophysiology of stroke: 
lessons from animal models. Metab Brain Dis 2004;19:151–157.

 39. Manabat C, Han BH, Wendland M, Derugin N, Fox CK, Choi J, 
Holtzman DM, Ferriero DM, Vexler ZS. Reperfusion differentially 
induces caspase-3 activation in ischemic core and penumbra after 
stroke in immature brain. Stroke 2003;34:207–213.

 40. Zhan RZ, Wu C, Fujihara H, Taga K, Qi S, Naito M, Shimoji K. Both 
caspase-dependent and caspase-independent pathways may be 
involved in hippocampal CA1 neuronal death because of loss of cyto-
chrome c from mitochondria in a rat forebrain ischemia model. J 
Cereb Blood Flow Metab 2001;21:529–540.

 41. Chan P. Mitochondria and neuronal death/survival signaling path-
ways in cerebral ischemia. Neurochem Res 2004;29:1943–1949.

 42. Jagtap P, Szabo C. Poly(ADP-ribose) polymerase and the therapeutic 
effects of its inhibitors. Nature Rev Drug Discovery 2005;4(5):421–
440.

 43. Ames A 3rd, Wright RL, Kowada M, Thurston JM, Majno G. Cerebral 
ischemia II. The no-refl ow phenomenon. Am J Pathol 1968;52(2):
437–453.

 44. Safer P, Kochanek P. Cerebral blood fl ow promotion after prolonged 
cardiac arrest. Crit Care Med 2000;28(8):3104–3106.

 45. Tsuchidate R, He QP, Smith ML, Siesjo BK. Regional cerebral blood 
fl ow after 2 hours of middle cerebral artery occlusion. J Cereb Blood 
Flow Metab 1997;17(10):1066–1073.

 46. Siesjo B. Cerebral blood fl ow. In: Pinsky M, ed. Mechanisms of Isch-
emia, Diagnosis and Therapy. [Update in Intensive Care Medicine.] 
Berlin: Springer-Verlag; 2002:45–60.

 47. Krep HB, et al. Endothelin type A-antagonist improves long term 
neurological recovery after cardiac arrest in rats. Crit Care Med 
2000;28(8):2873–2880.

 48. DeWitt DS, Smith TG, Deyo DJ, Miller KR, Uchida T, Prough DS. L-
arginine and superoxide dismutase prevent or reverse cerebral hypo-
perfusion after fl uid percussion traumatic brain injury. J Neurotrauma 
1997;269:H23–H29.

 49. Auer RN. Sutherland GR. Hypoxia and related conditions. In: Green-
fi eld’s Neuropathology. London: Hodder Headline Group; 2002:233–
280.

 50. Ellison D, Love S. Adult hypoxic and ischemic lesions. In: Neuropa-
thology: A Reference Text of Central Nervous System Pathology. 
1998.

 51. Ito U, Spatz M, Walker JT Jr, Klatzo I. Experimental ischemia in the 
Mongolian gerbil. 1. Light microscope observations. Acta Neuro-
pathol 1975;32:209–223.

 52. Krep H, Bottiger BW, Bock C, Kerskens CM, Radermacher B, Fischer 
M, Hoehn M, Hossmann KA. Time course of circulatory and meta-

bolic recovery of cat brain after cardiac arrest assessed by perfusion 
and diffusion weighted imaging and MR-spectroscopy. Resuscitation 
2003;58(3):337–348.

 53. Sirbaugh PE, Pepe PE, Shook JE, Kimball KT, Goldman MJ, Ward MA, 
Mann DM. A prospective population-based study of the demograph-
ics, epidemiology, management and outcome of out of hospital 
pediatric cardiopulmonary arrest. Ann Emerg Med 1999;33(2):
174–184.

 54. Torres A, Pickert CB, Firestone J, Walker WM, Fiser DH. Long-term 
functional outcome of inpatient cardiopulmonary resuscitation. 
Pediatr Emerg Care 1997;13(6):369–373.

 55. Lopez-Herce J, Garcia C, Rodriguez-Nunez A, Dominguez P, Carrillo 
A, Calvo C, Delgado MA; Spanish Study Group of Cardiopulmonary 
Arrest in Children. Long-term outcome of pediatric cardiorespiratory 
arrest in Spain. Resuscitation 2005;64:79–85.

 56. Clausen T, Scharf A, Menzel M, Soukup J, Holz C, Rieger A, Hanisch 
F, Brath E, Nemeth N, Miko I, Vajkoczy P, Radke J, Henze D. Infl uence 
of moderate and profound hyperventilation on cerebral blood fl ow, 
oxygenation and metabolism. Brain Res 2004;1019(1–2):113–123.

 57. Gruber EM, Jonas RA, Newburger JW, Zurakowski D, Hansen DD, 
Laussen PC. The effect of hematocrit on cerebral blood fl ow velocity 
in neonates and infants undergoing deep hypothermic cardiopulmo-
nary bypass. Anesth Analg 1999;89(2):322–327.

 58. Duebener L, Sakamoto T, Hatsuoka S, Stamm C, Zurakowski D, 
Vollmar B, Menger MD, Schafers HJ, Jonas RA. Effects of hematocrit 
on cerebral microcirculation and tissue oxygenation during deep 
hypothermic bypass. Circulation 2001;104(12 Suppl):I260–I264.

 59. Safar P, Behringer W, Bottiger BW, Sterz F. Cerebral resuscitation 
potentials for cardiac arrest. Crit Care Med 2002;30(4):S140–S144.

 60. Tan A, Schulze A, O’Donnell CP, Davis PG. Air versus oxygen for 
resuscitation of infants at birth. Cochrane Database Syst Rev 
2005;18(2):CD002273.

 61. Reinert M, Barth A, Rothen HU, Schaller B, Takala J, Seiler RW. Effects 
of cerebral perfusion pressure and increased fraction of inspired 
oxygen on the brain tissue oxygen, lactate and glucose in patients with 
severe head injury. Acta Neurochir 2003;145(5):341–350.

 62. Laffey JG, O’Croinin D, McLoughlin P, Kavanagh BP. Permissive 
hypercapnia-role in protective lung ventilation strategies. Intensive 
Care Med 2004;30(3):347–356.

 63. Bellinger DC, Wypij D, Kuban KC, Rappaport LA, Hickey PR, Wer-
novsky G, Jonas RA, Newburger JW. Developmental and neurological 
status of children at 4 years of age after heart surgery with hypother-
mic circulatory arrest or low-fl ow cardiopulmonary bypass. Circula-
tion 1999;100(5):526–532.

 64. Pemberton PL, Dinsmore J. The use of hypothermia as a method of 
neuroprotection during neurosurgical procedures and after traumatic 
brain injury: a survey of clinical practice in Great Britain and Ireland. 
Anaesthesia 2003;58(4):370–373.

 65. Biggart M, Bohn DJ. Effect of hypothermia and cardiac arrest on 
outcome of near drowning accidents in children. J Pediatr 1990;
117:179–183.

 66. Bohn DJ, Biggar WD, Smith CR, Conn AW, Barker GA. The infl uence 
of hypothermia, barbiturate therapy, and intracranial pressure moni-
toring on morbidity and mortality after near-drowning. Crit Care 
Med 1986;(14):529–534.

 67. The Hypothermia after Cardiac Arrest Study Group. Mild therapeutic 
hypothermia to improve neurologic outcome after cardiac arrest. N 
Engl J Med 2002;346:549–556.

 68. Bernard SA, Gray TW, Buist MD, Jones BM, Silvester W, Gutteridge G, 
Smith K. Treatment of comatose survivors of out of hospital cardiac 
arrest with induced hypothermia. N Engl J Med 2002;346(8):
557–563.

 69. Shankaran S, Laptook AR, Ehrenkranz RA, Tyson JE, McDonald SA, 
Donovan EF, Fanaroff AA, Poole WK, Wright LL, Higgins RD, Finer 
NN, Carlo WA, Duara S, Oh W, Cotten CM, Stevenson DK, Stoll BJ, 
Lemons JA, Guillet R, Jobe AH; National Institute of Child Health and 
Human Development Neonatal Research Network. Whole body 



8. Hypoxic Ischemic Encephalopathy 83

hypothermia for neonates with hypoxic-ischemic encephalopathy. N 
Engl J Med 2005;353:1574–1584.

 70. Colbourne F, Corbett D. Delayed and prolonged post-ischemic hypo-
thermia is neuroprotective in the gerbil. Brain Res 1994;654(2):
265–272.

 71. Colbourne F, Corbett D. Delayed post ischemic hypothermia: a six 
month survival study using behavioral and histological assessments 
of neuroprotection. J Neurosci 1995;15(11):7250–7260.

 72. Colbourne F, Li H. Buchan AM. Indefatigable CA1 sector neuroprotec-
tion with mild hypothermia induced 6 hours after severe forebrain 
ischemia in rats. J Cereb Blood Flow Metab 1999;19(7):742–749.

 73. Corbett D, Nurse S, Colbourne F. Hypothermic neuroprotection. A 
global ischemia study using 18- to 20-month-old gerbils. Stroke 1997;
28(11):2238–2242.

 74. Kaibara T, Sutherland GR, Colbourne F, Tyson RL, Hypothermia: 
depression of tricarboxylic acid cycle fl ux and evidence for pentose 
phosphate shunt upregulation. J Neurosurg 1999;90(2):339–347.

 75. Smith SL, Hall E. Mild pre- and posttraumatic hypothermia attenu-
ates blood–brain barrier damage following controlled cortical impact 
injury in the rat. J Neurotrauma 1997;13(1):1–9.

 76. Sutcliffe IT, Smith HA, Staninimirovic D, Hutchison, JS. Effects of 
moderate hypothermia on IL1B induced leukocyte rolling and adhe-
sion in pial microcirculation of mice and on proinfl ammatory gene 
expression in human cerebral endothelial cells. J Cereb Blood Flow 
Metab 2001;21:1310–1319.

 77. Globus MY, Alonso O, Dietrich WD, Busto R, Ginsberg MD. Glutamate 
release and free radical production following brain injury: effects of 
posttraumatic hypothermia. J Neurochem 1997;65(4):1704–1711.

 78. Lei B, Tan X, Cai H, Xu Q, Guo Q. Effect of moderate hypothermia on 
lipid peroxidation in canine brain tissue after cardiac arrest and 
resuscitation. Stroke 1994;25(1):147–152.

 79. Hicks SD, DeFranco D, Callaway CW. Hypothermia during reperfu-
sion after asphyxial cardiac arrest improves functional recovery and 
selectively alters stress-induced protein expression. J Cereb Blood 
Flow Metabolism 2000;20(2):520–530.

 80. Hicks SD, Parmele KT, DeFranco DB, Klann E, Callaway CW. Hypo-
thermia differentially increases extracellular signal-regulated kinase 
and stress-activated protein kinase/c-Jun terminal kinase activation 
in the hippocampus during reperfusion after asphyxial cardiac arrest. 
Neuroscience 2000;98(4):677–685.

 81. Rhoney DH, Parker D Jr. Use of sedative and analgesic agents in neu-
rotrauma patients: effects on cerebral physiology. Neurol Res 2001;23:
237–259.

 82. Homi HM, Mixco JM, Sheng H, Grocott HP, Pearlstein RD, Warner DS. 
Severe hypotension is not essential for forebrain isofl urane neuropro-
tection in mice. Anesthesiology 2003;99:1145–1151.

 83. Miura Y, Mackensen GB, Nellgard B, Pearlstein RD, Bart RD, Dexter 
F, Warner DS. Differential effects of anesthetic agents on outcome 
from near complete but not incomplete global ischemia in the rat. 
Anesthesiology 1998;89:391–400.

 84. Gray JJ, Bickler PE, Fahlman CS, Zhan X, Schuyler JA. Isofl urane 
neuroprotection in hypoxic hippocampal slice cultures involves 
increases in intracellular Ca2+ an mitogen activated kinases. Anesthe-
siology 2005;102(3):606–615.

 85. Wei H, Kang B, Wei W, Liang G, Meng QC, Li Y, Eckenhoff RG. Isofl u-
rane and sevofl urane affect cell survival and BCL-2/BAX ratio differ-
ently. Brain Res 2005;1037(1–2):139–147.

 86. Steen PA, Newberg L, Milde JH, Michenfelder JD. Hypothermia and 
barbiturates: individual and combined effects on canine oxygen con-
sumption. Anesthesiology 1983;58:527–532.

 87. Steen P, Milde JH, Michenfelder JD. No barbiturate protection in a 
dog model of complete cerebral ischemia. Ann Neurol 1979;5:
343–349.

 88. Nakashima K, Todd MM, Warner DS. The relation between cerebral 
metabolic rate and ischemic depolarization. A comparison of the 
effects of hypothermia, pentobarbital, and isofl urane. Anesthesiology 
1995;82:1199–1208.

 89. Ebmeyer U, Safar P, Radovsky A, Xiao F, Capone A, Tanigawa K, 
Stezoski SW. Thiopental combination treatments for cerebral resusci-
tation after prolonged cardiac arrest in dogs. Explanatory outcome 
study. Resuscitation 2000;45(2):119–131.

 90. Oertel M, Kelly DF, Lee JH, McArthur DL, Glenn TC, Vespa P, Boscar-
din WJ, Hovda DA, Martin NA. Effi cacy of hyperventilation, blood 
pressure elevation, and metabolic suppression therapy in controlling 
intracranial pressure after head injury. J Neurosurg 2002;97(5):
1045–1053.

 91. Grasshoff C. Gillessen T. The effect of propofol on increased superox-
ide concentration in cultured rat cerebrocortical neurons after stimu-
lation with N-methyl-d-aspartate receptors. Anesth Analg 2002;95(4):
920–922.

 92. Engelhard K, Werner C, Eberspacher E, Pape M, Stegemann U, Kell-
ermann K, Hollweck R, Hutzler P, Kochs E. Infl uence of propofol on 
neuronal damage and apoptotic factors after incomplete ischemia and 
preperfusion in rats: a long term observation. Anesthesiology 2004;
101(4):912–917.

 93. Wooltorton E. Propofol: contraindicated for sedation of pediatric 
intensive care patients. CMAJ 2002;167(5):507.

 94. Citerio, G. Cormio M. Sedation in neurointensive care: advances in 
understanding and practice. Curr Opin Crit Care 2003;9(2):120–126.

 95. Shuaib A, Murabit MA, Kanthan R, Howlett W, Wishart T. The neu-
roprotective effects of gamma-vinyl GABA in transient global isch-
emia: a morphological study with early and delayed evaluations. 
Neurosci Lett 1996;204(1–2):1–4.

 96. Thaminy S, Reymann JM, Heresbach N, Allain H, Lechat P, Bentue-
Ferrer D. Is chlormethiazole neuroprotective in experimental global 
ischemia. A microdialysis and behavioral study. Pharmacol Biochem 
Behav 1997;56(4):737–745.

 97. Vergoni AV, Ottani A, Botticelli AR, Zaffe D, Guano L, Loche A, Gene-
dani S, Gessa GL, Bertolini A. Neuroprotective effect of gamma-
hydroxybutyrate in transient global cerebral ischemia in the rat. Eur 
J Pharmacol 2000;397:75–84.

 98. Iqbal S, Baziany A, Gordon S, Wright S, Hussain M, Miyashita H, 
Shuaib A, Rajput AH. Neuroprotective effect of tiagabine in transient 
forebrain global ischemia: an in vivo microdialysis, behavioral, and 
histological study. Brain Res 2002;946:162–170.

 99. Wang C, Sadovova N, Fu X, Schmued L, Scallet A, Hanig J, Slikker W. 
The role of the N-methyl-d-aspartate receptor in ketamine-induced 
apoptosis in rat forebrain culture. Neuroscience 2005;132(4):
967–977.

100. Horn J, Limburg M. Calcium antagonists for ischemic stroke: a sys-
tematic review. Stroke 2000;32:570–576.

101. Calle PA, Paridaens K, De Ridder LI, Buylaert WA. Failure of nimodip-
ine to prevent brain damage in global cerebral ischemia in the rat. 
Resuscitation 1993;25(1):57–71.

102. Zapater P, Moreno J, Horga JF. Neuroprotection by novel calcium 
antagonist PCA50938, nimodipine and fl unarizine, in gerbil global 
brain ischemia. Brain Res 1997;772(1–2):57–62.

103. Berger R, Lehmann T, Karcher J, Garnier Y, Jensen A. Low dose fl u-
narizine protects the fetal brain from ischemic injury. Pediatr Res 
1998;44(3):277–282.

104. Hayashi T, Kagaya A, Motohashi N, Yamawaki S. Possible mechanism 
of dantrolene stabilization of cultured neuroblastoma cell plasma 
membranes. J Neurochem 1994;63(5):1849–1854.

105. Xiong ZG, Zhu XM, Chu XP, Minami M, Hey J, Wei WL, MacDonald 
JF, Wemmie JA, Price MP, Welsh MJ, Simon RP. Neuroprotection in 
ischemia: blocking calcium permeable acid sensing ion channels. Cell 
2004;118(6):687–698.

106. Oreopoulos GD, Hamilton J, Rizoli SB, Fan J, Lu Z, Li YH, Marshall 
JC, Kapus A, Rotstein OD. In vivo and in vitro modulation of intercel-
lular adhesion molecule (ICAM)-1 expression by hypertonicity. Shock 
2000;14(3):409–414.

107. Sasaki T, Kitagawa K, Yamagata K, Takemiya T, Tanaka S, Omura-
Matsuoka E, Sugiura S, Matsumoto M, Hori M. Amelioration of hip-
pocampal neuronal damage after transient forebrain ischemia in 



84 D.R. Doherty and J.S. Hutchison

cyclooxygenase defi cient mice. J Cereb Blood Flow Metab 2004;24(1):
107–113.

108. Candelario-Jalil E, Gonzalez-Falcon A, Garcia-Cabrera M, Alverez D, 
Al-Dalain S, Martinez G, Leon OS, Springer JE. Assessment of the 
relative contributions of COX-1 and COX-2 in ischemia induced oxida-
tive damage and neurodegeneration following transient global isch-
emia. J Neurochem 2003;86(3):345–355.

109. Park EM Cho BP, Volpe BT, Cruz MO, Joh TH, Cho S. Ibuprofen pro-
tects ischemia-induced neuronal injury via up-regulating inter-
leukin-1 antagonist expression. Neuroscience 2005;132(3):625–631.

110. Zhang ZG, Chopp M, Tang WX, Ning J, Zhang RL. Post ischemic treat-
ment (2–4h) with anti-CD11b and anti-CD18 monoclonal antibodies 
are neuroprotective after transient (2h) focal ischemia in the rat. Brain 
Res 1995;698(1–2):79–85.

111. Degraba T. The role of infl ammation after acute stroke. Utility of 
perusing anti-adhesion molecule therapy. Neurology 1998;51(3 Suppl 
3):S62–S68.

112. Kitagawa K, Matsumoto M, Ohtsuki T, Kuwabara K, Mabuchi T, Yagita 
Y, Hori M, Yanagihara T. Defi ciency of intercellular adhesion molecule 
1 fails to mitigate selective neuronal death after transient global isch-
emia. Brain Res 1999;847(2):166–174.

113. Hutchison JS, Sutcliffe IT, Cui H, Zhang W, Stanimirovic DB. Hypo-
thermia inhibits leukocyte adhesion and gene expression in cerebral 
endothelial cells following hypoxia/ischaemia. Intensive Care Med 
2003 (MMDICM Symposium).

114. Weigl M, Tenze G, Steinlechner B, Skhirtladze K, Reining G, Bernardo 
M, Pedicelli E, Dworschak M. A systematic review of currently avail-
able pharmacological neuroprotective agents as a sole intervention 
before anticipated or induced cardiac arrest. Resuscitation 2005;65:
21–39.

115. Anderson TR, Jarvis CR, Biederman AJ, Molnar C, Andrew RD. Block-
ing the anoxic depolarization protects without functional compro-
mise following simulated stroke in cortical brain slices. J Neurophysiol 
2005;93(2):963–979.

116. Dunham CR, et al. Cerebral hypoxia in severely brain injured patients 
is associated with admission Glasgow Coma Score, computed tomog-
raphy severity, cerebral perfusion pressure and survival. J Trauma 
2004;56(3):482–491.

117. Gracias VH, Guillamondegui OD, Stiefel MF, Wilensky EM, Bloom S, 
Gupta R, Pryor JP, Reilly PM, Leroux PD, Schwab CW. Cerebral oxy-
genation, a pilot study. J Trauma 2004;56(3):469–474.

118. Feldman Z, Robertson CS. Monitoring of cerebral hemodynamics 
with jugular venous bulb catheters. Crit Care Clin 1997;13(1):51–77.

119. Nollert G, Jonas RA Reichart B. Optimizing cerebral oxygenation 
during cardiac surgery: a review of experimental and clinical investi-
gations with near infrared spectrophotometry. Thorac Cardiovasc 
Surg 2000;48(4):247–253.

120. Daubeney PE, Pilkington SN, Janke E, Charlton GA, Smith DC, Webber 
SA. Cerebral oxygenation measured by near-infrared spectroscopy: 
comparison with jugular bulb oximetry. Ann Thorac Surg 1996;61(3):
930–934.

121. Asil T, Uzunca I, Utku U, Berberoglu U. Monitoring of increased intra-
cranial pressure resulting from cerebral edema with transcranial 

Doppler sonography in patients with middle cerebral artery infarc-
tion. J Ultrasound Med 2003;22(10):1049–1053.

122. Edmonds HL, Zhang YP, Shields CB. New neurophysiology and central 
nervous system dysfunction. Curr Opin Crit Care 2003;9(2):98–
105.

123. Madl C, Kramer L, Domanovits H, Wollard RH, Gervais H, Gendo A, 
Eisenhuber E, Grimm G, Sterz F. Improved outcome prediction in 
unconscious cardiac arrest survivors with sensory evoked potentials 
compared with clinical assessment. Crit Care Med 2000;28(3):721–
726.

124. Levy DE, Caronna JJ, Singer BH, Lapinski RH, Frydman H, Plum F. 
Predicting outcome from hypoxic–ischemic coma. JAMA 1985;253(10):
1420–1426.

125. Krumholz A, Stern BJ, Weiss HD. Outcome from coma after cardio-
pulmonary resuscitation: relation to seizures and myoclonus. Neurol-
ogy 1988;38(3):401–405.

126. Meynaar IA, Oudemans-van Straaten HM, van der Wetering J, Verlooy 
P, Slaats EH, Bosman RJ, van der Spoel JI, Zandstra DF. Serum neuron 
specifi c enolase predicts outcome in post-anoxic coma: a prospective 
cohort study. Intensive Care Med 2003;29(2):189–195.

127. Zingler VC, Krumm B, Bertsch T, Fassbender K, Pohlmann-Eden B. 
Early prediction of neurological outcome after cardiopulmonary 
resuscitation: a multimodal approach combining neurobiological and 
electrophysiological investigations may provide high prognostic cer-
tainty in patients after cardiac arrest. Eur Neurol 2003;49(2):79–84.

128. Pfeiffer R, Borner A, Krack A, Sigusch HH, Surber R, Figull HR. 
Outcome after cardiac arrest: predictive values and limitations of the 
neuroproteins neuron-specifi c enolase and protein S-100 and the 
Glasgow Coma Scale. Resuscitation 2005;65(1):49–55.

129. Rosen H, Sunnerhagen KS, Helitz J, Blomstrand C, Rosengren L. 
Serum levels of the brain derived proteins S-100 and NSE predict 
long-term outcome after cardiac arrest. Resuscitation 2001;49(2):
183–191.

130. Zandbergen EG, de Haan R, Stoutenbeek CP, Koelman JH, Hijdra A. 
Systematic review of early prediction of poor outcome in anoxic–isch-
aemic coma. Lancet 1998;352(9143):1808–1812.

131. Shewmon A. Coma prognosis in children. J Clin Neurophysiol 
2000;15(5):467–742.

132. Hulihan JS, Syna DR. Electroencephalographic sleep pattern in post 
anoxic stupor and coma. Neurology 1994;44(4):758–760.

133. Evans BM, Bartlett JR. Prediction of outcome in severe head injury 
based on recognition of sleep related activity in the polygraphic elec-
troencephalogram. J Neurol Neurosurg Psychiatry 1995;59(1):17–25.

134. Madl C, Grimm G, Kramer L, Yeganehfar W, Sterz F, Schneider B, 
Kranz A, Schneeweiss B, Lenz K. Early prediction of individual 
outcome after cardiopulmonary resuscitation. Lancet 1993;341(8849):
855–858.

135. Christophe C, Fonteyne C, Ziereisen F, Christiaens F, Deltenre P, De 
Maertelaer V, Dan B. Value of MR imaging of the brain in children 
with hypoxic coma. Am J Neuroradiol 2002;23(4):716–723.

136. Els T, Kassubek J, Kubalek R, Klisch J. Diffusion weighted MRI during 
early global cerebral hypoxia: a predictor for clinical outcome. Acta 
Neurol Scand 2004;110:361–367.



9
Toxic and Metabolic Encephalopathies
Ashok P. Sarnaik and Kathleen L. Meert

the CNS the osmolar dysequilibrium occurs at the level of the capil-
lary endothelium, resulting in movement of water from both the 
intracellular and interstitial fl uid spaces into the vascular space. 
Therefore, in the face of acute hyperosmolarity, there is an overall 
decrease in brain volume (Figure 9-1A). Conversely, when serum 
osmolarity rapidly decreases, the brain intracellular and intersti-
tial osmols cannot easily enter the vascular space. The brain acts 
as an “osmolar trap”, imbibing water, increasing its size as it equili-
brates with a hypo-osmolar environment and reaches osmotic 
equilibrium (Figure 9-1B).

The CNS also has unique adaptive mechanisms to defend its 
tissue volume in response to a sustained change in serum osmolar-
ity. In chronic hyperosmolar states, the brain water content returns 
to normal as different solutes (idiogenic osmoles) appear inside the 
brain cells [2]. These osmoles, better characterized as organic 
osmolytes, have been identifi ed as various amino acids, polyols, 
and methylamines [3]. They are transported into the brain when 
faced with hyperosmolarity and allow for normalization of brain 
water content. Organic osmolytes are transported into the brain in 
response to a sustained exposure to a variety of serum osmoles 
including sodium, glucose, and urea. It is of interest that the rapid-
ity with which brain water content is normalized may be different 
with different osmoles. For example, the brain water content is 
normalized much more rapidly (few hours) in hyperglycemia com-
pared to hypernatremia (several days) [4]. Rapid correction of 
hyperosmolarity before the brain can normalize its osmolar content 
results in cerebral edema as an increased amount of brain solute 
draws water into the intracellular and interstitial spaces. The brain 
also has the ability to lose osmoles and minimize the gain in water 
when hypo-osmolarity is sustained. This occurs because of an 
initial decrease in sodium and potassium with subsequent deple-
tion of non-electrolyte solute. Thus the gain in brain water after an 
acute decrease in osmolarity is followed by return to normalcy as 
hypo-osmolarity persists [5]. Whereas acute hyponatremia can 
cause life-threatening cerebral edema, patients with chronic hypo-
natremia are often asymptomatic.

Cerebral Edema

Cerebral edema is conventionally classifi ed into vasogenic, cyto-
toxic and interstitial edema according to its underlying pathogen-
esis [6]. Disruption of the BBB is the hallmark of vasogenic cerebral 
edema. The increased capillary permeability allows intravascular 
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Central nervous system (CNS) dysfunction can result from a variety 
of metabolic derangements or endogenous/exogenous toxins. The 
outcome from a diverse group of neurologic insults has improved 
considerably in recent years due to a better understanding of the 
CNS response to injurious agents and aggressive neurointensive 
care. Threat to neuronal integrity is posed by the primary injury 
(e.g. trauma, infection, toxin etc) as well as by the secondary injury 
resulting from the altered CNS metabolism and intracranial milieu. 
Although the management of the primary injury is of major impor-
tance, it is the secondary injury that often determines the outcome. 
Manifestations of secondary injury may occur within minutes, 
hours or days after the primary insult. It should be recognized that 
secondary injury may occur in the absence of, in spite of, or some-
times even because of therapeutic interventions. The window of 
opportunity to prevent or treat secondary injury may be extremely 
narrow over a few minutes or ongoing over several days.

Pathophysiologic Considerations

The Central Nervous System and Its Osmolar Environment

The tight junctions between the CNS capillary endothelial cells, 
fortifi ed by astrocytic end-feet processes and the thick neuronal 
cell membrane constitute the blood brain barrier (BBB). Recent 
advances have shed light on the complex molecular basis for the 
unique properties of the BBB [1]. Solutes, including crystalloids, 
take several hours to equilibrate across this barrier, whereas water 
moves rapidly in either direction. An osmolar gradient therefore 
would have a signifi cant and unique effect on total brain size which 
is not seen in other organs (Figures 9-1A and 9-1B). In muscle
tissue for example, an increase in serum osmolarity is rapidly 
shared by the interstitium as the osmols readily pass across the 
capillary endothelium. Since these osmols cannot easily pass across 
the cell membrane, intracellular water moves into the interstitial 
space to attain osmotic equilibrium. Diminished cell size is thus 
compensated for by an increased interstitial fl uid with little or no 
change in the overall tissue size. Because of the BBB however, in 
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fl uid and solutes to enter brain interstitial fl uid, causing its expan-
sion. It should be recognized that the disruption of the BBB is not 
absolute, and therapeutic agents such as mannitol can still be effec-
tive in producing an osmotic gradient across the brain capillaries, 
thus drawing water from interstitial fl uid into the vascular space. 
Clinically, vasogenic edema is encountered in head trauma, bacte-
rial meningitis, brain abscess, tumor, hypertensive encephalopa-
thy, and lead poisoning. In cytotoxic edema, there is a relatively 
higher amount of intracellular solute compared to that in the extra-
cellular fl uid space drawing water into the cells to maintain osmotic 
equilibrium. Disease states with impaired cellular metabolism 
(hypoglycemia, Reye’s syndrome, trauma, infection, and hypoxia) 
are associated with accumulation of abnormal quantities of intra-
cellular osmoles resulting in movement of water into the cells. 
Intracellular cerebral osmolar content is also increased in response 
to sustained hyperosmolarity, e.g. in hypernatremia, hyperglyce-
mia, and uremia [2–4]. Rapid lowering of serum osmolarity, before 
the intracerebral osmoles are normalized, results in increased 
brain water content. Similarly acute hypo-osmolar states such as 
water intoxication and the syndrome of inappropriate antidiuretic 
hormone (SIADH) result in neuronal swelling in the face of normal 

intracellular osmolar content. Interstitial edema occurs when an 
increased hydrostatic pressure gradient exists between the ven-
tricular system and the brain interstitium, resulting in transepen-
dymal movement of cerebrospinal fl uid (CSF) into periventricular 
white matter.

A consideration of pathophysiologic mechanisms in cerebral 
edema has important therapeutic signifi cance. Osmotherapy is 
more effective in cytotoxic cerebral edema, whereas relief of CSF 
obstruction is necessary to treat interstitial cerebral edema. It is 
important to realize however, that vasogenic, cytotoxic and inter-
stitial edema may occur concurrently in the same patient.

Intracranial Contents and Pressure-Volume Relationship

The skull with fused sutures is a relatively rigid container fi lled 
with non-compressible fl uid and solid tissues. Intracranial con-
tents include fl uid, brain parenchyma, and meninges. Intracranial 
fl uid is partitioned into four compartments: intravascular space, 
brain interstitial fl uid, intracellular fl uid and cerebrospinal fl uid 
(CSF). Even open sutures and fontanels offer only a limited capacity 
for expansion. Thus, for intracranial pressure (ICP) to remain 
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FIGURES 9.1 (A and B) Effects of acute changes in plasma osmolarity on brain size compared to muscle. See text for explanation.
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constant, any increase in the brain water content must be accom-
panied by a displacement of an equal volume of blood or CSF into 
extracranial spaces (Monroe-Kellie doctrine, Figure 9-2). When 
this spatial compensation is exhausted, ICP begins to rise. There 
are several implications of this doctrine. First, in the early phase, 
accumulation of abnormal fl uid in the intracranial space may be 
associated with little or no increase in ICP as intracranial CSF gets 
displaced in the distensible spinal subarachnoid space. Second, ICP 
begins to rise when equivalent volume cannot be displaced to com-
pensate for the pathologic increase in one of the intracranial com-
partments. Third, life-threatening intracranial hypertension and 
distortion/displacement of brain tissue (herniation syndromes) 
may occur with relatively small increases in intracranial volume 
after a critical capacity is exceeded. Finally, a relatively small 
decrease in intracranial volume may rapidly lower ICP to a safer 
level and reverse encephalopathy if appropriate therapy is insti-
tuted before irreversible brain injury occurs [7].

Brain Metabolism

In an adult, the brain comprises 2% of body weight and accounts 
for 20% of whole body glucose and oxygen consumption [8]. Under 
normal conditions, glucose is the sole source of energy for the 
brain. Although ketone bodies and amino acids can serve as an 
alternate fuel, they cannot completely replace glucose to meet cere-
bral metabolic demands [9]. The brain is thus exquisitely suscepti-
ble to hypoglycemia. Glucose uptake occurs through a glucose 
transporter in cerebral capillaries [10].

Many nutrients and vitamins are also important for cerebral 
metabolism. Among these, thiamine defi ciency is perhaps the most 
relevant as a cause of encephalopathy in the critical care setting. 
Thiamine plays a crucial role in carbohydrate metabolism. Patients 
with chronic debilitating diseases dependent on total parenteral 
nutrition (TPN), on hemodialysis or peritoneal dialysis and those 
with diabetes mellitus and poor nutrition may be at risk for severe 
thiamine defi ciency. Three important enzymes, essential for 
glucose metabolism, are dependent on thiamine pyrophosphate: 
transketolase (TK), pyruvate dehydrogenase (PDH) and α ketoglu-
terate dehydrogenase [11–13]. TK is necessary for glucose metabo-
lism through the pentose phosphate pathway, which is the sole 

source of ribose for the synthesis of nucleic acid precursors and the 
major source of NADPH. PDH and α ketogluterate dehydrogenase 
are necessary for processing pyruvate through the Krebs cycle and 
generation of ATP. NADPH and NADP are crucial in catalyzing 
oxidation/reduction reactions in the Krebs cycle. Thiamine defi -
ciency results in severe impairment of glucose metabolism, elevated 
pyruvate and lactate levels, and encephalopathy.

Diseases such as Reye’s syndrome are characterized by severe 
mitochondrial dysfunction and are associated with severe meta-
bolic derangements, cytotoxic cerebral edema and encephalopathy 
[14,15]. Similarly, inborn errors of metabolism such as organic aci-
demias, urea cycle disorders and aminoacidurias can manifest with 
varying levels of encephalopathy. Either endogenous (ammonia, 
urea, sepsis etc) or exogenous toxins (drugs, carbon monoxide, 
alcohols etc) causing alteration of cerebral metabolism are fre-
quently encountered in pediatric critical care settings.

When to Suspect Toxic/Metabolic Encephalopathy?

History and clinical features often provide important clues to the 
presence of toxic/metabolic encephalopathy. A careful social 
history and chronology of events leading to discovery of CNS dys-
function might point the clinician in the direction of exogenous 
toxin as being the culprit. Similarly, recognition of an underlying 
clinical disorder such as hepatic failure, uremia, sepsis etc is of 
obvious importance. Inborn errors of metabolism may present 
acutely with rapidly progressing encephalopathy or subacutely 
after varying periods of subtle symptoms such as vomiting and 
poor weight gain. In general, toxic/metabolic encephalopathies 
should be suspected when history, clinical examination and 
imaging studies (when indicated) cannot explain cerebral dysfunc-
tion on the basis of structural abnormalities of the brain. Second-
ary structural damage may be present in such cases as a consequence 
of metabolic derangements.

Clinical Features

Although certain clinical features are unique to an individual 
disease entity, certain manifestations are common to all toxic/met-
abolic encephalopathies [16]. Alteration in level of consciousness is 
a hallmark of such disorders. This can manifest as either a depressed 
state such as lethargy, stupor, confusion, obtundation, and lack of 
arousal; or an excited state such as agitation, delirium, and sei-
zures. As a general rule, manifestations of CNS dysfunction show 
rostrocaudal progression from cerebral cortex to brain stem. 
Abnormalities of respirations are quite common. Global CNS 
depression may manifest as slow and shallow respirations with 
resultant hypoventilation and respiratory acidosis. Bihemispheric 
and diancephalic pathology can lead to Cheyne-Stokes respira-
tions. Injuries within the rostral brain stem or tegmentum can lead 
to central neurogenic hyperventilation and respiratory alkalosis. 
Mid to caudal pontine lesions can result in an apneustic breathing 
pattern characterized by a prolonged inspiratory pause. Medullary 
lesions result in ataxic, irregular breathing or apnea.

Laboratory evaluation should be directed at individual toxic/
metabolic disease entities as suspected by history, clinical exami-
nation and circumstantial evidence. Imaging studies have a limited 
role unless a structural lesion is a possibility. They should not delay 
institution of supportive and specifi c therapy.
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FIGURE 9.2. Intracranial pressure-volume relationship. Initial increase in volume in one of 
the intracranial compartments is associated with little or no increase in ICP (A). Subsequent 
increases in volume result in exponential rise in ICP (B and C).
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Specific Disorders

Reye’s Syndrome

Association of acute encephalopathy and fatty degeneration of 
viscera was described independently by Reye et al. and Johnson et 
al. in 1963 [17,18]. Reye’s syndrome (RS) is a prototypical metabolic 
encephalopathy which is characterized by mitochondrial dysfunc-
tion. Brain and liver are the two most consistently affected organs. 
CNS dysfunction, the only threat to survival, is independent of 
hepatic involvement. In other words, RS is distinct from hepatic 
encephalopathy which results from endogenous toxic metabolites 
accumulating because of liver dysfunction.

The classic clinical scenario is presented in Figure 9-3. Most 
cases occur in the fall and winter, with a peak age incidence between 
5 and 15 years. A strong association with infl uenza A and B, and 
varicella is observed. Although the exact causative mechanism has 
remained elusive, many meticulous, independent epidemiologic 
studies have shown strong association between the use of salicy-
lates during the antecedent viral illness and the development of RS 
[19–22]. The Surgeon General’s recommendation against the use of 
salicylates for children with infl uenza and chickenpox and a 
decreasing use of aspirin in the community has coincided with a 
sharp decline in the incidence of RS in the United States since the 
early 1980s [21,22]. However, RS is by no means an extinct disease 
entity [23].

The disease is often biphasic in nature with the fi rst phase con-
sisting of a trivial viral infection from which the patient is seem-
ingly recovering. Four commonly observed antecedent clinical 
illnesses are: upper respiratory infection, chickenpox, gastroenteri-
tis and infl uenza-like ailment. The second phase, encephalopathy, 
is highly stereotypic and heralded by persistent, unrelenting vomit-
ing lasting from several hours to a day. Progressive disturbance in 
the level of consciousness soon follows and reaches varying degrees 
of severity in a typical rostrocaudal fashion. The extent of cerebral 
dysfunction is the basis for clinical staging. Recognition of RS in 

early stages is important. The earliest signs of encephalopathy 
(stage I) can be subtle such as excessive sleepiness, decreased verbal 
spontaneity, behavior and personality changes, confusion, and irri-
tability. Stage II encephalopathy is a hyperexcitable state manifest-
ing as disorientation and violent maniacal behavior. Some of these 
patients may be misdiagnosed as CNS excitatory drug intoxication 
because of their delirious state. Signs of sympathetic overactivity 
such as tachycardia, systolic hypertension, wide pulse pressure, 
dilated pupils, sweating, tachypnea and fever are commonly 
encountered. Stage III encephalopathy is characterized by central 
neurogenic hyperventilation and respiratory alkalosis. The respi-
rations are increasingly deep and rapid. Muscle tone is increased 
with dystonic decorticate posturing. The oculocephalic refl ex 
becomes sluggish, indicating brain stem dysfunction. Stage IV 
encephalopathy represents further brain stem impairment with 
decerebrate posturing, inconsistent or absent oculocephalic refl ex, 
and dilated, sluggishly reacting pupils. If encephalopathy pro-
gresses to stage V, the patient becomes fl accid, apneic, arefl exic and 
hypotensive. When prolonged, stage V represents brain death. The 
progression of one stage to another is variable between patients. In 
patients with severe encephalopathy the patient can progress to 
decerebrate coma within hours of the onset of vomiting.

Cytotoxic cerebral edema from mitochondrial dysfunction is the 
hallmark of RS [15]. In early stages, cerebral edema is not associ-
ated with intracranial hypertension because of the spatial compen-
sation described earlier. Life-threatening intracranial hypertension 
however is the most important mechanism of brain herniation and 
death as encephalopathy progresses. Despite this, papilledema is 
uncommon unless ICP remains elevated for several days. The CNS 
dysfunction characteristically lasts for several days depending 
upon the severity. With adequate control of ICP and cerebral perfu-
sion pressure (CPP), patients have potential for recovery with little 
or no sequelae.

There is no single laboratory test that can in and of itself be 
considered diagnostic of RS. The diagnosis is based on the clinical 
picture, evidence of hepatic dysfunction, <10 WBC/mm3 and normal 
protein in CSF and no reasonable explanation for encephalopathy. 
Serum AST and ALT are elevated more than two times normal in 
all patients. Because of easy availability and reliability, serum 
transaminase determination is an ideal screening test. The extent 
of transaminase elevation is of no clinical signifi cance. Blood 
ammonia concentration is elevated in most cases and the extent of 
elevation (>300 μg/dl) is of poor prognostic signifi cance. However, 
tt should be noted that RS is not due to ammonia intoxication. 
Severe encephalopathy may persist despite normalization of blood 
ammonia. Prothrombin time is often prolonged. Signifi cant 
elevation (>5 mg/dl) in serum bilirubin level is uncommon. Acid 
base abnormalities are very common. The most consistent 
abnormality is that of respiratory alkalosis. Lactic acidemia is also 
commonly encountered although overt acidosis is rare. Histopath-
ologic examination of the liver tissue shows characteristic diffuse 
microvesicular fatty infi ltration of hepatocytes. Electron micro-
scopic examination demonstrates mitochondrial swelling and 
disruption.

Management of RS is based on the premise that the generalized 
mitochondrial injury, including in the brain and the liver, is poten-
tially completely reversible even in patients with severe disease. 
The challenge to the physician therefore is to protect the brain from 
irreversible injury until suffi cient time is provided for spontaneous 
recovery. RS encephalopathy can progress rapidly and unexpect-
edly. Patients suspected of RS therefore should be transferred to a 
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hospital with a fully equipped pediatric intensive care unit. Seda-
tives should not be given to counteract agitation unless ventilation 
is controlled. Infusion of 10% to 15% dextrose in 0.2% saline at a 
rate of 1,500 ml/m2/24 h, and maintaining normoglycemia are suf-
fi cient to manage stage I encephalopathy. Thirty mEq of potassium 
per liter as chloride and phosphate should be added to the infusion 
fl uid. Insulin has been used to decrease fatty acidemia and protein 
catabolism. For this purpose 1 unit of insulin can be added to 5 g 
glucose in the intravenous (IV) fl uid. Coagulation abnormalities 
can be corrected by administration of 1 to 5 mg of vitamin K and 
fresh frozen plasma.

Neurologic deterioration evidenced by inability to respond to 
verbal stimuli and lack of purposeful response to pain indicates 
worsening cerebral edema. Management is aimed at monitoring 
and treating intracranial hypertension and maintaining adequate 
CPP. Mannitol osmotherapy is extremely effective in treating RS 
encephalopathy because of the cytotoxic nature of the cerebral 
edema and intactness of the BBB. Mannitol in a dose of 0.25 to 0.5 g 
per kg should be infused over 15–20 minutes for stage II or more 
severe encephalopathy. Mannitol should be used every 4 to 6 hours 
until the patient regains consciousness and then tapered over 24 to 
48 hours. Additional doses may be needed during the acute epi-
sodes of neurologic deterioration or elevations of ICP. Adequacy of 
renal function must be ensured for osmotherapy to be effective. 
Mannitol should be withheld if serum osmolarity exceeds 
320 mOsm/kg H2O. By acting as an osmotic diuretic, mannitol may 
also cause hypovolemia. Maintenance of adequate vascular volume 
as determined by central venous pressure around 5 mm Hg with 
appropriate volume expansion is necessary. Patients reaching stage 
III encephalopathy are best managed by elective tracheal intuba-
tion and mechanical ventilation to maintain PaCO2 in mid 30 s. ICP 
monitoring is important in all such patients. The emphasis of man-
agement is to maintain euvolemia, serum osmolarity <310 mm Hg, 
ICP <20 mm Hg and CPP >50 mm Hg. Barbiturates are effective in 
reducing ICP. Pentobarbital is used as an adjunct to mechanical 
ventilation and mannitol for control of ICP. A loading dose of 2–
3 mg/kg followed by a continuous infusion of 1–3 mg/kg/hour is a 
reasonable initial therapy. Additional boluses and adjustment of 
infusion rate is based upon the clinical state and ICP. At levels 
above 15–20 μg/ml, pentobarbital therapy is associated with myo-
cardial depression. Inotropic support with dopamine or dobuta-
mine should be instituted to maintain adequate perfusion. 
Additional strategies to control ICP such as ventricular drainage 
may be necessary.

Prognosis depends upon successful maintenance of ICP and CPP 
control. Some patients are resistant to therapy and develop lethal 
intracranial hypertension and brain herniation. However, if sec-
ondary injury from intracranial hypertension and cerebral isch-
emia is prevented, the underlying mitochondrial dysfunction is 
potentially reversible and excellent neurologic outcome can be 
expected even in patients with severe encephalopathy. Advances in 
neurointensive care have led to improvement in survival in patients 
with RS.

Hyponatremic Encephalopathy

Clinical settings in which signifi cant hyponatremia is encountered 
are numerous [24–27]. Excessive ingestion of water (water intoxica-
tion) is the most common cause of hyponatremic encephalopathy 
in infants. Because of their lower glomerular fi ltration rate, infants 
have diminished capacity to excrete free water compared to older 

children and adults. Administration of free water in patients with 
SIADH is also an important cause of symptomatic hyponatremia 
in hospitalized patients. Other causes include gastrointestinal 
losses, diuretic therapy, adrenal insuffi ciency, renal salt wasting, 
cystic fi brosis, and drug therapy such as with oxcarbazepine (Tri-
leptal) and cisplatin. The most important clinical consequences of 
hyponatremia and its treatment involve the CNS. In this context, 
the rapidity with which hyponatremia develops is crucial in terms 
of pathophysiologic consequences. Seizures, cerebral edema, brain 
stem herniation, permanent brain damage, respiratory arrest, and 
death can result from severe untreated hyponatremia of rapid onset 
[24,25]. Conversely, gradual development of hyponatremia may not 
result in neurologic dysfunction even at serum sodium levels 
<110 mmol/L [28]. The apparent discrepancy in clinical observa-
tions and management recommendations among various studies 
can be explained by the response of the CNS to its changing osmolar 
environment. An acute decrease in serum sodium is associated 
with an increase in brain water content. Autopsy fi ndings in fatal 
cases of acute water intoxication have shown cerebral edema with 
uncal and brain stem herniation [29]. Consequently, rapid correc-
tion of serum sodium level in acutely hyponatremic patients would 
be expected to decrease brain water content and restore CNS func-
tion [24,30]. However, with chronic hyponatremia, brain water 
content tends to normalize with time. In such patients rapid cor-
rection of hyponatremia with hypertonic saline carries the risk of 
osmotic desiccation, central pontine and extrapontine myelinolysis 
and severe neurologic abnormalities [31,32]. In clinical practice, 
the exact duration over which hyponatremia has developed is often 
unknown. Hyponatremic patients with CNS symptoms such as 
lethargy, seizures and coma should be considered acute and treated 
promptly, whereas the asymptomatic ones should be considered 
chronic and should be corrected gradually.

Acute symptomatic hyponatremia is a medical emergency. A 
rapid IV bolus of 4 to 6 mL/kg body weight of 3% saline is suitable 
for this purpose [24]. With apparent volume of distribution of 0.6 L/
kg body weight for sodium, one could anticipate an immediate 
increase of 3 to 5 mmol/L serum sodium concentration with such 
treatment. This relatively small but rapid elevation in serum 
sodium is a safe and effective means of managing hyponatremic 
encephalopathy. After this acute increase, further restoration of 
serum sodium occurs mainly by water diuresis, especially in infan-
tile water intoxication. Patients with SIADH and symptomatic 
hyponatremia should be fi rst treated with furosemide (1 mg/kg IV) 
to increase free water clearance followed by administration of 3% 
saline and fl uid restriction.

Diabetic Encephalopathy

Cerebral edema is by far the most feared complication of type I dia-
betic ketoacidosis (DKA). Although cerebral edema has been 
described at presentation, it is most frequently encountered during 
treatment. Several risk factors have been identifi ed. These include 
younger age, new-onset, greater degree of dehydration and a lower 
PaCO2 [33]. Despite a great deal of controversy, excessive fl uid 
administration during the period when the brain has increased 
osmolar content appears to be the most important factor [33–35]. 
There are several reasons why children with type I DKA have a 
potential to receive more fl uids than they actually need. The dry 
mouth and lips resulting from Kussmaul breathing and poor perfu-
sion secondary to acidosis make them appear more dehydrated 
than they really are. Additionally, the traditional method of 
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estimation of 5%, 10% and 15% for mild, moderate and severe 
degrees of dehydration respectively, although reasonable in infants, 
is inappropriate at a later age. Older children have less total body 
water to start with, and therefore, their fl uid defi cits are less for the 
same clinical severity of dehydration compared with infants. 
Organic osmolytes accumulate rapidly in the brain during hyper-
glycemia [4]. Administration of a large amount of hypotonic fl uids 
from overestimating fl uid defi cits, at a time when the brain is most 
vulnerable to osmotic shifts, poses a signifi cant risk of cerebral 
edema [34,36]. An increase in brain water was observed during 
treatment of DKA even in asymptomatic patients who were receiv-
ing hypotonic fl uid for rehydration [37]. This increase in brain water 
content was not observed when hypotonic fl uids were avoided [36]. 
In some patients, this increase in brain water may reach catastrophic 
proportions, resulting in severe intracranial hypertension, brain 
stem herniation, and death. Increasing lethargy in the face of bio-
chemical improvement should be considered a manifestation of 
brain swelling unless proven otherwise. Early manifestations such 
as headache, drowsiness, and agitation may rapidly progress to 
seizures, brain stem herniation, and irreversible brain damage in a 
matter of 1 to 2 hours. Early recognition and prompt therapy can 
potentially reverse this encephalopathy. After shock and circula-
tory insuffi ciency are treated with isotonic fl uid expansion, subse-
quent fl uid administration should be at maintenance plus estimated 
defi cit which should not exceed 5% of body weight per day. 
Potassium as chloride and phosphate should be added to the rehy-
dration fl uids as soon as urine output and a fall in serum potassium 
level are established. We prefer isotonic saline as the initial rehydra-
tion solution. Glucose should be added after serum glucose falls 
to <300 mg/dL at which time 0.45% saline along with potassium 
salts could be used as the rehydration fl uid. Occurrence of 
cerebral edema has not been conclusively shown to be associated 
with the rate of fall in serum glucose concentrations. Most 
clinicians consider a decline of serum glucose level of approxi-
mately 100 mg/dL/h as reasonable. In most cases this can be accom-
plished by a continuous infusion of 0.1 U/kg/h insulin. An initial 
infusion rate of 0.05 U/kg/h is advisable for patients with new-onset 
DKA. The role of bicarbonate administration in causing cerebral 
edema in DKA has received considerable attention recently. A 
retrospective, case controlled, multicenter study showed that 
treatment with bicarbonate was associated with an increased risk 
of cerebral edema [38]. However in this study, patients who devel-
oped cerebral edema also had a lower PCO2 and higher BUN. 
The role of bicarbonate therapy in the pathogenesis of cerebral 
edema has not been established in prospective controlled 
studies. Nonetheless, bicarbonate administration is unnecessary in 
the vast majority of cases and should be reserved for life-threaten-
ing acidosis and hyperkalemia. Recent studies have suggested 
that cerebral edema in DKA is vasogenic in nature with impaired 
BBB [39]. However, this may be a manifestation earlier in the 
course, while the brain remains susceptible to osmotic shifts later 
leading to symptomatic cerebral dysfunction and intracranial 
hypertension [40].

All children receiving treatment for DKA should be monitored 
with frequent neurologic examination. Early manifestations of 
cerebral edema can be effectively treated with mannitol (0.5 g/kg) 
or 3% saline (4–6 ml/kg). In the presence of persistent obtundation, 
unresponsiveness, and inadequate ventilatory response to acidosis, 
tracheal intubation and hyperventilation are necessary. Decreasing 
the rate of rehydration and fall in serum glucose concentration are 
also indicated in such patients.

Hepatic Encephalopathy

Hepatic encephalopathy is a potentially reversible form of cerebral 
dysfunction that occurs with both acute and chronic liver disease 
[41–45]. Acute liver failure (ALF) often leads to an encephalopathy 
that progresses from altered mental status to stupor and coma 
over a period of days. Progressive cerebral edema and raised ICP 
result in mortality rates as high as 50–90% [46]. Hepatic encepha-
lopathy is graded based on the severity of neurological symptoms 
(Table 9-1).

The pathogenesis of cerebral edema and intracranial hyperten-
sion is multifactorial. It is to be recognized that symptomatic brain 
edema can occur without an increase in ICP. In ALF, intracranial 
hypertension is a result of increased brain water content and 
increased cerebral blood fl ow [47]. Both acute and chronic hepatic 
failure results in the accumulation of ammonia in the brain, and 
alterations in astrocyte structure and function with preservation 
of neurons. Astrocytes are crucial for normal brain function since 
they regulate the composition of extracellular fl uid surrounding 
neurons. Astrocyte swelling is a common fi nding in the brains of 
patients dying of ALF [48]. Hyperammonemia appears to play a 
crucial role in the pathogenesis of cerebral edema in ALF. Cerebral 
herniation is closely associated with plasma ammonia levels 
>150 μmol/L [49]. Ammonia is detoxifi ed in the brain by formation 
of glutamine mainly in the astrocytes. The osmotic effect of intra-
cellular accumulation of glutamine in astrocytes is proposed to be 
one of the mechanisms of cytotoxic cerebral edema in ALF. Altera-
tions of BBB, also described in ALF, could aggravate cerebral edema 
that is predominantly cytotoxic in nature. Cerebral blood fl ow 
autoregulation is impaired in hepatic encephalopathy [47,50,51]. 
Cerebral hyperemia has been associated with severity of encepha-
lopathy, brain edema and adverse outcome [52]. Altered neuro-
transmission also has been implicated in the pathogenesis of 
hepatic encephalopathy. Glutamate is the major excitatory neu-
rotransmitter in the brain involved in more than 80% of synapses 
[43,47]. In ALF, decreased reuptake by astrocytes results in 
increased extracellular glutamate concentrations. Abnormal 
traffi cking of glutamate between neurons and astrocytes may 
contribute to the neurological manifestations of ALF. Similarly, 
monoamines [53,54], peripheral-type benzodiazepine receptors 
[43,55] and nitric oxide [56] have been proposed as important con-
tributing factors for hepatic encephalopathy. Other stressors such 
as hypoglycemia, hyponatremia, hypokalemia and infections can 
precipitate the onset of hepatic encephalopathy in a patient with 
previously compensated liver failure.

Management of hepatic encephalopathy involves strategies to 
lower blood ammonia concentrations and manage elevated ICP. 
Judicious protein intake is advocated. While excessive protein 
intake increases ammonia load, negative nitrogen balance is detri-
mental to liver regeneration and preservation of skeletal muscle 
mass. Protein intake of 1–2 g/kg/d is often needed to prevent muscle 
wasting. A recent meta-anaysis concluded that branched chain 

TABLE 9.1. Grades of hepatic encephalopathy.

Grade I Mild confusion, irritability, depression, euphoria, abnormal sleep patterns
Grade II Moderate confusion, lethargy, decreased ability to perform mental tasks, 
  personality changes
Grade III Severe confusion, disorientation, unable to perform mental tasks, 
  somnolent, incomprehensible speech
Grade IV Coma
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amino acid supplementation has no benefi cial effect on patients 
with hepatic encephalopathy [57]. Maintenance of normoglycemia 
is critically important. Lactulose is a commonly recommended 
agent to reduce ammonia production and absorption from the gut 
[42,58]. The dose of lactulose is adjusted to achieve 2–3 bowel 
movements per day. Oral neomycin has been used to reduce 
ammonia-producing bacteria in the gut when lactulose is not toler-
ated [42]. Neomycin has been associated with signifi cant side effects 
such as renal and ototoxicity.

Cytotoxic cerebral edema associated with ALF is best managed 
with osmotherapy such as mannitol and hypertonic saline. Care 
must be taken to avoid hypovolemia, hypokalemia, and hyperos-
molarity. Moderate hypothermia with core temperature of 32–33°C 
may be useful in decreasing ICP and reducing transfer of ammonia 
across the BBB [59]. Barbiturate therapy and moderate hyperven-
tilation are useful adjuncts in decreasing ICP. The benefi t of inva-
sive ICP monitoring must be weighed against the risk of bleeding 
associated with the often accompanying coagulopathy. Vitamin K, 
fresh frozen plasma and in some cases, factor VII concentrates are 
necessary to reverse coagulopathy. Epidural monitors may be pref-
erable to subdural ones for ICP monitoring. Maximum Interna-
tional Normalized Ratio (INR) >4, young age (<2 yrs), and presence 
of radiologic evidence of cerebral edema are of poor prognostic 
signifi cance [46,60,61].

Short-term extracorporeal support as a bridge to liver transplan-
tation has not been shown to be more effective than standard sup-
portive care [60]. Liver transplantation offers the best chance of 
survival in a select group of patients with ALF. The important con-
sideration is the probability of survival with supportive manage-
ment versus liver transplantation. Patient selection and timing of 
the liver transplantation play a major role in outcome. Presence of 
cerebral edema greatly decreases chances of successful liver trans-
plantation. On the other hand, cerebral edema may develop during 
or shortly after transplantation making survival unlikely [46].

Encephalopathy of Inborn Errors of Metabolism

A variety of inborn errors of carbohydrate, fat and protein metabo-
lism result in accumulation of endogenous toxins such as ammonia, 
organic acids, and amino acids. Also, hypoglycemia may be a pre-
senting feature. While such patients often present in early infancy, 
some inborn errors of metabolism may manifest at a later age. 
Unexplained encephalopathy accompanied by hypoglycemia and 
acid/base abnormalities should raise concern about the presence of 
inborn errors of metabolism. Such patients should have serum and 
urine measurements of amino acids and organic acids. Blood 
ammonia and lactate/pyruvate determination may also provide 
useful diagnostic clues. Treatment depends upon the individual 
disease entity. Peritoneal dialysis or hemodialysis may be required 
for severe hyperammonemia.

Nutritional Encephalopathy

Severe thiamine defi ciency is potentially fatal if it is unrecognized 
and untreated. Patients with chronic debilitating diseases with 
unique nutritional needs may be at risk of developing thiamine defi -
ciency. These include patients who are dependent on TPN, hemodi-
alysis, and peritoneal dialysis. Patients with long-term metabolic 
derangements such as diabetes mellitus and renal failure, and those 
with poor nutritional habits are also at risk for developing severe 
thiamine defi ciency. Thiamine is a water soluble vitamin with limited 

body stores. Severe thiamine defi ciency may develop in as little as 5–
7 days of deprivation [62,63]. Thiamine defi ciency carries the risk of 
especially catastrophic and life-threatening consequences when 
associated with glucose loading such as in patients receiving TPN 
[64], and those treated with insulin for DKA. Incomplete combustion 
of products of glycolysis due to decreased activities of thiamine 
dependent transketolase, pyruvate dehydrogenase, and α-ketogluta-
rate dehydrogenase results in accumulation of pyruvate and Krebs 
cycle intermediates, and decreased synthesis of nucleic acids. The 
end result is energy failure, high anion gap metabolic acidosis, and 
multiorgan dysfunction. Clinically, a patient with acute thiamine 
defi ciency manifests varying levels of encephalopathy progressing to 
unconsciousness. Myocardial insuffi ciency resulting in cardiogenic 
shock is also an important manifestation. Impairment of myocardial 
contractility and shock are often resistant to intravascular volume 
expansion and inotropic support. Both pyruvate and lactate concen-
trations are increased. The lactate/pyruvate ratio is often <20 because 
the major effect of thiamine defi ciency is an inability to convert 
pyruvate to acetyl CoA. Pyruvate is then converted to lactate as an 
alternate albeit inferior source of energy.

Diagnosis of thiamine defi ciency is mainly a clinical one. Criti-
cally ill patients with unexplained encephalopathy, myocardial 
dysfunction, and high anion gap metabolic acidosis in clinically 
relevant situations should raise suspicion of thiamine defi ciency. 
Although the diagnosis could be supported by measurement of 
erythrocyte transketolase activity and biological assay for whole 
blood thiamine level, the treatment should not be delayed pending 
the results of these tests. The clinical response to IV administration 
of thiamine is dramatic as well as diagnostic in patients with thia-
mine defi ciency. Immediate improvement occurs within minutes 
while complete resolution of symptomatology takes several hours. 
Thiamine is administered in a dose of 100 mg IV over 30 minutes 
and repeated in 4 hours as indicated clinically. Other vitamin and 
nutritional defi ciencies such as that of niacin may also cause 
encephalopathy, however these are usually not encountered in the 
acute setting.

Miscellaneous Toxic/Metabolic Encephalopathies

A variety of illnesses encountered in intensive care units such as 
sepsis, renal failure etc, are associated with encephalopathy. The 
pathogenesis involves various endogenous toxins and cytokines 
according to individual conditions. Management is that of the 
underlying disorder. Improvement in encephalopathy coincides 
with resolution of the primary pathophysiology.
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reasons obtaining CSF is not possible, a clinical diagnosis of 
meningitis can be made by the fi nding of clinical signs of menin-
geal irritation (neck stiffness, positive Kernig’s or Brudzinski’s 
sign), together with positive blood culture, latex agglutination test 
for bacterial polysaccharide in blood or urine, or positive poly-
merase chain reaction for bacterial DNA in blood. Defi nitions of 
CNS infection have been recently proposed and for meningitis are 
divided into defi nite, probable, or possible bacterial meningitis 
(Table 10.1) [1].

Following bacterial meningitis, a poor outcome is common, with 
death or handicap occurring in up to 50% of patients depending on 
age, causative organism, and clinical status at presentation [2]. In 
the developed world, bacterial meningitis occurs at a frequency of 
approximately 3–5 patients per 100,000 population per year [3–5], 
apart from clusters or outbreaks. In the developing world, par-
ticularly during pandemics of meningococcal meningitis in sub-
Saharan Africa, this fi gure may increase to over 500 patients per 
100,000 population [6].

In neonates, pathogens causing meningitis are usually acquired 
from the maternal genital tract during delivery and include Strep-
tococcus agalactiae (group B streptococci), Escherichia coli, and 
other organisms that colonize the perineal area [7]. Neonates are 
also at risk of infection from Listeria monocytogenes, acquired 
transplacentally. In older children, bacterial meningitis is usually 
acquired via hematogenous spread, and the most common infect-
ing organisms are Neisseria meningitidis, Streptococcus pneu-
moniae, and Haemophilus infl uenzae (type b) (Hib) [8]. Routine 
vaccination programs have practically eradicated bacterial menin-
gitis caused by Hib. Meningitis caused by L. monocytogenes may 
also occur in immunocompromised children. In addition, direct 
invasion by skin or respiratory pathogens and nosocomial infec-
tion may occur following trauma and neurosurgical interventions 
[9]. The organisms that predominate under these circumstances 
include Pseudomonas aeruginosa, enterococci, Staphylococcus 
aureus, and the coagulase-negative staphylococci. Table 10.2 lists 
the pathogens associated with acute bacterial meningitis according 
to age.

Pathophysiology

Bacterial invasion of the CSF causes a host infl ammatory response, 
and ultimately it is this response that results in neuronal cell 
damage and death and the subsequent morbidity and mortality. 
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Introduction

Infections affecting the central nervous system (CNS) in children 
have a varied and unpredictable outcome, often with a high mor-
bidity and mortality, despite advances in available antimicrobial 
therapy and other adjunctive modes of treatment. Death or perma-
nent disability is a common occurrence. There are many different 
organisms that initiate a variety of pathologic processes leading to 
the resulting clinical patterns. The subsequent conditions include 
meningitis, encephalitis, intracerebral abscesses, transverse myeli-
tis, and noninfectious complications of systemic infection such as 
human immunodefi ciency virus (HIV). The offending organism 
varies with age, immune function, and immunization status of the 
child. Although much of the focus in the management of these 
conditions is on eradication of a pathogen, many of these patients 
require organ-specifi c supportive care, including mechanical ven-
tilation, and neuroprotective strategies where there is intracranial 
hypertension. This chapter reviews intracranial infections, their 
epidemiology, the nature of the infecting organism, and manage-
ment of the clinical patterns that occur.

Meningitis

Although the spectrum between meningitis and encephalitis is 
broad, it is important to understand the pathophysiologic processes 
that take place that lead to meningitis and encephalitis. Meningitis 
is an infl ammation of the pia and arachnoid meninges that sur-
round the brain and spinal cord. In contrast, encephalitis is an 
infl ammation of the brain parenchyma itself that typically presents 
with either diffuse or focal neuropsychological dysfunction.

Bacterial Meningitis

The defi nitive diagnosis of bacterial meningitis requires the isola-
tion of the pathogen from cerebrospinal fl uid (CSF). If for clinical 
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Infecting pathogens reach CSF by hematogenous spread following 
colonization of the skin, the mucosal surface of the nasopharynx 
[10], or the respiratory or gastrointestinal tract; the organisms then 
translocate across the endothelial cells of the blood–brain barrier 
(BBB) in order to reach the CSF. Once in the CSF, bacterial products 
(e.g., peptidoglycan, lipoteichoic acid, endotoxin) stimulate the 
production of proinfl ammatory cytokines [11–13] (e.g., tumor 
necrosis factor [TNF]-α, interleukin [IL]-1β, and IL-6) and other 
mediators (e.g., nitric oxide and reactive oxygen species), 
leading to an infl ux of leukocytes into the subarachnoid space [14]. 
This is further enhanced following the induction of endothelial-
derived adhesion molecules on the cerebral endothelium [15]. 
These blood-derived leukocytes, proinfl ammatory cytokines, and 
other infl ammatory mediators cause an increase in BBB permeabil-
ity, resulting in the leakage of plasma proteins into the CSF, 
further contributing to the development of cerebral edema and 
subsequent neuronal damage [16,17]. Diffuse cerebral endothelial 
damage leads to vasospasm and thrombosis, resulting in abnormal 
cerebral vascular autoregulation and a reduction in cerebral perfu-
sion, and therefore to further neuronal damage [18]. The infl am-
matory effects of cytokines are regulated by the antiinfl ammatory 
cytokines: IL-10 and transforming growth factor (TGF)-β. It is the 
infl ammatory response to an invading organism rather than direct 
effects of the pathogen itself that appears to cause most of the 
damage leading to morbidity and mortality in acute bacterial 
meningitis [19].

Clinical Manifestations

The classic signs of meningitis include fever, headache, photopho-
bia, vomiting, neck stiffness, and an altered level of consciousness 
or mental status, including seizure activity [20]. In young children 
and infants, the signs may be nonspecifi c, and fever may be absent 
[21]; however, whenever a child has fever with an altered level of 
consciousness, meningitis must be considered high in the differen-
tial diagnosis.

Diagnosis

Obtaining CSF for culture is the gold standard investigation for the 
diagnosis of bacterial meningitis. When performing a lumbar 
puncture (LP) it is essential to measure and document the CSF 
opening pressure (normally <15 cm H2O), appearance, cell count 
and differential count, glucose, protein, Gram stain, microbiologi-
cal culture (including for viruses and fungi), viral and bacterial 
polymerase chain reaction, and stain for acid-fast bacilli, if indi-
cated. Prompt diagnosis is essential, as a delay in commencing 
antibacterial therapy may be associated with an increased likeli-
hood of morbidity, although the clinical evidence to support this 
assumption is surprisingly lacking [22].

Purulent meningitis is associated with intracranial hyperten-
sion, and brain stem or tentorial herniation may occur even in the 
absence of LP (approximately 5% of cases). Taking an accurate 
history, with appropriate recognition of the early systemic and neu-
rologic signs of meningitis, allows an informed decision about 
whether an LP can be performed safely [23]. Performing an LP in 
the presence of intracranial hypertension may cause cerebral her-
niation. Therefore, if signs of raised intracranial pressure (ICP) are 
present, it is not safe to undertake an LP even in the presence of 
normal brain imaging [24]. Lumbar puncture is contraindicated (1) 
when there is signifi cant respiratory and/or hemodynamic compro-
mise, (2) when there is a bleeding diathesis, and (3) when focal 
neurologic signs and a fl uctuating or signifi cantly reduced (Glasgow 
Coma Score [GCS] ≤13) level of consciousness are present, usually 
indicating raised ICP. If there will be a delay in performing an LP, 
because of concerns about clinical status, it is important to start 
appropriate antimicrobial therapy as soon as possible, targeted 
toward the most likely offending agent based on age and immuno-
logic status (see Table 10.2).

Up to 50% of children with meningitis receive oral antibiotics 
before a defi nitive diagnosis is made generally because of a nonspe-
cifi c presentation [25]. This partial treatment often leads to a delay 
in presentation to the hospital and may cause diagnostic confusion 
[26]. Cerebral spinal fl uid cultures may be rapidly sterilized, 
although cellular and biochemical changes will persist. The only 
bacterium whose growth is likely to be signifi cantly affected fol-
lowing oral antibiotic administration is Meningococcus, and this is 

TABLE 10.1. Bacterial meningitis in children and infants >8 weeks old.

Definite bacterial meningitis
Compatible clinical syndrome +
 All ages: fever, 94%
1–5 months: irritability, 85%
6–11 months: impaired consciousness, 79%
>12 months: vomiting, 82%, neck rigidity, 78%
+ positive culture of cerebrospinal fluid (CSF) or positive CSF Gram stain or bacterial 
 antigen

Probable bacterial meningitis
Compatible clinical syndrome +
Positive blood culture + one of the following CSF changes:
>5 leukocytes, glucose <0.5 CSF/serum ratio, protein >1 g/L

Possible bacterial meningitis
Compatible clinical syndrome +
One of the following CSF changes:
>100 leukocytes, CSF/serum glucose ratio <0.5, protein >1 g/L +
Negative cultures or antigen for bacteria, virus, fungus, or mycobacteria

Neonatal meningitis <8 weeks old
Compatible clinical syndrome +
Isolation of likely pathogenic organism from CSF or positive bacterial antigen
Or abnormal CSF consistent with bacterial infection (see above)

TABLE 10.2. Pathogens by clinically important factors.

Age Organisms

<1 month Streptococcus agalactiae (group B streptococci), enteric 
  bacilli (Escherichia coli, Klebsiella pneumoniae, Proteus 
  spp.), Listeria monocytogenes
1–3 months S. agalactiae (group B streptococci), enteric bacilli (E. coli, K.
  pneumoniae, Proteus spp.), L. monocytogenes, 
  Streptococcus pneumoniae, Neisseria meningitidis, 
  Haemophilus influenzae type b (Hib)
3 months to 5 years S. pneumoniae, N. meningitidis, Hib
>5 years S. pneumoniae, N. meningitidis
Immunocompromised S. pneumoniae, N. meningitidis, Hib,
 L. monocytogenes, Gram-negative bacilli, Salmonella spp,
  enteric bacteria, Pseudomonas aeruginosa, Cryptococcus
  neoformans, other fungi, Nocardia spp
Postneurosurgery, S. pneumoniae, N. meningitidis, Hib, Staphylococcus aureus,
 postneurotrauma,   coagulase-negative staphylococci, Gram-negative bacilli,
 CSF shunt  Streptococcus pyogenes, enterococci

Source: Williams and Nadel [9].
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thought to be caused by the high sensitivity of the organism to low 
concentrations of antibiotics [27]. It is essential that CSF is sent for 
polymerase chain reaction and bacterial antigen detection as these 
will not usually be affected by the low CSF antibiotic concentra-
tions found following oral administration.

A recent study suggested that CNS imaging played little part 
in the diagnosis and clinical management of children admitted to 
the hospital with an acute febrile encephalopathy, in the absence 
of focal neurologic signs [28,29]. In addition, cranial computed 
tomography (CT) scans have a poor positive predictive value for 
the detection of intracranial hypertension [30]. In various case 
series of children with meningitis, abnormal CT fi ndings include 
subdural effusion, focal infarction, mild ventricular widening, 
contrast enhancing basal meninges, cerebral edema and pus, and 
widening in the basal cisterns [31–33]. Focal infarction and pus in 
the basal cisterns are associated with long-term neurologic sequelae. 
Transient dilatation of the subarachnoid space, however, is a rela-
tively common fi nding and is not necessarily associated with long-
term sequelae [32]. In another small series, parenchymal changes 
were found in nine children with bacterial meningitis. All children 
had neurologic impairment at the time of CT, and, during follow 
up, those with mild or moderate changes recovered without neuro-
logic sequelae, whereas those with severe changes suffered severe 
neurologic sequelae [33]. Performing imaging for prognostication 
therefore appears to be of benefi t.

Therapy

The management of bacterial meningitis requires specifi c anti-
microbial agents (see below) as well as organ-specifi c supportive 
treatment targeted at reducing raised ICP with neuroprotective 
strategies. Bacterial multiplication within the CSF occurs quickly 
owing to a poor host immune response at this relatively immune-
isolated site [34]. The CSF contains relatively low levels of specifi c 
antibody and complement, resulting in poor opsonization and 
phagocytosis [35].

Supportive Care

Some children may require tracheal intubation and mechanical 
ventilatory support. Indications for tracheal intubation and 
mechanical ventilatory support include (1) treatment of intracra-
nial hypertension; (2) seizure management, including respiratory 
depression secondary to anticonvulsant medication; (3) coma; and 
(4) shock. A high Pediatric Risk of Mortality (PRISM) score upon 
admission and the presence of hypotension and tachycardia within 
the fi rst 24 hr are typically associated with poor outcome [36].

All patients with bacterial meningitis will have evidence of 
increased ICP [37]. Increased ICP together with cerebral vasculitis 
and cerebral dysfunction are responsible for acute neurologic com-
plications, including depression of conscious level, focal neurologic 
signs, and, potentially, cerebral herniation in the acute phase, all 
of which are associated with longer term neurologic sequelae. 
Initial resuscitation and management should be directed towards 
securing the airway (A = airway) and maintaining adequate oxy-
genation/ventilation (B = breathing) and hemodynamic stability (C 
= circulation) [38]. Early tracheal intubation and mechanical ven-
tilatory support should be considered for children with a rapidly 
deteriorating GCS (>3 points in an hour), those with a GCS ≤8, 
those with a fl uctuating level of consciousness, and those with any 
associated respiratory or cardiovascular organ failure. Mechanical 
ventilatory support should be tailored to maintain normal oxygen-

ation and ventilation, with the goal of limiting ventilator-induced 
lung injury. Ventilation must be tailored to achieve arterial pCO2 
in the normal range [39], which avoids the dynamic complications 
associated with hyper- or hypocarbia. There is no evidence that the 
use of positive end-expiratory pressure (PEEP) exacerbates raised 
ICP, and its use is associated with a reduction in the risk of atelec-
tasis [40]. Patients should be positioned appropriately to prevent 
obstruction to cerebral venous drainage, with elevation of the head 
of the bed by 20°–30° and head position maintained in the midline. 
Placement of internal jugular venous catheters should be avoided 
if possible, as they may obstruct venous drainage from the brain.

It is important to achieve a blood pressure that will achieve ade-
quate cerebral perfusion pressure (CPP). Cerebral perfusion pres-
sure is the equal to the mean arterial blood pressure (MAP) minus 
the ICP. It has been shown that a CPP of ≤40 mm Hg is associated 
with a poor outcome as determined by mortality and long-term 
disability in children with nontraumatic coma [41]. Recent studies 
have confi rmed that maintenance of MAP with vasoconstrictive 
agents such as norepinephrine offer better protection of cerebral 
cellular oxygenation than other methods to support blood pressure 
in the presence of adequate intravascular volume [42,43].

Hyperthermia must be avoided [44] and when necessary 
active cooling measures instituted. In addition, tight control of 
serum electrolytes and blood glucose is required. There is some 
evidence that moderate hypothermia may be protective [45,46]; 
however, there are no data regarding its use in acute infectious 
encephalopathy.

Fluid management for bacterial meningitis is controversial. The 
guidelines recommending fl uid restriction have been based on the 
frequent development of hyponatremia seen in children with bacte-
rial meningitis, often found in conjunction with an increase in 
circulating concentration of antidiuretic hormone (ADH), as part 
of the syndrome of inappropriate ADH secretion (SIADH) [47]. The 
SIADH is associated with total body water overload and thus con-
tributes to cerebral swelling. By restricting intravenous fl uid 
administration in the presence of SIADH, the risk of developing 
cerebral edema is likely to be diminished. Some groups have 
found that children with bacterial meningitis who received main-
tenance fl uid, as well as replacement of any defi cits, had normal 
levels of ADH, whereas those who received restricted fl uids had 
elevated ADH levels, suggesting that the increased ADH noted in 
meningitis was an appropriate response to dehydration. The expla-
nation is that children who present to the hospital with bacterial 
meningitis have often had several days of fever and may have had 
vomiting, diarrhea, and inadequate fl uid intake. In children with 
bacterial meningitis who were randomized to fl uid restriction, 
when there was a reduction of >10 mL/kg in extracellular water, 
there was an increase in mortality and long-term neurologic mor-
bidity [48]. When there is hyponatremia and normal ADH levels, it 
is thought that cerebral salt wasting contributes to the hyponatre-
mia, the mechanism of which is unclear. Overall, although there 
are not enough data to fi rmly recommend fl uid restriction, the 
main consideration should be avoidance of overzealous fl uid 
administration.

In the face of an acute neurologic deterioration with signs of 
impending brain stem herniation, emergency management 
includes the administration of hyperosmolar therapy with manni-
tol or 3% saline [49]. There is no good evidence for one modality 
over another. In addition, in tracheally intubated and mechanically 
ventilated patients, short-term hyperventilation may prevent her-
niation [50].
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Antibiotic Therapy

Empiric antibiotic therapy should be commenced based on the 
most likely causative organism for the individual patient, taking 
into account the patient’s age, vaccination status, immune compe-
tence, and local patterns of antimicrobial resistance. In developed 
countries most authorities recommend a third-generation cepha-
losporin such as ceftriaxone or cefotaxime, which have good CSF 
penetration and are active against most pathogens causing bacte-
rial meningitis [51,52].

Listeria monocytogenes, more common in infants under 3 months 
and adults over 50 years, is not sensitive to the cephalosporins; 
therefore, addition of a penicillin to this regimen is recommended 
[8]. However, antimicrobial resistance, among the common causes 
of acute bacterial meningitis, is of increasing clinical importance 
worldwide. The increasing emergence of resistant bacteria, par-
ticularly Strep. pneumoniae, methicillin-resistant Staph. aureus 
(MRSA), vancomycin-resistant enterococci (VRE), and the extended 
spectrum β-lactamase–producing Gram-negative organisms has 
presented enormous diffi culties in the selection of adequate empiric 
antimicrobial therapy, before results of bacteriologic testing are 
available.

Factors to be taken into consideration when selecting the appro-
priate antibiotic for the therapy of bacterial meningitis include 
activity against the likely causative pathogen and its ability to pen-
etrate and attain effective bactericidal concentrations in the CSF. 
The integrity of the BBB is compromised during meningitis, result-
ing in increased permeability to most antibiotics [53]. β-Lactam 
antibiotics achieve levels of 5%–20% of concomitant serum concen-
trations. Highly lipid-soluble antibiotics (e.g., rifampin, chloram-
phenicol, and the fl uoroquinolones) achieve 30%–50% of their 
serum concentrations in CSF, even in the absence of BBB dysfunc-
tion. In contrast, the concentration of vancomycin is less than 5% 
of its serum concentration. Experimental models of bacterial men-
ingitis in animals suggest that prompt bacteriologic cure is associ-
ated with antibiotic concentrations in CSF that are 10–30 times the 
minimal bactericidal concentration (MBC) for a specifi c micro-
organism [54].

The pharmacodynamic properties of different antimicrobials 
also affect their effi cacy. Aminoglycosides and fl uoroquinolones 
exhibit concentration-dependent activity. Their effectiveness is 
determined by the ratio between the peak concentration, or area 
under the concentration curve of the antibiotic, and the MBC of the 
infecting pathogen. In contrast, the β-lactams and vancomycin 
show concentration-independent activity. The time over the MBC 
during which the drug concentration exceeds the minimum inhibi-
tory concentration (MIC) appears to be important in determining 
drug effectiveness. These drugs should therefore be administered 
at frequent dosing intervals.

For patients with a possible nosocomial infection, other broad-
spectrum agents such as vancomycin and ceftazidime may be con-
sidered. Meropenem has been shown to be an excellent single agent 
for patients in whom resistant bacteria are likely or for those who 
have failed to respond to the primary choice [55]. However, there 
have been reports of treatment failures in patients with resistant 
pneumococcal meningitis and other resistant organisms [56,57].

The fl uoroquinolones have been increasingly recognized as an 
important therapeutic option in both Gram-negative and Gram-
positive meningitis, where their excellent CSF penetration and the 
potential for synergistic activity in combination with the cephalo-
sporins and the carbapenems may indicate that they may play an 

important future role in the management of resistant pneumococ-
cal and nosocomial meningitis [58].

Linezolid is the fi rst agent of a new class of antibiotics called the 
oxazolidinones. Linezolid possesses excellent microbial activity 
against a wide variety of Gram-positive pathogens, including those 
resistant to methicillin and vancomycin. There have been several 
reports of its successful use in the management of resistant Gram-
positive meningitis [59,60]. Table 10.3 lists the most common anti-
bacterial agents used in the treatment of bacterial meningitis.

Antimicrobial resistance of organisms causing bacterial menin-
gitis is becoming increasingly problematic in all parts of the world, 
with different resistance patterns emerging for different organisms 
in different places. Penicillin-resistant Strep. pneumoniae was 
fi rst reported in 1967 [61] and has subsequently spread worldwide. 
Strains highly resistant to the penicillins, defi ned by the U.S. 
National Committee for Clinical Laboratory Standards [62] as an 
MIC of >2 μg/mL, are more likely to be resistant to other β-lactam 
and non-β-lactam antibacterials. The proportion of pneumococci 
causing invasive disease that are resistant to penicillin are reported 
to be as high as 59% in Hungary [63], 55% in Spain (pediatric 
patients) [64], 25% in Atlanta, Georgia [65], and 3.6% in the United 
Kingdom [66]. A Spanish study in 1999 found that 38% of all CSF 
isolates of pneumococci were resistant to penicillin [67]. More 
recently, pneumococcal strains resistant to the cephalosporins 
have been described [68]. In pneumococcal meningitis, strains are 
considered resistant to cefotaxime and ceftriaxone if the MIC is 
>0.5 μg/mL and highly resistant if the MIC is >2.0 μg/mL. There are 
several reports of treatment failure with third-generation cephalo-
sporins [69,70], but there is some evidence to suggest that interme-
diate resistance (MIC = 1.0 μg/mL) is not associated with an altered 
clinical outcome when the third-generation cephalosporins are 
used for treatment [71].

Therapeutic modifi cations in light of increasing bacterial resis-
tance to current antimicrobials have included the addition of van-
comycin or rifampicin to a third-generation cephalosporin [72]. 
However, penetration of vancomycin into CSF is variable, particu-
larly when concomitant corticosteroids are given, and there are 
recent reports of vancomycin-tolerant strains of pneumococci 
causing meningitis and of treatment failure in adults receiving 
vancomycin 30 mg/kg/24 hr [73]. Experimental evidence in animal 
models lends support to the possibility of delayed CSF sterilization 
when vancomycin is given with dexamethasone, as steroids reduce 
BBB permeability [74]. Rifampicin is a lipophilic compound with 
good CSF penetration [75] and is unaffected by the concomitant use 
of dexamethasone [76]. Its use has been recommended for adults 
receiving adjunctive steroid therapy and for children failing therapy 
on a combination of a cephalosporin and vancomycin.

TABLE 10.3. Empiric choice of antimicrobial by age.

Age Empiric choice of antibacterial

<month Penicillin or ampicillin and gentamicin
 Second line, ceftriaxone or cefotaxime
1–3 months Ceftriaxone or cefotaxime and ampicillin
>3 months Ceftriaxone or cefotaxime
Immunocompromised Ceftriaxone and ampicillin and gentamicin
 Second line, meropenem and gentamicin
Postneurosurgery,  Ceftazidime and gentamicin and vancomycin
 postneurotrauma,  Second line, meropenem and gentamicin and vancomycin
 CSF shunt
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Unfortunately, along with penicillin resistance there has also 
been an increase in development of resistance to cephalosporins. 
To reduce the risk of treatment failure in meningitis because of 
resistant pneumococci, higher doses of cephalosporins have been 
assessed to increase CSF concentration of antibiotic. However, this 
has not been associated with reduction in treatment failure. More 
recently, recommendations have suggested antibacterial regimens 
that included vancomycin or rifampicin in combination with the 
cephalosporin [77]. In the United States, combination therapy of a 
cephalosporin and vancomycin is recommended for children with 
suspected pneumococcal meningitis, as adequate CSF concentra-
tions of vancomycin have been demonstrated in children. However, 
because of concerns about CSF vancomycin concentrations in 
adults, rifampicin is recommended when pneumococcal meningi-
tis is suspected.

Widespread penicillin resistance in N. meningitidis has also 
been reported [78], mainly caused by reduced affi nity of penicillin 
for the penicillin binding proteins (PBP) 2 and 3 [79]. In addition, 
there are extremely rare, but worrying, reports of β-lactamase–
producing meningococci [80]. A recent Spanish report suggests 
that penicillin-resistant meningococcal strains may be associated 
with a poorer clinical outcome [81], but there is no evidence of 
treatment failure with the third-generation cephalosporins or the 
newer fl uoroquinolones. However, the emergence of rifampicin-
resistant meningococci has important public health implications 
for chemoprophylaxis of close contacts of the index case [82].

β-Lactamase–producing strains of Hib are common, and chlor-
amphenicol resistance is well described [83]. In countries where 
Hib conjugate vaccine is not in routine use, Hib meningitis because 
of resistant strains continues to be a clinical problem [84]; however, 
these strains are usually sensitive to the third-generation cephalo-
sporins. In the postvaccine era, Hib meningitis or other non-Hib 
encapsulated Haemophilus (especially type f Haemophilus), 
accounted for 10% of all Haemophilus isolates from a recent epide-
miologic study from Spain [85]. Most of these infections occurred 
in children <14 years of age, and 62% were ampicillin resistant, as 
well as resistant to tetracycline and chloramphenicol.

Most recommendations for duration of therapy are based on 
historical data with antimicrobials that are either no longer used 
or have become obsolete. There are few data on adequacy of length 
of therapy with the more commonly used modern antimicrobials. 
Table 10.4 provides additional information and recommendations 
on the duration of antimicrobial therapy in meningitis.

Antiinflammatory Agents

Cell wall–derived bacterial products, including endotoxin and pep-
tidoglycan, lead to the activation of host infl ammatory pathways, 
which further contribute to brain infl ammation and edema. The 
release of proinfl ammatory cytokines, including the interleukins 

(IL-1β, IL-6) and TNFα, leads to stimulation of the infl ammatory 
cascade with the release of platelet activating factor (PAF), IL-8, 
and interferon-γ (IFN-γ). The activation of the infl ammatory 
cascade results in the upregulation of cellular adhesion molecules 
in the vascular endothelium and blood leukocytes and the release 
of toxic products from activated neutrophils, which mediates men-
ingeal infl ammation, disruption of the BBB, microvascular throm-
bosis, and both vasogenic and cytotoxic cerebral edema [86,87].

Animal studies have suggested that, following antibiotic treat-
ment, bacterial lysis induces infl ammation in the subarachnoid 
space; when dexamethasone was used, the infl ammatory changes 
were reduced, together with the sequelae seen [88]. Dexamethasone 
downregulates meningeal infl ammation and reduces cerebral 
edema and therefore intracranial hypertension, thereby leading to 
a reduction in neurologic damage and the development of long-
term sequelae. Adjunctive dexamethasone therapy has been shown 
to be benefi cial for children with Hib meningitis who are at risk of 
deafness, and a meta-analysis has suggested a protective effect for 
those with pneumococcal meningitis if dexamethasone is admin-
istered at the same time as the initial antibiotic [89]. A study com-
paring early use of dexamethasone (administered before or with 
the fi rst antibiotic dose) to placebo was undertaken with adults, 
with continued use for 4 days. Treatment with dexamethasone was 
associated with a reduction in both the risk of unfavorable outcome 
and mortality. There was an unfavorable outcome in 26% of the 
dexamethasone group compared with 52% of the placebo group 
[90]. A further adult study has reported a trend toward an improved 
outcome in the dexamethasone group, where 74% patients had no 
neurologic sequelae when compared with 52% of patients who 
did not receive corticosteroids [91]. This study was with adults 
with pneumococcal and meningococcal meningitis, and dexa-
methasone was administered up to 3 hr following antimicrobial 
therapy.

The potential pitfalls of the use of adjunctive corticosteroids 
include a reduction in BBB permeability, which may affect the pen-
etration of antibiotics into the CSF, and the theoretical downregu-
lation of potentially benefi cial antiinfl ammatory cytokines such as 
IL-10. It was thought that, following corticosteroid administration, 
a dampened CSF infl ammatory response would reduce vancomycin 
concentrations in the CSF and delay CSF sterilization; however, CSF 
vancomycin levels in children with bacterial meningitis were not 
reduced following adjunctive dexamethasone therapy [92]. To be 
able to offer any benefi t, dexamethasone needs to be administered 
early in the course of the meningitis illness.

The use of corticosteroid therapy has been shown to be an effec-
tive adjunctive therapy for bacterial meningitis [93,94]. Although 
several other antiinfl ammatory agents, including polymyxin B, 
antibodies against TNF-α, IL-1β, recombinant bactericidal perme-
ability/increasing protein (RBPI21), have been used in studies of 
patients with sepsis, there has been no antiinfl ammatory agent 
assessed in patients with bacterial meningitis. These agents have 
been studied in various experimental models of bacterial meningi-
tis and are discussed in further detail in the paragraphs below.

Experimental Therapies Targeting the Inflammatory Cascade

The effects of several nonsteroidal antiinfl ammatory compounds 
have been evaluated in experimental meningitis models, but data 
from clinical trials are scarce and to date none is currently recom-
mended as routine adjunctive therapy. In rabbits with pneumococ-
cal meningitis, no effect on CSF protein was seen with indomethacin, 

TABLE 10.4. Recommended Duration of therapy by organism.

Infecting organism Duration of therapy

Streptococcus pneumoniae 14 days
Streptococcus agalactiae (group B streptococci) 14–21 days
Listeria monocytogenes 14–21 days
Neisseria meningitidis  7 days
Haemophilus influenzae type b  7 days
Gram-negative organisms 21 days

Source: Data are from Gold [8].
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although adjunctive treatment with dexamethasone or oxindanac, 
another nonsteroidal antiinfl ammatory drug, was seen to produce 
the fastest reversion to normal CSF protein patterns [95]. Ketorolac, 
a nonsteroidal antiinfl ammatory drug, co-administered with 
ampicillin has been shown to reduce sensorineural hearing loss 
compared with placebo in an animal model [96]. However, ibupro-
fen, a widely used antipyretic agent, has itself been implicated in 
case reports as a cause of aseptic meningitis [97].

Interferon-γ activates macrophages, promotes cytotoxic T-cell 
differentiation, and stimulates B-cell production of complement 
fi xing antibody to aid opsonization by macrophages and neutro-
phils. Production of IFN-γ is induced by IL-12 with TNF-α co-
stimulation, and it is inhibited by IL-10. Levels of CSF IFN-γ have 
been measured in adults and children with bacterial, viral, and 
aseptic meningitis [98,99]. Higher levels of IFN-γ have been 
found in viral meningitis than in bacterial meningitis. However, 
greater rises in IFN-γ have been reported in children with pneumo-
coccal meningitis than in those with Hib and meningococcal men-
ingitis. Interferon-γ and its inducible chemokines have been shown 
to have antimicrobial effects in vitro [100]. Human glioblastoma 
cell lines inhibit the growth of group B streptococci when stimu-
lated with IFN-γ [101]. Phase II clinical trials of recombinant IFN-γ 
as adjunctive therapy for meningitis are ongoing in the United 
States.

The proinfl ammatory cytokine TNF-α promotes the activation 
of macrophages and neutrophils and induces the production of 
IFNγ. Cerebrospinal fl uid levels of TNF-α are signifi cantly raised 
in bacterial meningitis when compared with clinical controls [102]. 
There is some evidence to suggest that the CSF level of TNF-α is 
related to the degree of BBB disruption and disease severity 
[103,104]. In a rat model, intracisternal administration of TNF-α 
resulted in dose- and time-dependent alterations in CSF penetra-
tion of radiolabeled albumin and in CSF white blood cells. The use 
of a monoclonal antibody (Mab) against TNF-α has been suggested 
as an adjuvant therapy in meningitis, modifying the acute infl am-
matory response and thereby reducing neuronal injury. In experi-
mental E. coli meningitis in newborn piglets, Mab to TNF-α 
downmodulated CSF pleocytosis and reduced ICP but had no effect 
on CSF metabolism as measured by CSF lactate or lipid peroxida-
tion products [105]. A Mab to TNF-α reduced only hippocampal 
neuronal apoptosis but not overall brain injury in a rat model of 
neonatal group B streptococcal meningitis [106]. Clinical trials of 
Mab to TNF-α in severe sepsis have had mixed results [107,108], 
and the experience in meningitis is limited at present to the animal 
models described earlier.

Pentoxifylline and thalidomide decrease the production of TNF-
α. In experimental models they have had some benefi cial effect in 
moderating CSF infl ammation [109,110]. In a rabbit model of bacte-
rial meningitis the antiinfl ammatory cytokine IL-10 has shown 
some benefi t in reducing TNF-α production and CSF infl amma-
tion, with maximal effect shown when IL-10 was combined with 
dexamethasone [111].

Reactive oxygen intermediates, including superoxide anions and 
hydrogen peroxide, are generated by the infl ammatory response in 
the CSF [112]. The antioxidants ascorbate and reduced glutathione 
are depleted in experimental meningitis models [113]. It has been 
suggested that clinically available antioxidants may reduce paren-
chymal brain injury caused by oxidative stress. In experimental 
pneumococcal meningitis in a rat model, the antioxidants N-
acetylcysteine, desferroxamine, and tirilazad-mesylate have been 
shown to decrease cortical injury [114]. N-acetylcysteine also atten-

uated the increase in brain water content, ICP, and CSF pleocytosis 
in advanced pneumococcal meningitis in rats [115].

The polysaccharide fucoidin is a selectin blocker that inhibits 
leukocyte rolling along endothelial cells, thereby preventing leuko-
cyte recruitment into CSF. In an experimental model of rabbit men-
ingitis induced by intracisternal injection of live pneumococci, 
fucoidin signifi cantly reduced the accumulation of leukocytes and 
plasma proteins into CSF [116]. Animal studies have also shown a 
variable reduction in the CSF level of the proinfl ammatory cyto-
kines IL-1β and TNF-α but required the early administration of 
fucoidin, 4 hr after the induction of meningitis by intracisternal 
injection of pneumococcal cell wall components in rabbits [117]. 
However, in rabbits treated with ampicillin 16 hr after induction of 
meningitis by intracisternal injection of live pneumococci, fucoi-
din had little effect on CSF levels of IL-1β and TNF-α [118].

Junctional adhesion molecule (JAM) is a member of the immu-
noglobulin superfamily found selectively concentrated at the tight 
junctions of endothelial cells. Varied reports exist on the effi cacy 
of inhibition of plasma leukocyte migration through endothelial 
cells into the meninges in experimental meningitis models [119,120]. 
In a cytokine-induced mouse meningitis model, a Mab against JAM 
signifi cantly inhibited CSF leukocyte accumulation and reduced 
BBB permeability. However anti-JAM antibodies in L. monocyto-
genes meningitis in mice failed to prevent leukocyte migration into 
the CSF.

The intercellular adhesion molecule-1 (ICAM-1) is a cell surface 
receptor involved in immune cell interactions and in leukocyte 
migration to infl amed tissues. In rat brain endothelial cell cultures, 
ICAM-1 expression is upregulated in response to bacterial cell wall 
products [121]. Patients with bacterial meningitis have been shown 
to have increased serum and CSF levels of soluble ICAM-1 [122]. In 
an experimental rat model of the early phase of bacterial meningi-
tis induced by pneumococcal cell wall products, Mab to ICAM-1 
signifi cantly inhibited rises in ICP and brain water content [123].

Labradamil (receptor-mediated permeabilizer-7 [RMP-7]) is a 
nonapeptide that binds to B2 kinin receptors on endothelial cells 
of the BBB, therefore triggering nitric oxide and cyclic guanosine 
monophosphate pathways. This results in a brief relaxation of 
endothelial tight junctions, leading to a temporary increase in BBB 
permeability [124]. Receptor-mediated permeabilizer-7 has been 
developed to improve CNS penetration of existing chemotherapeu-
tics and antiinfectives in brain tumours [125], ocular disease, and 
meningitis. Experimental tumor models have shown increased car-
boplatin delivery [126]. Phase I/II trials of amphotericin B in HIV-
related cryptococcal meningitis [127] and pilot studies of CNS 
ganciclovir delivery showed that RMP-7 was reasonably, well toler-
ated with side effects of fl ushing, warmth, nausea, and vomiting 
consistent with kinin receptor activation [128]. A phase II clinical 
trial of RMP-7 as an adjunct to antibacterial therapy in meningitis 
is ongoing in the United States.

Hypothermia

Induced hypothermia in experimental models of meningitis has 
been shown to attenuate the infl ammatory response and to be neu-
roprotective. In such models hypothermia reduces changes in CSF 
glucose, protein, lactate, excitatory neurotransmitters, TNF-α, and 
leukocytes [129,130]. A reduction in ICP and cerebral edema and 
an improvement in cerebral perfusion have been demonstrated 
in a rabbit model of severe group B streptococcal meningitis 
[131]. Similar neuroprotective benefi ts have been proposed for the 



10. Infections of the Central Nervous System 101

adjunctive treatment of severe head injury with hypothermia. 
There are proposals for the use of moderate hypothermia (35°C) as 
an adjunctive treatment of bacterial meningitis in humans.

Prevention

The widespread introduction of Hib vaccine in the developed world 
has had a dramatic impact on the epidemiology of Hib meningitis, 
with virtual eradication of Hib as a cause of invasive disease in 
vaccinated groups [132]. The recent introduction of conjugated 
group C meningococcal vaccine in the United Kingdom has caused 
a reduction of around 80% in the incidence of group C meningococ-
cal meningitis, with 90%–95% protection in immunized groups in 
the fi rst year after vaccination [133]. It is likely that this vaccine 
will be introduced into other countries with a high incidence of 
group C meningococcal infection. Unfortunately, worldwide, 
groups A, B, W135, and Y meningococci are the major causes of 
severe infection. A quadrivalent group A/C/W135/Y-conjugated 
vaccine is under development and may become useful, particularly 
in view of the recent outbreaks of group A disease in Africa [134], 
W135 disease associated with the Hajj [135], and the recent increase 
in incidence of group Y disease in the United States [136].

Development of a vaccine for the prevention of meningococcal 
serogroup B disease remains a priority. The group B capsular poly-
saccharide is poorly immunogenic in humans, and it cross reacts 
with a human neural cell adhesion molecule (NCAM) that is highly 
expressed in infancy, thereby raising theoretical concerns that 
efforts to induce antibody to the polysaccharide would cause auto-
immune disease. Several candidate vaccines have been produced 
or are in phase II/III evaluation. The most advanced are vaccines 
based on outer membrane proteins (OMP) of the meningococcus. 
Unfortunately, although two vaccines have shown effi cacy in phase 
III studies in 10–16 year olds, they consist of a single Por A OMP 
serosubtype and therefore are highly specifi c for only one strain of 
organism [137,138]. In most countries, numerous B serosubtypes 
cause disease, and these vaccines are unlikely to offer any cross 
protection. In an attempt to produce an OMP vaccine that is cross-
protective against multiple B serosubtypes, a genetically engineered 
vaccine that contains 6 Por A OMPs has been produced in the 
Netherlands and has undergone phase II studies. Good antibody 
responses were achieved to only two of the Por A proteins following 
immunization at 2, 3, and 4 months of age, although a fourth dose 
at 1 year produced responses to all six Por A OMPs, suggesting 
induction of immunologic memory [139].

To counteract theoretical problems raised by induction of anti-
body responses to the group B polysaccharide, one approach has 
been to chemically modify the polysaccharide and then conjugate 
it too an immunogenic protein carrier. Antibodies to the n-
propionyl group B polysaccharide-tetanus toxoid conjugate vaccine 
showed little or no cross-reactivity to the polysialic acid carried by 
the NCAM in mice [140] and were immunogenic in primates. 
These vaccines are now in phase I trials in humans [141]. Thus 
the prospect for a successful group B meningococcal vaccine is 
improving.

Most pneumococcal meningitis occurs in children <5 years and 
in the elderly, apart from in those who are immunocompromised. 
A polysaccharide vaccine has been available for many years but is 
poorly immunogenic in children <2 years and in the immunocom-
promised. A 7-valent conjugated pneumococcal vaccine has recently 
been licensed in the United States and United Kingdom and is rec-
ommended to be given in three doses in the fi rst year of life fol-

lowed by a booster at 1 year [142]. From 65% to 80% of disease-causing 
serotypes in Europe and the United States would be covered by this 
vaccine. 9-Valent and 11-valent conjugated pneumococcal vaccines 
are also available and are under phase II evaluation. These would 
be likely to provide protection against a signifi cantly higher pro-
portion of invasive pneumococcal infections than the current 7-
valent vaccine, and they would provide protection against the 
majority of penicillin and macrolide-resistant strains [143]. With 
all the newer vaccines, there is concern that vaccine introduction 
will have effects on the epidemiology of disease (such as the shift-
ing of the likely age of infection into the adult age group in Hib 
disease) and on the ecology of the organism by replacement of 
vaccine serotypes with nonvaccine serotypes.

Viral Meningitis

Viral meningitis is an infection of the leptomeninges with viral 
particles. Many viruses may cause viral meningitis in children. 
Before the introduction of the combined MMR vaccine (measles, 
mumps, rubella), mumps was the most common cause of meningi-
tis in children in England and Wales; although recent outbreaks of 
infection with mumps have been reported, there have been no 
reported cases of mumps meningitis. The common causes of viral 
meningitis include the enteroviruses, herpes viruses, lymphocytic 
choriomeningitis, cytomegalovirus (CMV), adenovirus, rubella, 
varicella, the arboviruses, infl uenza, and Epstein-Barr virus [144]. 
There is some overlap between meningitis and encephalitis; 
however, the majority of organisms generally lead to either menin-
gitis or encephalitis. Death following viral meningitis is rare.

The enteroviruses are thought to be responsible for the majority 
of cases of viral meningitis. At least 70 different enteroviruses have 
been found, and those most likely to cause meningitis are polio, 
coxsackie (types A, B), and ECHO (enteric cytopathogenic human 
orphan) viruses [145]. These viruses are transmitted via the fecal, 
oral, and respiratory routes, and viral particles are shed in stools 
and may be detected for several weeks following infection. The 
enteroviruses generally lead to gastrointestinal upset; however, 
when present in the bloodstream, they show predominance for dif-
ferent organ systems, including the CNS. The enteroviral serotypes 
that have been found in the majority of CSF isolates are A9, E7, E9, 
E11, E19, and E30 [146]. Recent outbreaks of E13 have been associ-
ated with meningitis in the United States [147]. In Taiwan, an epi-
demic of enterovirus 71 has been associated with complications 
including meningitis and encephalitis [148].

Children with viral meningitis usually have fever, headache, 
neck stiffness, photophobia, vomiting, irritability, and lethargy. 
Neonates demonstrate nonspecifi c signs and symptoms. There may 
be associated signs such as a maculopapular rash, which is more 
common in ECHO virus infections, a parotitis in mumps or cox-
sackie infections, and a myalgia with coxsackie infections.

An LP usually confi rms the diagnosis (Table 10.5); at the onset 
of disease, there is often a polymorphonuclear predominance (with 
up to 1,000 WBC/mm3), which becomes lymphocytic within the 
next 12 hr; this is seen typically with enteroviral infections. Speci-
mens should be obtained for viral culture from CSF, blood, and 
stool, if appropriate. Viral culture has a relatively low sensitivity 
for diagnosis of enteroviral meningitis and the poor growth of 
some enteroviral phenotypes [149]. Serology requires acute and 
convalescent samples and is therefore a relatively slow process. 
Techniques that use polymerase chain reaction–based assays of 
CSF are more sensitive and diagnostically accurate.
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Often bacterial and viral meningitis are indistinguishable, and, 
as bacterial disease is associated with high long-term morbidity 
and mortality, it is prudent to start treatment with an appropriate 
broad-spectrum antibiotic. The management of viral meningitis 
includes the support of systems that are affected with modalities 
such as neurointensive care, management of seizures, and airway 
protection. Some antivirals are available and may be considered for 
specifi c viruses or for immunocompromised hosts.

Tuberculous Meningitis

Tuberculous meningitis (TBM) is a severe complication of infection 
with Mycobacterium tuberculosis. Tuberculous meningitis has 
been reported worldwide and is an important public health problem 
in many developing countries and in poorer socioeconomic groups 
in developed countries. Where HIV is endemic, an ever-increasing 
number of patients are developing infection with tuberculosis (up 
to 18% of HIV-positive patients reported in endemic areas) [150]. 
It is associated with both high morbidity and mortality. The tuber-
cle bacteria reach the CNS through hematogenous spread from a 
primary pulmonary focus; this hematogenous seeding can lead to 
other syndromes, including tuberculoma, tuberculosis brain 
abscess, and spinal cord tuberculous leptomeningitis [151]. Tuber-
culous meningitis arises following the rupture of a caseous focus 
into the ventricles or meninges.

Tuberculous meningitis usually has an insidious onset. The pre-
sentation is nonspecifi c with a variable fever, headache, and neck 
stiffness, often with an altered mental status, seizures, and focal 
changes [152]. Because of this nonspecifi c presentation, there is often 
a delay in evaluation and diagnosis. Diagnosis is confi rmed by LP (see 
Table 10.5). A Mantoux test is positive in the majority of patients, and 
a chest radiograph may be abnormal in up to 50% of cases. Therapy 
should not be delayed while awaiting microbiologic confi rmation of 
the diagnosis. Bacilli may be present in the CSF following the start of 
treatment; cultures will confi rm the diagnosis, but these results can 
take several weeks to become positive. Cranial CT scan may be of 
value in making the diagnosis; characteristic appearances include 
basal enhancement, cortical thrombophlebitis, and tuberculomas, 
together with ventricular dilatation in up to 84% of cases [153,154].

The outcome of TBM depends on the stage at which appropriate 
treatment is commenced [155], and, of course, when this is delayed, 

neurologic sequelae will result. The most important factor appears 
to be delay in presentation before admission to the hospital. 
Although most studies show that appropriate therapy is started 
within 4 days of admission, there is no clear evidence that delay 
beyond this is associated with a poorer outcome. It may be that 
children, when there is this degree of delay, are already in a poor 
prognostic group, so any further delay does not signifi cantly worsen 
outcome. The presence of hydrocephalus on scanning is particu-
larly associated with advanced stage of disease and a poorer 
outcome [156]. The presence of HIV infection does not appear to 
be a signifi cant factor as long as therapy for the TBM is not signifi -
cantly delayed.

The optimal treatment has been under considerable discussion; 
since the advent of bactericidal drugs that penetrate the BBB well, 
this has avoided the need for intrathecal therapy. Isoniazid (INH), 
rifampin, and pyrazinamide penetrate the BBB well, whether or not 
there is meningeal infl ammation [157], whereas ethambutol and 
streptomycin only achieve therapeutic levels when meningeal 
infl ammation is present. Current regimens involve a combination 
of INH, rifampin, and pyrazinamide, together with ethambutol or 
streptomycin, as INH resistance is becoming increasingly common. 
Monitoring of liver function is essential during the early weeks. 
Treatment is recommended for 12 months [158] and, when tuber-
culomas are present, up to 24 months [159].

The use of dexamethasone is a subject of debate and a recent 
Cochrane Review looking at the adjunctive use in the management 
of TBM reviewed six studies assessing the effects of corticosteroids 
on death and disability in these patients [160]. Corticosteroids were 
associated with fewer deaths and a reduced incidence of severe 
residual disability. Although these studies were small, adjunctive 
corticosteroid treatment is now recommended in the fi rst few weeks 
of treatment for TBM. Neurosurgical intervention may be required 
when obstructive hydrocephalus is revealed on cerebral imaging.

Fungal Meningitis

Fungal meningitis is more common in the immunocompromised 
population. Cryptococcal meningitis has been more commonly 
identifi ed, and the population at highest risk includes those with 
HIV infection [161]. Cryptococcal infection is less common in chil-
dren than in adults and is more commonly seen in adolescents. 

TABLE 10.5. Cerebrospinal fluid findings in different types of meningitis.

Condition Leukocytes/mm3 Glucose mmol/L Protein g/L Specific tests

Bacterial meningitis 100–500 (sometimes thousands) 1.1–1.6 0.4–1.5 Gram stain, rapid antigen
 Polymorphs <0.5   screen positive
  <40%–60% of simultaneous blood
   glucose
Tuberculous meningitis 25–100 <2.2 Progressive increase to Acid-fast organism on smear
 Lymphocytes/monocytes predominate May be normal in early stages  very high
Viral meningitis 25–500 Usually normal Mild increase <1 Viral culture, polymerase
 Usually lymphocytes.    chain reaction
 Sometimes polymorphs in first 24 hr  
Fungal meningitis 0–500 Mildly reduced/normal in early stages Moderate increase Fungal culture India ink, 
 Lymphocytes    cryptococcal antigen
Partially treated 100–5,000 Low/mildly reduced Mild to moderate increase Cultures negative, rapid
 bacterial meningitis Polymorphonuclear/lymphocytes    antigen and Gram-stain
  (50/50)    positive
Parameningeal Up to 100 s Normal/mildly reduced Mild to moderate increase Cultures negative, cerebral
 infection Variable mononuclear and    imaging
  polymorphonuclear cells   
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Symptoms include headache, fever, neck stiffness, photophobia, 
focal fi ndings (e.g., VI nerve palsy), and subtle neurologic signs. 
There may be other lesions in extraneural areas, including liver, 
lymph nodes, and the lungs. Diagnosis is by the identifi cation of 
Cryptococcus neoformans in culture specimens of CSF or crypto-
coccal antigen test in serum or CSF. When the diagnosis has been 
confi rmed, treatment with amphotericin B and/or fl ucytosine or 
fl uconazole is recommended. The choice of therapy depends on the 
severity of disease and degree of immunocompromise. A commu-
nicating hydrocephalus may complicate cryptococcal meningitis, 
and serial LPs to relieve pressure or place a lumbar CSF drain may 
be required; these procedures have their own risks, including 
introduction of infection, and should be carried out weighing risks 
versus benefi ts for this population. The duration of therapy is life-
long in patients with HIV infection. Intrathecal treatment with 
amphotericin B is indicated for some patients.

Encephalitis

Encephalitis is infl ammation of the brain parenchyma and presents 
as diffuse or focal neuropsychological dysfunction. It can occur 
following any infective process; the more common organisms 
include Mycoplasma pneumoniae, herpes simplex virus (HSV), the 
enteroviruses, adenoviruses, infl uenza viruses, and Japanese B 
virus [162,163]. The CNS may be affected, leading to a variety of 
syndromes, which vary from the more benign to catastrophic CNS 
illness and postinfectious encephalopathies.

Pathophysiology

Viruses spread to the CNS via hematogenous or neuronal routes 
[164,165]. Hematogenous spread is more common and leads to an 
alteration in the BBB, as seen in arthropod-borne viral infections. 
Following an insect bite, there is a local viral replication in the skin, 
followed by transient viremia and seeding of the reticuloendothe-
lial system (and occasionally muscle tissue). Continued replication 
and secondary viremia leads to infection of other organs. In acute 
viral encephalitis, capillary and endothelial infl ammation of corti-
cal vessels is observed within the gray matter or at the gray–white 
junction. Perivascular lymphocytic infi ltration occurs following 
passive transfer of a virus across the endothelium at pinocytic 
junctions of the choroid plexus or because of active viral replica-
tion in the capillary endothelial cells.

Viruses also move into the CNS via intraneuronal routes, for 
example, the herpes virus [166]. Other data suggest the olfactory 
tract is a route of access [167]. On reaching the brain, either the 
virus lies dormant or replication can take place intraneuronally or 
can lead to cell-to-cell or extracellular spread. Encephalitis caused 
by M. pneumoniae may occur following direct bacterial invasion of 
the brain parenchyma or an autoimmune or thromboembolic phe-
nomenon [168]. The organism has been isolated following brain 
culture in a patient who died from disseminated infection. In other 
patients with encephalitis, M. pneumoniae has been cultured or 
identifi ed by polymerase chain reaction.

Clinical Presentation

The classic features of acute encephalitis are fever, headache, and 
altered level of consciousness, which frequently follows a viral pro-
drome. Several other fi ndings include disorientation, behavioral 

disturbances, focal neurologic signs, and seizures, including status 
epilepticus [169]. The clinical signs and symptoms represent disease 
progression and specifi c areas of brain involvement, which may be 
caused by the action of the specifi c microbe (e.g., HSV has a predi-
lection for the temporal lobe).

When searching for an infecting pathogen, it is important to 
establish certain epidemiologic features, including time of year, 
travel, and contacts. For example, in temperate climates, enterovi-
ral infections are predominant during late summer and early winter 
[170]. As long as there are no contraindications, an LP is essential. 
Typical fi ndings include pleocytosis (mononuclear cells predomi-
nate) with an increase in CSF protein. Some patients (3%–5%) may 
have normal CSF, and, under these circumstances, the diagnosis is 
made using assays to detect viral antigens or nucleic acids, as viral 
culture is of limited use. Cerebral imaging is a valuable tool, and 
magnetic resonance imaging (MRI) changes may be present early 
in the disease. Characteristic changes may be present on an elec-
troencephalogram (EEG); for example, the periodic high-voltage 
spike wave activity seen coming from the temporal lobes and slow-
wave complexes at 2–3 sec internals are characteristic of HSV infec-
tion [171].

Management

It is not always possible to isolate the causative organism. In such 
circumstances, it is prudent to commence treatment with broad-
spectrum antimicrobials and to cover the more common causative 
agents. When identifi cation has been possible, therapy must be 
tailored for appropriate treatment. There are some specifi c thera-
pies available for specifi c organisms as described later. Appropriate 
supportive intensive care may be required, including the use of 
neuroprotective strategies. Newer antivirals are continually being 
identifi ed and may be more useful in the future. When organisms 
that cause encephalitis, such as Japanese B virus, are endemic, the 
availability of vaccination programs will lead to a reduction in 
prevalence and incidence of disease.

Common Causes of Encephalitis

Mycoplasma Pneumoniae Encephalitis

Mycoplasma pneumonia is thought to be responsible for up to 10% 
of acute childhood encephalitis cases in Europe and North America; 
one group reported M. pneumoniae associated with 70% of patients 
with a confi rmed etiology. The association of CNS complications 
with M. pneumoniae infection were confi rmed in the past 25 years, 
following isolation of the organism in the brain and CSF [172]. 
There are no specifi c CSF, EEG, or neuroimaging fi ndings that typi-
cally follow Mycoplasma infection. Pneumonia may occur in only 
10%–40% of cases.

The diagnosis of M. pneumoniae infection may be confi rmed by 
several methods, including culture of the organism itself, poly-
merase chain reaction, and serology [173,174]. Mycoplasma pneu-
moniae replicates slowly and may take up to 4 weeks for isolation. 
The investigations are labor intensive, and overall the yield is better 
in respiratory secretions; CSF culture is rarely positive. Several 
polymerase chain reaction assays have been described, and these 
have a more rapid turnaround time and are more sensitive tests. 
The mainstay of diagnosis of infection with Mycoplasma is with the 
use of serology. This is a complement fi xation test, and, for respira-
tory disease, the tests have good sensitivity and specifi city; however, 
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for nonrespiratory infections, the specifi city is reduced. Immuno-
globulin M (IgM) complement-fi xing antibodies may be detected 1 
week after the onset of the illness, while immunoglobulin G anti-
bodies are present 5 days later [175]. The peak immunoglobulin M 
response is from day 10 to 30, usually falling to undetectable levels 
by 3 to 6 months [176].

For patients with M. pneumoniae encephalitis, a temporal clini-
cal improvement has been reported in children treated with anti-
biotics [177]. On the other hand, some children recovered without 
antibiotics [178]. Macrolides are considered the antibiotic of choice 
for infection with M. pneumoniae. The disadvantages of macrolides 
lies in their poor penetrance of the BBB in order to achieve thera-
peutic levels within the CNS, although azithromycin has been 
found to achieve a high concentration in brain tissue [179,180]. 
Other agents that have been used for CNS disease include erythro-
mycin, clarithromycin, tetracycline, doxycycline, chlorampheni-
col, ciprofl oxacin, and streptogamins. The choice of antibiotic is 
based on several factors. When there is likely direct CNS invasion, 
based on clinical presentation, and detection of M. pneumoniae in 
CSF, then antibiotics that achieve therapeutic levels in the CNS 
should be used. Where there is no direct CNS invasion and the 
clinical syndrome is caused by an autoimmune or thromboembolic 
process, then the need to achieve high CNS levels is less urgent. 
However, if there is any doubt, appropriate antibiotics should be 
commenced while awaiting diagnostic reports.

Herpes Simplex Encephalitis

Herpes simplex virus is the most common cause of acute viral 
encephalitis [181]. It is characterized by an often focal necrotizing 
process, although in neonates there is more widespread tissue 
destruction. The estimated frequency is 1 case per 250,000–500,000 
population per year, with 30% of cases affecting individuals under 
20 years old [182]. Without effective treatment the mortality rate is 
greater than 70% [183]. In immunocompetent adults, over 90% of 
cases of herpes simplex encephalitis are caused by HSV-1 infection, 
and the remainder are caused by HSV-2 infection [184]. A large 
majority of these are caused by reactivation of latent HSV-1.

Herpes simplex virus infection in neonates is a particularly dev-
astating disease. In the United Kingdom the incidence is 1.65 
per100,000 live births [185], with a higher incidence in the United 
States of 20–50 per100,000 live births. Infection may result from 
either HSV-1 or HSV-2, and disease associated with HSV-2 has been 
shown to have a worse outcome [186]. Herpes simplex virus type 2 
is the type found in 70% of neonatal cases of HSV infection world-
wide. Neonatal HSV infection is largely acquired during vaginal 
delivery from virus that was shed in the maternal genital tract. Up 
to 5% of cases may be congenitally acquired infections, following 
either ascending infection or transplacental transmission. Infec-
tion may be acquired postnatally in up to 10% of cases, usually 
following contact with an environmental source of HSV. Herpes 
simplex virus infection in neonates classically leads to one of three 
different disease patterns: (1) disease localized to the skin, eye and 
mouth; (2) CNS disease (with or without skin, eye, and mouth 
involvement); and (3) disseminated disease with multiorgan failure 
[187].

Whenever HSV encephalitis is suspected, appropriate treatment 
must be commenced, as antiviral treatment is effective and reduces 
the morbidity and mortality. Polymerase chain reaction assay of 
the CSF is the gold standard investigation. In one study, CSF poly-
merase chain reaction was positive in 98% of patients, with biopsy-

proven disease; this equates to a sensitivity of 98% and specifi city 
of 94% [188]. After 10 days of treatment, HSV DNA may not be 
detectable in CSF, and polymerase chain reaction results will be 
negative. Cerebrospinal fl uid antibody measurements may be then 
useful for retrospective analyses or when CSF was obtained late, 
and therefore the polymerase chain reaction was negative. In addi-
tion, viral cultures are of value only for patients older than 6 
months. In HSV encephalitis, the following abnormalities are typi-
cally seen on examination of the CSF: elevated mononuclear cells, 
elevated protein, a lymphocytic pleocytosis of 10–500 cells/mm3 
(present in 85%), an increase in red blood cells (10–500/mm3), and 
a reduction in glucose.

The majority of patients have abnormal neuroimaging, with MRI 
changes early in the course of the illness. The typical fi ndings 
observed include edema and necrosis of the temporal lobes [189]. 
An EEG typically shows changes consistent with nonspecifi c slow-
wave activity early in the illness, moving to paroxysmal sharp 
waves or triphasic complexes in the temporal lobes. In some cases 
periodic-lateralizing epileptiform discharges arise from the tem-
poral lobe at 2–3 Hz.

Acyclovir is the treatment of choice. The current standard of care 
for adults and children over the age of 3 months is intravenous 
acyclovir at a dose of 10–20 mg/kg every 8 hr for 21 days. Neonates 
should be treated with 20 mg/kg every 8 hr or 500 mg/m2 every 8 hr 
for 21 days. With this regimen, mortality from neonatal HSV 
encephalitis has fallen to 5%; 40% of survivors develop normally.

Outcome depends on age of patient, level of consciousness at 
presentation, duration of encephalitis, and viral load in patients 
treated with acyclovir. If the GCS is <7, outcome is universally poor. 
When treatment was instituted less than 4 days following the onset 
of symptoms, the survival at 18 months increased from 72% to 92% 
[190]. Relapse may occur despite appropriate therapy, with some 
studies quoting relapses in up to 26% of patients [191]. In neonates 
with HSV encephalitis treated with acyclovir 10 mg/kg every 6 hr 
for only 10 days, virologic relapse is not infrequent. Relapses tend 
to occur between 1 week and 3 months following an initial improve-
ment after a course of treatment lasting between 10 and 14 days. 
When treatment regimens last for 21 days at higher doses, relapse 
has not been documented. It is recommended that CSF polymerase 
chain reaction be repeated following completion of therapy in 
order to monitor treatment response. This may be challenging to 
do with a clinically improved child! Currently there is a clinical 
trial looking at the use of oral valaciclovir as adjunctive therapy for 
90 days following an intravenous course of aciclovir, which is being 
conducted by the Collaborative Antiviral Study Group (CASG 204). 
The study is being undertaken to determine if prolonged treatment 
will improve outcome from HSV encephalitis.

Enteroviral Encephalitis

The enteroviruses include poliovirus, coxsackie viruses, and echo-
viruses [192], and infection with these lead to a wide variety of 
clinical illnesses. Infection with some of these pathogens results in 
a neurologic syndrome (e.g., poliomyelitis). As discussed previ-
ously, enteroviral infection may result in aseptic meningitis and, 
less commonly in infancy, encephalitis.

In 1998, cases of enteroviral encephalitis caused by enterovirus 
71 were reported in Taiwan [193]; the majority of patients were less 
than 5 years old, with a reported mortality rate of 19.3% in this 
group. The enterovirus 71 was isolated in 75% of patients and 
in 92% patients who did not survive. The clinical syndrome at 
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presentation was rhombencephalitis with myoclonus, tremors, 
ataxia, and cranial nerve involvement. Some children had brain 
stem dysfunction, which was associated with a poor prognosis. 
Magnetic resonance imaging scans from these patients revealed 
high-intensity lesions localized to the midbrain, medulla, and 
pons. There was a high incidence of long-term neurologic sequelae 
among survivors.

Rabies

Rabies follows infection with a rhabdovirus and is virtually uni-
formly fatal. It can be prevented by appropriate immunization 
(active and passive) even when infection has occurred [194]. The 
primary vector for infection is an infected dog, but transmission 
can also occur from bats and wild terrestrial mammals [195]. The 
incubation period is typically between 20 and 60 days but may vary 
from 5 days to several months [196]. The prodrome with fever, 
malaise, anxiety, and itching at the site of inoculation is followed 
by an encephalitis or paralytic illness. This is then followed by 
coma, cardiorespiratory failure, and death. The diagnosis is made 
by detection of the rabies virus RNA in saliva using reverse tran-
scriptase polymerase chain reaction or by biopsy of brain showing 
viral antigen [197]. Management of infected patients is supportive. 
A case of rabies in a 15 year old girl reported a clinical improvement 
following neuroprotection with induction of a medical coma and 
no rabies vaccine [198].

Arthropod-Borne Viral Encephalitis

Bites from arthropods are major causes of encephalitis worldwide. 
The viruses transmitted by arboviruses are from the following 
families: Togaviridae—alphavirus (eastern equine, western equine, 
Venezuelan equine); Flaviviridae—West Nile complex (St. Louis, 
Japanese, Murray Valley, West Nile, Ilheus, Rocio); tick-borne 
complex—Far Eastern, Central European, Kyasanur Forrest, 
Lopuing-III, Powassan, Negishi; Bunyaviridae—bunyavirus (Cali-
fornia, La Crosse, Jamestown Canyon, Snowshoe Hare, Tahyna, 
Inkoo), phlebovirus (Rift Valley); and Reoviridae—orbivirus (Col-
orado tick fever). Japanese encephalitis, which is transmitted by the 
Culex species of mosquitoes, is responsible for the majority of cases 
of arthropod-borne viral encephalitis. Japanese encephalitis is 
concentrated largely in China and Southeast Asia, although it has 
been spreading to India, Pakistan, Russia, the Philippines, and 
Australia [199]. Children are predominantly affected. The typical 
disease presentation is a nonspecifi c illness followed by headache, 
vomiting, and altered mental status, with seizures reported in 85% 
of children. There is a coarse tremor, dystonia, rigidity, and a char-
acteristic “mask-like” facies. Magnetic resonance imaging shows a 
pattern of mixed intensity or hypodense lesions in the thalamus, 
basal ganglia, and midbrain [200]. An LP confi rms the diagnosis 
with the presence of immunoglobulin M in the CSF [201]. Therapy 
is supportive only. There is a mortality rate of 30%; 50% of survi-
vors are left with severe neurologic sequelae. Management of the 
other arthropod-transmitted infection is support of organ 
systems.

Cerebral Malaria

Malaria is the most common parasitic disease worldwide, affect-
ing about 5% of the world’s population at a single time, leading to 
0.5–2.5 million deaths each year [202]. Plasmodium falciparum 

is responsible for the majority of deaths and long-term sequelae. 
Those at highest risk include the local populations in endemic areas 
and travellers to those regions. The incubation period of cerebral 
malaria is 2 weeks, and without treatment it is rapidly fatal, with 
up to 50% mortality [203].

Pathophysiology

At autopsy, the brain is usually edematous, and there may be 
features of cerebral herniation; brain slices are slate gray, and 
petechial haemorrhages are present [204]. The characteristic histo-
pathologic features include the engorgement of cerebral capillaries 
and venules with parasitized red blood cells (PRBCs) and nonpara-
sitized RBCs (NRBCs) [204]. On microscopy, no endothelial damage 
is visible; however, on immunohistochemical staining there is evi-
dence of endothelial activation together with disruption of the BBB 
[205,206]. It is thought that red cells that contain the more mature 
forms of the parasite in the microvasculature lead to the complica-
tions of falciparum disease [207].

The sequestration of these PRBCs in venous beds encourages 
parasite growth, preventing these cells from splenic destruction. 
This sequestration is thought to occur via a process of cytoadher-
ence in which an interaction takes place between PRBCs and the 
vascular endothelium [208]. This is mediated by Plasmodium-
derived proteins expressed on the PRBC membranes and modifi ed 
erythrocyte wall proteins and ligands on endothelial cells. With 
parasite growth, RBCs become more deformed [209], leading to 
stagnation of microvascular blood fl ow and subsequent end-organ 
dysfunction. These sequestered parasites are thought to compete 
for substrates such as glucose. In addition, levels of proinfl amma-
tory cytokines [210,211], such as TNF-α, are increased and are 
associated with coma, hypoglycemia, hyperparasitemia, and 
death.

Clinical Presentation

Cerebral malaria has been defi ned as a coma in the presence of a P. 
falciparum asexual parasitemia after the correction of hypoglyce-
mia and exclusion of other encephalopathies [202]. Typically cere-
bral malaria presents with a 1–4 day history of fever and seizures; 
the seizures often proceed to coma [212]. The more commonly seen 
seizures are focal motor and generalized tonic–clonic seizures, 
although subclinical seizures may be seen on EEG. There may be 
other features of disease present, including headache, malaise, 
vomiting, and diarrhea, followed by the development of jaundice, 
anemia, thrombocytopenia, and splenomegaly, together with a 
marked metabolic acidosis. Neurologic signs seen in children are 
consistent with a diffuse encephalopathy, with symmetric upper 
motor neuron and brain stem signs. Some of the signs may be 
attributable to hypoglycemia, which must be urgently sought and 
corrected if present. Raised ICP is present because of an increase 
in cerebral blood volume and the sequestration of PRBCs in the 
vascular compartment. Neurologic sequelae can vary from devas-
tating global injury to transient abnormalities. The sequelae are 
associated with prolonged seizures, coma, hypoglycemia, and in 
some studies severe anemia.

Management

Immediate treatment involves management of airway, breathing, 
and circulation together with management of intracranial 
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hypertension as described previously. Any hypoglycemia must be 
corrected immediately, and acid–base and other electrolyte abnor-
malities should be corrected. Meticulous fl uid management is war-
ranted in view of the associated renal impairment. Fever should be 
managed with appropriate cooling techniques. Seizures must be 
managed, and recent studies have demonstrated a reduction in 
seizures when phenobarbital has been used.

Parenteral quinine is the fi rst line of treatment for severe falci-
parum disease, but there are alternatives that should be considered 
for those exposed in areas of quinine resistance, including artemis-
inin derivatives. Quinine must be administered with an adequate 
loading dose (20 mg/kg of the dihydrochloride salt infused over 
4 hr); this guarantees a parasiticidal concentration in the blood as 
soon as possible [213,214]. Following this initial loading dose, 
30 mg/kg/day is administered for 7 days (typically in 2–4 hr infu-
sions of 10 mg/kg every 8 hr). Drug therapy should be guided by 
up-to-date information based on known resistance patterns. Other 
adjunctive therapies include exchange transfusions and are used 
when patients are on maximal therapy with a high peripheral para-
sitemia, but no trials have been undertaken to evaluate these.

Brain Abscess/Subdural Empyema

Intracranial collections of pus, although eminently treatable, are 
serious and potentially life-threatening conditions for which the 
consequences of delay in diagnosis can be catastrophic. Optimal 
management requires close cooperation among the pediatric inten-
sivist, neuroradiologist, neurosurgeon, and infectious disease spe-
cialist. Intracranial pus collection results from the invasion of 
infectious organisms as a consequence of spread of contiguous 
infection from non-neural tissue, of hematogenous spread from a 
remote site, or of direct mechanical introduction following pene-
trating trauma or surgical procedure. In children with normal 
immunity, brain abscess most commonly occurs in those with 
chronic suppurative upper respiratory tract infection—in particu-
lar of the sinuses, middle ear, and mastoid air cells. Other common 
etiologies include infection of the soft tissues of the face, orbit, or 
scalp; penetrating skull injury; comminuted fracture of the skull; 
cranial surgery, including the insertion of a ventriculoperitoneal 
(VP) shunt; congenital lesions of the head and neck, including 
dermal sinuses usually located over the posterior fossa; and cya-
notic congenital heart disease. It is relatively uncommon for bacte-
rial meningitis to be complicated by abscess formation in children, 
but bacterial meningitis is the most common cause of brain abscess 
in neonates and infants [215]. Children with defects in cellular 
immunity, such as occur in HIV infection and AIDS or in children 
following therapy for malignancy or bone marrow transplantation, 
are at increased risk of cerebral abscess caused by the protozoal 
pathogen Toxoplasma gondii or by fungi such as Aspergillus species. 
This is a group noted to be at increased risk of brain abscess in 
recent years. About 15% of brain abscesses seem to occur without 
any clear predisposing factor [215–217]. Subdural empyema, as in 
brain abscess, is also associated with chronic upper respiratory 
tract infection but, in contrast to brain abscess, has a strong 
association with bacterial meningitis, particularly that caused by 
H. infl uenzae and Strep. pneumoniae.

Both brain abscess and subdural empyema are rare. The inci-
dence of brain abscess at all ages has been estimated at about 1 per 
100,000, and subdural empyema appears to be even more rare [218]. 
The incidence of brain abscess varies considerably among popula-

tions, particularly in relation to the different predisposing condi-
tions. It is relatively more common where chronic upper respiratory 
tract infection is widely found, and in childhood it occurs particu-
larly in adolescents with chronic sinus or mastoid disease. When 
antibiotics are routinely prescribed for upper respiratory infection, 
the incidence of brain abscess has declined, and the majority of 
cases occur in children with congenital heart disease, although 
even in this condition it is rare below the age of 2 years [219]. In a 
prospective study of 483 infants with congenital heart disease, 
Piper et al. [220], found an overall annual incidence of 0.45% but a 
year-on-year increasing age-specifi c incidence of up to 1.75% at 12 
years. In their fi rst two decades, patients with tetralogy of Fallot—
the most common association with brain abscess—have a risk of 
brain abscess of 12.1%. In congenital heart disease, the risk of brain 
abscess correlates with the degree of hypoxia [220].

Pathophysiology

At the histologic level, pyogenic brain abscess formation is typifi ed 
by a number of sequential pathologic changes that have been elu-
cidated using experimental animal models. In humans, staging has 
been based on fi ndings obtained using CT and MRI scans. There 
are four histologic stages. The early stage is that of evolving cereb-
ritis (usually days 1–3), typifi ed by neutrophil accumulation, tissue 
necrosis, and edema. Microglial and astrocyte activation is also 
evident at this stage. The late cerebritis stage (days 4–9) is associ-
ated with a predominant macrophage and lymphocyte infi ltration, 
leading to central liquefaction with early formation of a capsule of 
vascular connective tissue (days 10–13) and later maturation of this 
capsule (day 14 onward), effectively sequestering the lesion and 
protecting the surrounding brain parenchyma from additional 
damage. In addition to limiting the extent of infection, the immune 
response that is essential for abscess formation also destroys sur-
rounding normal brain tissue [221,222].

In the context of chronic suppurative upper respiratory tract 
infection, the initiating event is probably thrombophlebitis spread-
ing from an extracranial focus via penetrating emissary veins to a 
venous sinus, leading to congestion and infl ammation of the under-
lying brain. Abscesses that occur in this scenario are usually single 
and predictably located—frontal or occasionally temporal when 
related to paranasal sinusitis and temporal or occasionally cerebel-
lar when associated with ear infection. Children with CHD are at 
risk of developing microscopic areas of brain infarction because of 
severe hypoxemia, coupled with the increased viscosity of polycy-
themic blood, in particular when reduced blood fl ow in brain 
microcirculation becomes critical during episodes of dehydration 
or cardiac dysfunction. Episodes of low-grade bacteremia are 
common as right-to-left shunting of blood bypasses the pulmonary 
capillary bed fi lter, and seeding of these devitalized areas estab-
lishes foci of cerebritis. In these conditions, abscesses are often 
multiple and may be located anywhere, although they are most 
commonly found in the distribution of the middle cerebral artery. 
In addition, brain abscess has been reported as a complication of 
skin infection of the scalp, pulmonary infection, dental abscess, 
and bacterial endocarditis.

In contrast to the focal nature of infection in brain abscess, in 
subdural empyema infection can spread widely over the surface of 
the brain in the potential space defi ned by the dural and arachnoid 
membranes. Extradural suppurative collections occur when the 
dura is not breached by infection. Subdural empyema occurs where 
the dura is breached by the infection, most commonly following 
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sinusitis. When associated with sinusitis, intracranial extension of 
infl ammation again is thought to spread via penetrating emissary 
veins. In subdural empyema complicating bacterial meningitis, the 
pathogenesis is secondary infection of a subdural effusion, a 
common association of H. infl uenzae and Strep. pneumoniae 
meningitis.

Microbiology

Understanding of the microbiology of brain abscess is complex as 
patient populations and degrees of microbiologic investigation 
reported are variable. With careful and prolonged aerobic and 
anaerobic culture, organisms can nearly always be identifi ed in 
aspirates of pus from brain abscesses [223]. Polymicrobial infec-
tions are not unusual, refl ecting spread from upper airway focal 
infection. Gram-positive organisms, particularly streptococcal and 
staphylococcal species, account for up to 60% of isolates from brain 
abscesses in most series, in particular Staph. aureus, Strep. millerii, 
and other anaerobic/microphilic streptococci, often associated 
with sinusitis. In addition, the anaerobic Bacteroides spp. and 
fusobacteria, which are also common in congenital heart disease–
associated brain abscess, refl ect the origin of transient bacteremia 
from the mouth and upper respiratory tract. Aerobic Gram-nega-
tive bacterias, including Proteus mirabilis, Klebsiella pneumoniae, 
E. coli, and Haemophilus spp., are also relatively common (up to 
30% of isolates) particularly in abscesses associated with ear foci 
[224–226]. Brain abscesses complicating head injury not surpris-
ingly often contain Staph. aureus and other skin commensals. The 
unusual Gram-negative pathogen Citrobacter diversus has a par-
ticular propensity to cause abscess as a complication of neonatal 
meningitis [226]. Anaerobic streptococci, Bacteroides, and Staph. 
aureus in pure or mixed culture are often found in subdural 
empyema associated with sinusitis. In subdural empyema associ-
ated with meningitis, the organism is usually that causing the men-
ingitis. A major concern in recent years has been the increasing 
incidence of multiresistant organisms being found in intracranial 
abscesses, particularly methicillin-resistant Staph. (MRSA) and 
extended spectrum β-lactamase–producing Gram-negative organ-
isms [227].

Clinical Presentation

Clinical presentation of intracranial abscess depends on the site, 
size, number of lesions, and any associated secondary cerebral 
injury. Headache, fever, focal neurologic defi cit, and altered senso-
rium are among the most common features. Headache is obviously 
diffi cult to elicit in infants, and, in a retrospective study, these 
classic features were found in only 28% of 101 children [228]. Fever 
and vomiting are common initial symptoms, later progressing to 
signs of raised ICP and focal neurologic signs (seen in 42% of cases 
in this series). Seizures are common (up to 50%) and are often 
generalized. Table 10.6 lists the most common signs and symptoms 
of children with brain abscess. A leukocytosis in peripheral blood 
and raised sedimentation rate may be found in up to 75% of cases, 
but acute phase markers are not sensitive indicators of intracranial 
pus collections [230]. The progression of disease may be insidious, 
and symptoms may precede diagnosis by many days; in the above 
series the mean time to diagnosis was 13 days (range 3–120).

Brain abscess should always be considered as part of the differ-
ential diagnosis of a febrile child with congenital heart disease or 
chronic upper respiratory tract infection, and delay in making the 

diagnosis usually represents a failure to consider the diagnosis 
when the presentation is with a nonspecifi c illness, aggravated by 
a lack of ready access to CT imaging of the brain. Cases may occa-
sionally present in a more fulminant fashion, with signs of rapidly 
progressive raised ICP, leading quickly to coma and impending 
herniation. As the presentation is essentially that of an intracranial 
mass lesion, tumor is important in the differential diagnosis. Viral 
encephalitis (particularly those with a predilection for a focal 
encephalitis, such as herpes simplex) can present with a 
similar constellation of symptoms and signs. Bacterial meningitis 
generally presents more acutely, but there are important examples 
with an insidious onset, such as tuberculous and cryptococcal 
meningitis. Similarly, acute vascular events, such as infarction 
and hemorrhage, may present with similar features, as may acute 
hydrocephalus.

Subdural empyema usually presents in a more acute fashion than 
abscess. Typically a child with sinusitis, not necessarily clinically 
obvious, develops signs of meningitis, rapidly progressing to focal 
neurologic signs and often seizures. The child may have clear signs 
of raised ICP [231]. Where subdural empyema occurs as a complica-
tion of bacterial meningitis, the presentation is typically of second-
ary fever and neurologic deterioration, which may be dramatic.

In the face of focal neurological signs and signs of raised ICP, LP 
is absolutely contraindicated. If CSF is obtained during neurosurgi-
cal intervention, or LP when it is deemed safe, the laboratory fi nd-
ings are nonspecifi c, with a moderate pleocytosis (usually <100 
cells/mL), minimally elevated protein, and possibly reduced 
glucose. C-reactive protein levels may be elevated but again are 
nonspecifi c. Defi nitive diagnosis is accomplished by urgent imaging 
of the brain, with either CT or MRI. Brain abscesses are character-
istically seen on CT as mass lesions with surrounding edema. These 
lesions ring enhance following injection of intravenous contrast 
medium, the highlighted vascular capsule suggesting that the mass 
lesion is an abscess rather than neoplastic. Magnetic resonance 
imaging is more sensitive than CT in detecting cerebritis and the 
extent of accompanying edema [232]. The same considerations 
apply to the investigation of subdural empyema.

Management

The aims of treatment are to eliminate the infectious process; to 
reduce the mass effect within the confi ned bony cavity of the skull 
and thus avoid or minimize a secondary cerebral injury; and to 
treat the infection with appropriate antimicrobial therapy. For 
adequate treatment of brain abscess, neurosurgical intervention 
is virtually always required in addition to prolonged antibiotic 

TABLE 10.6. Signs and symptoms in children with brain abscess: a compilation from series 
of reports between 1945 and 1990.

Symptoms and signs Percentage of children

Headache 65
Fever 55
Vomiting 53
Papilledema 48
Focal neurologic deficit 47
Change in mental status 43
Meningeal irritation 36
Seizure 34

Source: Data are from Woods [229].
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therapy. It is unlikely that antibiotics alone can ever be suffi cient 
once cavitation occurs, although there have been convincing suc-
cesses when diagnosis has been made early, in the cerebritis 
stage.

There is continuing controversy over the relative merits of ste-
reotactic/CT-guided repeated aspiration of abscess cavities versus 
their complete excision, although the former approach is the most 
widely used and the latter considered by many to carry unaccept-
able risk for the postoperative morbidities of brain scarring and 
epilepsy [233]. In addition, excision is inappropriate in the cereb-
ritis stage and for those abscesses without a well-developed capsule, 
and it is not advised for deep-seated or multiple abscesses or for 
those in critical areas of the brain. Excision should be considered 
for children with traumatic brain abscesses, because these may 
contain foreign bodies, and for those who are thought to have 
fungal brain abscess. More recently there has been excellent experi-
ence with neuroendoscopic management, which appears to offer 
more complete drainage and lavage of abscess cavities [234].

Nonsurgical management of intracranial abscesses is controver-
sial. Selected cases may be suitable if the lesion(s) are small or 
multiple and/or the surgical risk is high.

Cranial CT is useful not only in helping to make the diagnosis 
but also in monitoring response to therapy. If therapy with aspira-
tion and antimicrobial therapy is successful, repeated CT scanning 
should show decreases in degree of ring enhancement, edema, mass 
effect, and size of lesion. The majority of abscesses that will resolve 
with antibiotics alone will do so within 4 weeks.

Antibiotic choice is directed initially by the likely microorgan-
isms involved, later modifi ed by results of microbiologic evalua-
tion. The usual empiric recommended regimen consists of a 
third-generation cephalosporin (such as cefotaxime or ceftriax-
one), metronidazole, and an antistaphylococcal penicillin (such as 
fl ucloxacillin). However, this may be modifi ed depending on the 
child’s underlying immune status, the presumed etiology of the 
abscess, and the local resistance patterns. Once aspiration and 
culture have been performed, antimicrobials should be adjusted 
accordingly.

The place of intracavitary antibiotic therapy is not clearly defi ned 
and carries the risk of direct cerebral toxicity of high concentra-
tions of antibiotics on surrounding brain tissue. In the acute phase 
of the illness, when surrounding cerebral edema may contribute to 
dangerously raised ICP, measures such as intravenous mannitol, or 
placement of an intraventricular drain, and the use of high-dose 
steroid therapy may be life saving. There are no data regarding the 
use of corticosteroid therapy in the routine management of cerebral 
abscesses.

The mainstay of management of subdural empyema has long 
been prompt neurosurgical intervention combined with appropri-
ate antibiotics, selected on the same basis as above. Surgical drain-
age of any associated extracranial pus should also be considered.

Outcome and Complications

When the diagnosis has been made promptly by appropriate 
imaging, the mortality rate is around 10%–15%, with about 50% of 
survivors having signifi cant long-term neurologic defi cits. Rupture 
of an abscess into the ventricular system is a particularly danger-
ous complication, with high mortality. The rare, more aggressive 
subdural empyema has a mortality rate of around 30% and sub-
stantial morbidity in terms of hydrocephalus, focal brain damage, 
and epilepsy. Extensive cerebral thrombophlebitis and cerebral 

infarction are the serious complications in what remains a disease 
with a very gloomy prognosis.

The mortality rate has declined in the past few decades, probably 
in part due to the introduction of cranial CT, improvements in 
neurosurgical technique, and advances in antimicrobial therapy. 
Intracranial abscesses often cause signifi cant morbidity, including 
epilepsy, motor or sensory dysfunction, visual fi eld defects, and 
personality change.

Shunt Infection

The treatment of many CNS diseases involves gaining access to the 
CSF. Indications for such access can be classifi ed as diversion, 
drainage, or monitoring. All of these involve prosthetic implants, 
which may be temporary or permanent. The usual reason is for 
continuous CSF diversion or shunting for the treatment of hydro-
cephalus. The risk of infection continues to be a major cause of 
morbidity and mortality for patients with CSF shunts.

As patients who require CSF shunting usually require their shunt 
for life, and those with benign diseases will probably require several 
shunt revisions for noninfectious reasons, a distinction must be 
made between case infection rate and operative infection rate. The 
former refers to the infection rate per patient, and the latter refers 
to the infection rate per procedure. Even if the operative infection 
rate remained constant, the case infection rate increases as the 
patient gets older and requires more revisions. In recent years the 
case infection rate has ranged from 10% to 40% and the operative 
infection rate from 5% to 14% [235–238]. Two studies have reported 
a greater operative infection rate for shunt revision [236,237]. In 
the United States about 33,000 CSF shunts are placed each year, 
with about half of these being shunt revisions [239]. While the 
proportion of revisions has remained fairly constant, the propor-
tion involving shunt removal has decreased in recent years from 
about 23% in 1988 to 17% in 1991, which may refl ect a decline in 
the operative infection rate [240]. Factors that are implicated in this 
include changes in materials used in shunt manufacture; changes 
in packaging and sterilization procedures; fewer pre-shunting 
invasive procedures (LP, pneumoencephalography, ventricular 
tap); improvements in operating room facilities; improvements in 
surgical technique and preoperative patient preparation; and 
reduced duration of surgery. There is an increased risk of infection 
for patients undergoing shunt revision following treatment for 
shunt infection, with an operative incidence of 10% to 20%. In 
these, the same organism is cultured in up to 50% of cases 
[235,241].

Shunt infection occurs in a bimodal distribution from the time 
of shunt placement; 70%–80% of infections occur within 6 months 
of the placement, with a second peak after 12 months [238]. The 
most important of the host factors that determine the incidence of 
shunt infection is age: children <6 months old at the time of fi rst 
surgery, and particularly neonates, are at increased risk [237].

Table 10.7 lists the most common organisms isolated from 
infected shunts. Most infections are caused by skin or bowel fl ora. 
There is no difference in the distribution of organisms associated 
with acute or delayed infection. There is also no obvious contribu-
tion from the position of the distal end of the shunt. The only 
identifi able association is when the distal end of a ventriculo-
peritoneal shunt has perforated a hollow viscus, resulting in infec-
tion by mixed Gram-negative species. Infection by organisms 
usually associated with bacterial meningitis (H. infl uenzae, N. 
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meningitides, and Strep. pneumoniae) only cause about 5% of 
shunt infections, although there is some suggestion that patients 
with shunts are more susceptible to these organisms [241].

Pathophysiology

Four mechanisms have been postulated by which shunt becomes 
infected. Probably the most frequent cause of shunt infection is 
colonization at the time of surgery. This is suggested by the fact 
that most shunt infections occur within a few weeks of surgery, 
usually with skin-colonizing organisms [238]. The initial step in 
shunt infection must be attachment of bacteria to the shunt mate-
rial. Once bacteria have adhered to a catheter, they are not easily 
removed. Breakdown of surgical wounds or of skin overlying the 
shunt allows direct access of microbes to the shunt. Extensions of 
tissue infections adjacent to the shunt are also included in this 
category. Hematogenous seeding of shunts is probably uncommon. 
Shunts with their distal end in the venous system (e.g., ventricu-
loatrial shunts) are at continuous risk of infection due to bactere-
mia. Transient or asymptomatic bacteremia has not been defi nitively 
associated with shunt infection. It seems that sustained bacteremia, 
recent shunt surgery, and the presence of devitalized tissue and 
hematoma are necessary. Even then, shunt infection in these cir-
cumstances is rare [243].

There are several reports of H. infl uenzae shunt infections that 
occur relatively late after surgery, have an extra-CNS source of 
infection, and usually have positive blood cultures. These probably 
do not represent true shunt infection, but direct hematogenous 
CNS infection, with secondary shunt infection [238,244]. Retro-
grade infection is usually associated with infection of externalized 
devices where organisms invade directly from the exit site.

Clinical Presentation

Clinical presentation varies depending on the causative organism 
and the type of shunt. Symptoms are usually caused by shunt mal-
function secondary to infection and include headache, nausea, 
lethargy, and deteriorating mental status. Fever and pain are not 
uniformly present. Signs are related to the site where the infection 
originated. Proximal infection may cause shunt malfunction or 
obstruction. As the shunt lies within the CSF space, infection 
results in meningitis or ventriculitis. With ventricular shunts, 
meningitis is rare, as there is usually no communication between 
the ventricles and the meninges. Distal infections usually have 

symptoms specifi c to the location of the end. Infected vascular 
shunts have associated bacteremia. A complication of this may be 
shunt nephritis, which develops in about 4% of infected vascular 
shunts [238]. It is an immune complex–mediated disease, similar 
to that seen in bacterial endocarditis. Infected shunts that termi-
nate in the pleural or peritoneal space will usually present with 
failure of CSF absorption. In the peritoneum, encystment of the 
catheter and loculation of pockets of CSF (CSF-oma) can occur. 
These may become large and palpable, particularly in infants. If 
more severe, peritonitis may develop [245]. Some shunt infections 
are insidious in onset, causing few symptoms. There may be only 
low-grade, intermittent malaise or fever. This is often the case when 
patients have received repeated courses of antibiotics for intercur-
rent infections.

The main principle in the diagnosis of shunt infection is to have 
a high index of suspicion. Infection should be considered for any 
patient with a CSF shunt who develops fever, although only rarely 
will fever be caused by shunt infection. The diagnostic procedure 
of choice is direct culture of CSF from within or around the shunt. 
All other investigations, apart from blood cultures in the presence 
of an intravascular shunt, are indirect pointers of shunt infection 
[246]. Most implanted devices have an access reservoir that can be 
sampled. The only risk of accessing these reservoirs is the introduc-
tion of infection. Any positive culture should be carefully evalu-
ated. If the CSF is infected, a pleocytosis and variable biochemical 
changes may be found. In most shunt infections, culture of the 
tapped fl uid is positive, even sometimes without a positive Gram 
stain, with a normal cell count and normal chemistry [238,247]. 
The culture may take several days or even weeks to become posi-
tive, particularly in those with infection caused by fastidious 
organisms, and the result may be confounded by prior antibiotic 
therapy. In distal shunt infection without shunt malfunction, the 
CSF may be completely normal. There may only be localized signs 
in the peritoneum, ranging from mild discomfort to frank perito-
nitis. In all cases, correlation of the clinical features, laboratory 
fi ndings, and culture must be made. Because of the often insidious 
presentation of shunt infection, any positive culture result should 
be taken extremely seriously.

Management

There are no published well-conducted studies of any method of 
therapy for shunt infection. However, removal of the infected shunt 
is absolutely necessary for successful treatment [237,238]. Antibi-
otic therapy usually begins without positive bacteriologic diagno-
sis. Coverage is selected for the most likely organisms. Most 
infections are caused by staphylococci; therefore, appropriate anti-
staphylococcal therapy is necessary. Gram-negative aerobes are 
also relatively common and may be suggested by a more severe 
clinical course. Bacteriologic evaluation, with culture and sensi-
tivities, will allow therapy to be modifi ed appropriately.

Vancomycin has been shown to be effective in therapy of staphy-
lococcal shunt infection. Its effi cacy is increased by the addition of 
rifampicin, which penetrates CSF well. Rifampicin should not be 
used alone as resistance to it develops rapidly. For coverage for 
Gram-negative organisms, a third-generation cephalosporin, such 
as ceftriaxone or ceftazidime, penetrate infl amed meninges rea-
sonably well. Aminoglycosides do not penetrate even infl amed 
meninges well, and their use should be restricted to Pseudomonas 
infection for which they should be used in combination with an 
antipseudomonal penicillin or ceftazidime [248]. Direct instilla-

TABLE 10.7. Most common etiologies of shunt infections.

Organism Infection rate (%)

Gram positive
 Coagulase-negative staphylococci 45–70
 Staphylococcus aureus 10–30
 Streptococci  8–10
 Diphtheroids  1–15

Gram negative
 Escherichia coli  8–10
 Klebsiella species  3–8
 Pseudomonas/Proteus  2–8
Anaerobes 6
Mixed cultures 10–15

Source: Adapted from Kaufman and McLone [243].
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tion of antibiotics into CSF is achieved through a ventriculostomy 
or via a reservoir. The most commonly used intraventricular anti-
biotics are vancomycin and gentamicin, but detailed studies of 
effi cacy and pharmacokinetics are not available, so dosage and 
frequency are empirical.

Treatment of an infected shunt should include parenteral antibi-
otic therapy, complete removal of the infected shunt at the begin-
ning of treatment, and placement of an external ventriculostomy, 
which can also be used for antibiotic instillation. This may have a 
cure rate of >90%. Duration of therapy is guided by the infecting 
organism, response to therapy, and duration of positive cultures. 
Usually 7–10 days of therapy following the last positive culture and 
removal of the infected device is suffi cient. Shunt revision is usually 
carried out following 72 hr of observation off antibiotic therapy 
[242].

Prevention/Prophylaxis

There are reports of a reduction in shunt infection from 7.8% to 
<0.2% with a number of procedures aimed at risk reduction, such 
as restricting operating room personnel, operating early in the day, 
soaking the shunt in antibiotic fl uid, using prophylactic antibiotics 
[249].
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Status Epilepticus
Richard F.M. Chin and Rod C. Scott

Definitions

The conventional defi nition of CSE is a seizure, or a series of sei-
zures without recovery of consciousness between seizures, that 
lasts at least 30 min [12]. However, it is unacceptable to wait until a 
seizure has continued for at least 30 min before initiating treat-
ment, as it is unethical to delay therapy, given that increasing 
seizure length is associated with increasing diffi culty in seizure 
termination [13] and outcome worsens with increasing seizure 
length [9,11]. The majority of tonic-clonic epileptic seizures are 
self-limiting, lasting less than 2–3 min, and hence frequently do not 
require rescue therapy. However, approximately 95% of seizures 
that last at least 5 min will last at least 30 min unless there has been 
an appropriate intervention [14–16]. Therefore, a seizure that lasts 
5 min is pathophysiologically similar to one that lasts 30 min and 
should be considered to be status epilepticus requiring emergency 
therapy. For these reasons it is frequently recommended that chil-
dren whose seizures have not self-terminated within 5 min should 
receive rescue therapy [17], accepting that a few children would 
have had a seizure that would have stopped spontaneously.

As data from animal models of CSE suggest that brain injury can 
occur with seizures that have lasted at least 30 min [18,19], most 
studies that address the outcomes from CSE have used a 30-min 
defi nition. Thus, it can be considered that treatment initiated as 
soon as possible after onset of status epilepticus (with a 5-min 
defi nition) is necessary in order to reduce potential adverse out-
comes associated with seizures that last at least 30 min.

Incidence

All epidemiologic studies reported to date that aim to estimate the 
incidence of CSE have used the 30-min defi nition described above. 
There are seven epidemiologic cohorts that have been reported, and 
all except one primarily or exclusively included adults [20–26]. 
These studies have recently been systematically reviewed [27]. 
Among children, the incidence of status epilepticus ranges from 4 
to 38 episodes per 100,000 children per year. This wide range can 
be partly explained by differences in methodology and differences 
in ascertainment, but the incidence of status epilepticus in child-
hood ranges from 24 to 38 per 100,000 children per year even if the 
studies are of similar high quality [27]. This variation may be partly 
explained by the ethnic makeup of the populations, given that the 
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Introduction

Status epilepticus is the most common neurologic emergency in 
childhood [1,2] and may be convulsive (i.e., tonic, clonic, or tonic-
clonic) or nonconvulsive in nature. As the majority of children 
admitted to a pediatric intensive care unit (PICU) for status epilep-
ticus have convulsive status epilepticus (CSE), this is the focus of 
the current chapter.

There continues to be signifi cant morbidity and mortality 
associated with CSE. The possible adverse outcomes from child-
hood CSE include subsequent epilepsy; permanent neurologic, 
developmental, and cognitive defi cits; and death [3]. Among chil-
dren admitted to the PICU for CSE, 5%–6% will die during 
their hospital admission, and neurologic sequelae ranging from 
minor impairment to persistent vegetative states are identifi ed in 
about one third of children at discharge [4,5]. Mortality and mor-
bidity associated with CSE is largely dependent on etiology [6–8] 
and on seizure length, with increasing seizure length being associ-
ated with a worse outcome [9–11]. Given that etiology is an impor-
tant determinant of outcome, it can be hypothesized that early 
identifi cation and prompt, effective treatment of the underlying 
etiology may improve the outcome of CSE. However, interventions 
that decrease seizure length may also reduce morbidity. Such inter-
ventions may occur in the prehospital setting, the emergency room, 
or the intensive care unit. It is either failure of initial therapy or 
respiratory depression that is responsible for admission to the 
intensive care unit in the majority of cases, and therefore it is 
important for intensive care physicians to be aware of treatment 
issues outside of the intensive care unit in order to plan effective 
therapy.
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incidence is higher in nonwhite than in white populations, as well 
as socioeconomic factors. The North London Status Epilepticus in 
Childhood Surveillance Study (NLSTEPSS) is the only purely pedi-
atric epidemiologic study on status epilepticus in Europe, and pre-
liminary results from this study suggest that the incidence of status 
epilepticus in childhood is 18 per 100,000 children per year [27]. 
Among children with incident episodes of CSE, 47% will require 
admission to a PICU [26]. Thus, each year within the United 
Kingdom, of the estimated 4,000 children with a lifetime fi rst 
episode of status epilepticus, approximately 2,000 will require 
admission to a PICU. This estimate does not include the population 
of children who would have had at least one previous episode of 
CSE and would have been admitted to a PICU for a subsequent 
episode, and hence the fi nal estimate of admissions to the PICU for 
status epilepticus would be greater. Children admitted to a PICU 
for CSE account for 1.6%–4% of all admissions to pediatric inten-
sive care [4,5]. It is hence likely that physicians working in the PICU 
will need to treat an episode of CSE several times per year.

Etiology

As the outcome of CSE is heavily dependent on etiology, it is impor-
tant to address causation of CSE when planning therapy or when 
giving long-term prognoses. The etiology of CSE can be classifi ed 
as prolonged febrile seizures, acute symptomatic, remote symp-
tomatic, acute or remote symptomatic, or idiopathic epilepsy 
related (see Table 11.1 for defi nitions). Prolonged febrile seizures 
are the most common type of CSE in childhood, but because this 
diagnosis is conditional upon an absence of CNS infection, the 
diagnosis is one of exclusion. Because children with CSE (seizures 
lasting at least 30 min) associated with fever are much more likely 
to have acute bacterial meningitis than children with short seizures 
(less than 15 min) associated with fever (15%–18% vs. 1.2%) [28], 
there should be a low threshold for empirical treatment with 
antibiotics for such patients. Among acute symptomatic CSE in 
childhood, CNS infections, acute metabolic disturbances (includ-
ing hyponatremia and hypocalcemia), drug usage, head injury, 

hypoxia/anoxia, and cerebrovascular accidents are the most 
common causes [2]. Within the subgroup of children with idio-
pathic epilepsy–related CSE, the possibility of pyridoxine/pyri-
doxal phosphate-dependent epilepsy or an underlying metabolic 
cause should be considered.

Pathophysiology

Seizure Initiation, Prolongation, and Termination

For CSE to develop, a seizure must be initiated, and the putative 
mechanisms that terminate seizures must fail. Convulsive status 
epilepticus can be induced in animal models by creating an imbal-
ance between inhibitory and excitatory neurotransmitter systems 
such that the ratio between the systems favors excitation [29]. The 
major inhibitory neurotransmitter is gamma-aminobutyric acid 
(GABA), and the major excitatory neurotransmitter in the brain is 
glutamate [30]. The effects of these systems may be modulated by 
the cholinergic and/or adenosinergic neurotransmitter systems 
[31–33]. Seizure onset in humans could also be a result of an endog-
enously created imbalance between excitatory and inhibitory neu-
rotransmitter systems [29]. Human studies assessing mechanisms 
of seizure onset have only been performed in patients with lesional 
epilepsy undergoing presurgical evaluation. The excitatory neu-
rotransmitters glutamate and aspartate increase at the seizure 
focus in adults with temporal lobe epilepsy as measured by in vivo 
intracerebral microdialysis [34,35]. Elevations of glycine and D-
serine, which are both cotransmitters at the excitatory postsynaptic 
N-methyl-D-aspartate (NMDA) receptor, can also be identifi ed 
[36]. Preictal decreases in GABA concentrations occur at the site of 
seizure onset [34]. There is, therefore, animal model and human 
evidence to support the view that excitatory/inhibitory imbalances 
initiate seizures.

It is possible that continuing imbalances between excitatory and 
inhibitory neurotransmitters would result in prolongation of sei-
zures. However, animal models of CSE universally show a decrease 
in extracellular or whole brain glutamate concentrations during 
CSE [37–39], and, additionally, GABA concentrations may continue 
to rise throughout the period of epileptic activity [37,38], an effect 
that is more easily maintained in the developing than the devel-
oped brain [40]. These effects are more likely to be compensatory 
rather than seizure prolonging. These data therefore suggest that 
the mechanisms of seizure prolongation are different from the 
mechanisms of seizure initiation. Failures of the mechanisms that 
terminate seizures are likely to be responsible for seizure prolonga-
tion, and manipulation of these systems may be required for suc-
cessful seizure termination.

Extracellular adenosine may also have seizure-modifying or 
terminating effects [41]. Injection of adenosine agonists or adenos-
ine breakdown enzyme antagonists into rat prepiriform cortex 
protects against bicuculline (a GABAA antagonist)–induced sei-
zures [42]. Adenosine receptor antagonism with aminophylline 
may account for the seizure-prolonging effects of this drug [43]. 
Adenosine agonists also block the CSE-inducing effects of pilocar-
pine in rats [44]. There are no current treatments that manipulate 
the adenosinergic system in order to terminate CSE.

Seizures are more likely to start and more likely to be prolonged 
in the developing brain than in the developed brain. This is well 
documented in animal models in which seizures are induced with 
global ischemia, pilocarpine, kainate, or electrical stimulation 

TABLE 11.1. Classification of etiology of convulsive status epilepticus (CSE) in childhood.

Etiology Definition

Prolonged febrile  CSE in a previously neurologically normal child aged 
 seizure  between 6 months and 5 years during a febrile 
  (temperature above 38°C) illness and in the absence of 
  defined central nervous system (CNS) infection
Acute symptomatic CSE in a previously neurologically normal child, within 1 
  week of an identified acute neurologic insult, including 
  head trauma, CNS infection, encephalopathy, 
  cerebrovascular disease, and metabolic or toxic 
  derangements
Remote symptomatic CSE in the absence of an identified acute insult but with a 
  history of a CNS insult more than 1 week before
Acute on remote CSE that occurred within 1 week of an acute neurologic insult
 symptomatic  or febrile illness and occurred in a child with a history of 
  previous neurologic abnormality
Idiopathic epilepsy CSE that is not symptomatic (see above) and occurred in 
 related  subjects with a prior diagnosis of epilepsy or when the 
  episode of CSE is the second unprovoked seizure that has 
  led to a diagnosis of idiopathic epilepsy
Unclassified CSE that could not be classified into any other group
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[45–47] and has been shown epidemiologically in humans. There 
are several potential reasons for this age-determined effect [48], 
and further understanding of these mechanisms may lead to appro-
priate age-related therapies. This may be most obvious for the 
treatment of neonatal CSE given that it is known that the GABA 
receptor is depolarizing in the developing brain and that many of 
the drugs used in the treatment of neonatal seizures (e.g., barbitu-
rates and benzodiazepines) act at the GABA receptor.

On pathophysiologic grounds is not surprising that the incidence 
of CSE in the pediatric population is higher than in the young adult 
population. Despite this, most of the basic science research attempt-
ing to clarify mechanisms of seizure genesis and termination is 
performed in adult models. There are, however, increasing numbers 
of animal models assessing epileptogenesis in the immature brain. 
These may help to clarify some of the mechanisms responsible for 
the vulnerability of the developing brain to CSE [17] and may 
provide a framework for the development of new therapies for 
CSE.

Systemic Effects of Convulsive Status Epilepticus

The systemic effects of CSE need to be considered in the treatment 
of CSE, as inappropriate treatment may impair compensatory 
mechanisms or fail to adequately correct systemic effects that are 
potentially harmful. Once compensatory mechanisms have failed, 
it may be most appropriate for the child to be treated in the PICU. 
The early systemic effects of CSE are initially dominated by appar-

ent compensatory effects that may be neuroprotective. Blood pres-
sure and central venous pressure rise, blood glucose increases, and 
the patient becomes tachycardic. Cerebral blood fl ow, blood glucose, 
and oxygen utilization increase in experimental models and in 
humans during this compensatory phase of CSE. These events 
attempt to ensure that metabolic demand is met by supply and that 
toxic metabolites are removed from the brain [49,50]. After approx-
imately 30 min of continuous epileptic activity, the protective 
mechanisms described above begin to fail and subsequent events 
are potentially harmful to the brain. Cerebral blood fl ow declines 
during the course of CSE as there is failure of cerebral vascular 
autoregulation (i.e., the cerebral vasculature loses the ability to 
alter its diameter to ensure appropriate cerebral blood fl ow). Cere-
bral blood fl ow becomes dependent on systemic blood pressure, 
which also declines. Provision of oxygen and glucose for the brain 
becomes impaired. Respiratory and metabolic acidosis, electrolyte 
imbalance, hyperthermia, and rhabdomyolysis may also occur and 
are potentially harmful. This is the phase of decompensation 
[49,50] (see Figure 11.1 for further details on the pathophysiologic 
changes during the different phases of CSE).

Brain Injury Associated with Status Epilepticus

In addition to morbidity that may be associated with systemic 
decompensation, there is also evidence that CSE, in and of itself, 
can cause brain injury, particularly to the hippocampus. Although 
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the most common site of pathologic brain injury is the hippocam-
pus, many other brain regions, including the amygdala, cerebel-
lum, thalamus, and cortex, may be injured by CSE [51]. The majority 
of work attempting to defi ne brain damage associated with CSE has 
been carried out in animal models. The seminal studies that identi-
fi ed that CSE can result in widespread neuronal damage and neu-
ronal death were carried out by Meldrum et al., using the GABAA 
antagonist bicuculline to induce CSE in adolescent baboons [52]. 
Subsequent models of CSE in which areas of neuronal damage 
occur manipulate other neurotransmitter systems. Glutamatergic 
drugs such as kainic acid, NMDA, quisqualate and domoic acid 
given to rats result in prolonged limbic seizures [53–57]. Choliner-
gic drugs such as pilocarpine also cause limbic CSE. Subsequently 
spontaneous recurrent seizures analogous to the situation in 
humans occur [19,58–61]. It could be argued that it is the drug used 
to induce CSE that is causing neuronal damage and not the CSE 
itself. However, in addition to the chemical models there are electri-
cal stimulation models that also result in unilateral or bilateral 
hippocampal damage similar to that identifi ed in the other models 
[62]. Thus, many different experimental paradigms result in 
damage to similar areas of the brain, which might suggest that CSE 
itself is responsible for the damage.

In humans there is increasing evidence from magnetic resonance 
imaging studies that CSE, particularly prolonged febrile seizure, 
can cause hippocampal injury in humans [63–66]. Studies address-
ing whether the children with evidence of acute hippocampal 
injury go on to develop temporal lobe epilepsy associated with 
mesial temporal sclerosis are currently underway.

Management

Given that there is accumulating evidence that CSE that lasts at 
least 30 min is associated with signifi cant mortality and morbidity 
that is, at least in part, dependent on seizure length, it is essential 
that seizures are treated early in order to try and reduce mortality 
and morbidity. As discussed above, for treatment purposes, an 
appropriate operational defi nition of CSE is a seizure that contin-
ues for at least 5 min.

Treatment Guidelines for Convulsive Status Epilepticus

Convulsive status epilepticus is a medical emergency, and therefore 
it is important to treat in a systematic way, according to clear 
guidelines. However, as systematic studies relating to the treatment 
of CSE are uncommon, there is wide variability in the content of 
guidelines across geographic regions. In the United Kingdom, the 
most widely used guidelines are those produced by the Advanced 
Pediatric Life Support group [67]. There is an alternative national 
guideline produced by the British Paediatric Neurology Associa-
tion [68]. This raises the issue of whether national guidelines should 
be considered as a gold standard or as a starting point from which 
local guidelines can be generated. As the quality of available evi-
dence is such that guidelines for CSE can really be considered only 
as consensus statements, perhaps the view that such guidelines 
constitute a minimum standard is the most appropriate. It is prob-
able that national guidelines will not be appropriate in certain 
environments (e.g., in areas where there is no access to pediatric 
intensive care services, the use of lidocaine may be more appropri-
ate than the use of recurrent benzodiazepines or barbiturates as 
second line therapy, as it does not cause respiratory depression). 

Some children may not respond to the usual treatments, and these 
children should have a personalized treatment protocol.

Prehospital Treatment

Most episodes of CSE begin in the community, and, as early treat-
ment is likely to reduce morbidity, treatment should be initiated in 
the prehospital setting if possible. The most commonly used pre-
hospital treatment is rectal diazepam, which has been used in 
Europe for many years. Although rectal diazepam is an effective 
agent, its use in the prehospital setting is falling out of favor, largely 
because it may be considered that giving rectal medication is 
socially unacceptable, particularly in public places, and teachers 
and caregivers are reluctant to administer rectal diazepam for fear 
of sexual abuse allegations [69]. It also may be diffi cult to admin-
ister to wheelchair users or during tonic seizures [70]. These factors 
have led to the development of agents that can be administered via 
a more socially acceptable route. Buccal midazolam is rapidly 
absorbed into the bloodstream and the brain [71] and is compara-
ble to rectal diazepam in terms of effi cacy [72]. Subsequent obser-
vational studies have also supported the view that buccal midazolam 
is an effective agent for treating CSE [73,74]. Another alternative to 
rectal diazepam is the nasal administration of midazolam, which 
has been shown to reduce epileptiform discharges in the electro-
encephalogram (EEG) [75], and it is similarly effective in terminat-
ing seizures compared with intravenous diazepam [76]. Potential 
problems with the use of nasal midazolam include pain as a con-
sequence of the low pH of midazolam solution. There are, however, 
no licensed medications for prehospital use other than rectal diaz-
epam, and therefore buccal or nasal medications still need to be 
used with caution.

Although prehospital treatment has apparent advantages, not all 
guidelines consider whether prehospital treatment has been given. 
A recent audit of children with status epilepticus requiring admis-
sion to the PICU revealed that children who received prehospital 
treatment were more likely to receive more than two doses of ben-
zodiazepine. In addition, children who received prehospital treat-
ment were more likely to have respiratory depression than children 
who did not receive prehospital treatment [5]. In this study, 55% of 
children who received prehospital treatment received an inadequate 
dose. It is therefore possible that if children were to receive an ade-
quate dose of benzodiazepine in the community, as well as more 
than two doses of benzodiazepine upon arrival to the hospital (i.e., 
the initial dose administered prior to arrival is ignored), then the 
risk of respiratory depression and subsequent need for admission to 
the PICU will be unacceptably and unnecessarily increased.

Of even more concern in this study, only 51% of children received 
prehospital treatment despite being brought to the emergency 
department via ambulance. It is therefore germane to ask why some 
prehospital emergency care providers are not administering pre-
hospital medications to children in CSE and why inadequate doses 
are being administered when prehospital treatment is adminis-
tered. More appropriate early treatment may result in earlier ter-
mination of seizures [13] and thus reduce PICU admissions.

Hospital Treatment

Initial Assessment

The initial statement in many guidelines relates to the important 
assessment of airway, breathing, and circulation when a child 
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arrives in the emergency department with an episode of CSE. Most 
children do not have underlying respiratory or cardiac abnormali-
ties, and thus cardiorespiratory abnormalities identifi ed during 
CSE are likely to be a result, rather than a cause, of the seizure itself 
[17]. This suggests that treatment is equally as important as assess-
ing physiologic changes, because treating the seizure is likely to 
correct the cardiorespiratory insuffi ciencies. All children with CSE 
should have blood glucose estimation and correction if required. It 
is also important to determine whether there is an acute symptom-
atic etiology that requires treatment in its own right (e.g., menin-
gitis or cerebrovascular accident).

First-Line Therapy

It is almost universally accepted that the most appropriate fi rst-line 
agents are benzodiazepines. Many children will receive rectal diaz-
epam upon arrival in the emergency department in the United 
Kingdom. However, in the United States, intravenous benzodiaze-
pines are recommended unless intravenous access cannot be 
obtained. It remains uncertain which of these approaches is most 
appropriate, and further studies are required. The two most com-
monly used intravenous agents are diazepam and lorazepam [77]. 
In adults lorazepam is more effective than phenytoin alone as a 
fi rst-line agent. It is similarly effective to diazepam plus phenytoin 
or phenobarbital [77]. However, lorazepam has a longer therapeutic 
half-life than diazepam and tends to be the agent of choice in devel-
oped countries. Although diazepam has a short therapeutic half-
life, it has a long elimination half-life. This means that diazepam 
unbinds from the GABAA receptor in the brain soon after admin-
istration but is stored in body fat for many hours without offering 
a therapeutic effect. Administration of recurrent doses of diazepam 
may overload the stores with subsequent respiratory depression.

Second-Line Therapy

Although there is a reasonable amount of data to support the use 
of benzodiazepines as fi rst-line agents for CSE, there are very 
sparse data providing guidance on appropriate subsequent agents. 
The most commonly used second-line agent for the treatment of 
CSE worldwide is phenytoin. In the United Kingdom, paraldehyde 
is frequently recommended. Although there is a justifi cation for the 
administration of rectal paraldehyde to children in whom intrave-
nous access has not been established, this justifi cation is less 
obvious for children when intravenous access is secured. The dis-
advantages of rectal administration of drugs (intrafecal adminis-
tration, expulsion, uncertainties about bioavailability) could be 
considered as outweighing the advantages when one is certain 
about administration of intravenous agents. This also needs to be 
considered in the development of local guidelines.

Phenytoin needs to be administered intravenously under 
continuous electrocardiographic monitoring over approximately 
20 min, although it is often effective prior to completion of the 
infusion. An alternative is fos-phenytoin, which can be adminis-
tered over 7–8 min. The active agent in fos-phenytoin is phenytoin. 
As fos-phenytoin has to be metabolized in order to obtain phenyt-
oin the time it takes for phenytoin to enter the brain may be similar 
with fos-phenytoin and with phenytoin.

Subsequent Therapy

Once second-line treatments have failed, further medications will 
potentially depress respiration, and therefore respiratory monitor-

ing is mandatory. This may be best achieved in the PICU, where 
there is a high level of nursing input and sophisticated technology 
for continual monitoring of physiologic parameters. It is important 
for all acute care units to have access to PICU facilities, as a small 
proportion of children will have (1) CSE associated with a severe 
systemic or neurologic disorder, (2) CSE refractory to fi rst-line 
anticonvulsant agents, or (3) respiratory depression as a conse-
quence of treatment.

Treatment of Status Epilepticus in the Pediatric 
Intensive Care Unit

A number of agents have been used to treat status epilepticus in the 
intensive care setting, but there is no clear evidence that any one 
treatment is superior to another. Comparative studies, ideally large 
multicenter, randomized, controlled trials, are urgently needed to 
clarify the optimal management of patients with status epilepticus. 
Until then, treatment will remain empirical and subject to personal 
experience and choice. In the next sections, we list commonly used 
anesthetic and nonanesthetic agents for the treatment of CSE in the 
PICU, including their pros and cons, as well as other agents that 
may be potentially benefi cial in the future.

When seizure activity continues despite standard second-line 
anticonvulsants, it is usual practice to induce a state of general 
anesthesia in an attempt to terminate seizure activity. As the prin-
ciples of therapy are similar for all anesthetic agents, it is possible 
that a wide range of barbiturate and nonbarbiturate anesthetic 
agents could be used in the treatment of CSE, but within the pub-
lished literature there are few reported. There are also reports of 
the use of benzodiazepine infusions, conventional antiepileptic 
drugs, and other miscellaneous agents.

Barbiturates

Historically, the initial drugs used in intensive care are frequently 
barbiturates (e.g., phenobarbital, thiopentone, pentobarbital). 
These drugs have been widely used in clinical practice for many 
decades and have strong antiseizure actions but are potentially 
highly toxic, tend to have long half-lives, tend to accumulate, and 
have saturatable kinetics, and patients can become tolerant to the 
antiseizure effect [51]. The usual length of barbiturate coma is a few 
days, but there is a report of an 18-year-old male being maintained 
in a barbiturate coma for 53 days who had a good neurologic 
outcome [78]. The initial choice of barbiturate varies across geo-
graphic regions.

Phenobarbital

Phenobarbital has been widely used in clinical practice since 1912. 
Many intensive care units in Britain continue to use phenobarbital 
as the barbiturate of choice for children [79]. Its main advantages 
are its powerful antiepileptic action, long duration of action, and 
possible neuroprotective properties [80]. However, it is a powerful 
sedative, has a long elimination half-life, and may cause respiratory 
depression and hypotension.

Phenobarbital has a greater intrinsic anticonvulsant action than 
other barbiturates (including thiopentone and pentobarbital), 
which may be related to its cerebral distribution, high concentra-
tion in the motor cortex, or a specifi c physicochemical membrane-
stabilizing action [81]. It is usually administered by the intravenous 
route, but it can also be administered by the rectal and intramus-
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cular routes. A loading dose of 20 mg kg−1 followed by 10 mg−1 kg 
boluses every 30 min until the seizure cessation has been suggested 
[82]. Such a regimen will almost certainly lead to respiratory 
depression. After intravenous administration, phenobarbital is 
fi rst concentrated in vascular organs and is then more evenly dis-
tributed throughout the body, with a low concentration in fat. It 
has a slow entry into the brain (maximal brain: blood level ratios 
reached in 12–60 min) compared with more lipid-soluble com-
pounds such as diazepam (1 min) or thiopentone (30 sec) [51], but 
during seizure activity its rate of cerebral uptake is much faster and 
it may be preferentially concentrated in seizure foci [83]. High cere-
bral concentrations are maintained for a long period of time 
(60 min) despite falling blood levels [84]. The elimination half-life 
ranges from 50 to 150 hr [85], and one can expect the patient to have 
side effects for several days after a single intravenous dose. Excre-
tion is reduced by liver or renal disease. Hypotension is possible, 
particularly at high or rapidly rising blood levels, but is easily 
controlled [82]. Some children may not develop respiratory depres-
sion even with high levels of phenobarbital, but respiratory depres-
sion is a common side effect. Children frequently develop acute 
tolerance to the respiratory depressing and sedative effects of phe-
nobarbital but not without its antiseizure effect [82]. This is a sig-
nifi cant advantage over benzodiazepines. Phenobarbital continues 
to be the mainstay treatment for seizures in the neonatal period 
[86], although the evidence suggests that no current anticonvulsant 
medication reliably works in this age group.

Thiopentone

Thiopentone is the favored barbiturate in the treatment of refrac-
tory CSE in Europe and Australia and has been used in the treat-
ment of CSE for over 40 years. It is alkaline in solution, highly 
soluble in lipid, and also freely soluble in water. It is only adminis-
tered by the intravenous route. Intramuscular injection causes 
severe local injury, skin sloughing may result from extravasation 
into subcutaneous tissue, and permanent palsy may result from 
injection adjacent to a nerve. Thiopentone can react with polyvinyl 
infusion bags and plastic giving sets. The continuous infusion 
should be made up in normal saline. Its alkalinity makes it incom-
patible with a large number of acidic or oxidizing substances, 
and therefore no additional drugs should be added to the infusions. 
Thiopentone is usually administered at an initial dose of 
4–8 mg−1 kg followed by a maintenance infusion at the minimum 
dose (usually 3–5 mg−1 kg−1 hr) required to stop electrical (Figure 
11.2) and clinical epileptic activity for 12–24 hr followed by an 
attempt to wean the drug. After an initial single dose of thiopen-
tone, unconsciousness occurs in 10–20 sec, depth of anesthesia 
increases for approximately 40 sec, and then the depth decreases 
progressively until recovery of consciousness after 7–10 min, 
refl ecting a rapid fall in blood levels as it is redistributed in the 
body (distribution half-life 2.5 min) [51]. The drug has a tendency 
to accumulate in lipid stores, and, when lipid stores are saturated, 
such as after long continuous infusions, the duration of action of 
thiopentone is dramatically increased (elimination half-life 18–
36 hr) [87] and recovery times may be protracted. Thiopentone is 
metabolized in the liver, and, although the majority of its metabo-
lites are inactive, one metabolite, pentobarbitone, has potent anti-
seizure activity. Thiopentone and pentobarbitone levels should be 
monitored in prolonged therapy (e.g., more than 3 days) [88]. Hypo-
tension can be an adverse effect, and concomitant inotropic support 
is commonly required. An acute hypersensitivity reaction may 
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FIGURE 11.2. Electroencephalogram (EEG) features of a 20-month-old boy admitted to the 
PICU for status epilepticus and treated with thiopentone infusion. (A) He is already receiv-
ing thiopentone, but there remains irregular diffuse continuous epileptiform activity con-
sistent with status epilepticus. (B) There is burst suppression with an increased dose of 
thiopentone, with absence of any spikes (i.e., cessation of electrical seizure activity). (C) 
He has reverted to a normal physiologic state after thiopentone was withdrawn, with 
bilateral sleep spindles and absence of any spikes on the EEG. (Courtesy of Dr. Stewart Boyd, 
Consultant Neurophysiologist, Great Ormond Street Hospital for Children NHS Trust, 
London, United Kingdom.)
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occur (1 in 30,000 administrations, 50% mortality) with thiopen-
tone, and prolonged therapy may result in pancreatitis and hepatic 
dysfunction. It should be used with caution in patients with hepatic, 
cardiac, or renal disease or with myotonic dystrophy and myasthe-
nia gravis.

Pentobarbital

Pentobarbital has been the preferred barbiturate in the United 
States for the treatment of refractory status epilepticus, although 
there is little published experience with children. It is chemically 
similar to thiopentone, from which it is produced by desulfuration. 
Like thiopentone, it is administered only by the intravenous route, 
but it does not interact with plastic, and infusions may be prepared 
in normal saline or 5% dextrose. An intravenous loading dose of 
5–20 mg−1 kg is administered at a rate no greater than 25 mg−1 min 
followed by a continuous infusion of 0.5–3 mg−1 kg−1 hr titrated 
to the minimum rate to stop all clinical and electrical seizures, 
followed by gradual weaning after 12 hr without any electrical 
seizure activity. Although it is similar to thiopentone, pentobarbi-
tal has theoretical advantages over thiopentone, including a 
shorter elimination half-life, nonsaturable kinetics, and GABAer-
gic activity that may enhance neuroprotection, and it is less 
cardiotoxic in high doses. However, in practice, the use of pento-
barbital has been associated with poor outcome [89]. In a meta-
analysis of 37 patients treated with high-dose pentobarbitone, 32% 
died, and pentobarbitone was thought to contribute to the deaths 
of one third of the patients [89]. Among 12 patients, Osorio and 
Reed reported initial seizure control in all but this required hours 
or days [90]. Two patients in this series died (17%), and there was 
a marked tendency for breakthrough seizures when the drug was 
tapered too quickly [90]. Hypotension is as common as in thiopen-
tone anesthesia, but, in addition, pentobarbitone has a negative 
inotropic effect and may cause a rapid fall in blood pressure. Thus, 
the overall outcome of patients with CSE treated with pentobarbital 
is a cause for concern, and further research on this agent is 
required.

Nonbarbiturate Anesthetic Agents

Apart from propofol, the nonbarbiturate anesthetics are rarely 
used in practice. The evidence to support their use is largely 
anecdotal.

Propofol

Propofol is a relatively new anesthetic agent with probable GAB-
Aergic effects that is becoming widely used in the intensive care 
treatment of CSE [91,92]. In status epilepticus, initial 2 mg−1 kg 
bolus doses are administered until seizures stop, followed by an 
infusion of 5–10 mg−1 kg−1 hr titrated against EEG or cerebral func-
tion analyzing monitor (CFAM) measurement. Its advantages 
include a rapid onset of action, a short half-life, and rapid elimina-
tion [93]. There are concerns about prolonged infusions during 
childhood, as it has been associated with severe metabolic acidosis, 
lipemia, and hypoxia of uncertain origin [94]. Rhabdomyolysis has 
also been reported during maintenance infusion [95]. The seizure-
like behaviors myoclonus and opisthotonus have also been observed 
during propofol infusions. The debate on whether propofol can be 
convulsant as well as anticonvulsant continues [96]. Although pro-
pofol is a drug with potential, it should be used with caution in 
childhood.

Etomidate

Etomidate was the fi rst nonbarbiturate intravenous anesthetic used 
to treat status epilepticus. It is an imidazole derivative and is widely 
used as an anesthetic throughout Europe and to a lesser extent in 
the United States. As etomidate interferes with adrenocortical 
function, corticosteroids must be co-administered and continued 
for 72 hr after etomidate infusions. Following intravenous boluses 
of 0.3 mg−1 kg until cessation of seizure activity, etomidate is usually 
administered as a continuous infusion made up in 5% dextrose at 
a rate of 20 μg−1 kg−1 min adjusted to a mean cortical activity of 5 μV 
on CFAM [97]. After 24 hr without seizure activity, the drug is 
tapered slowly. It has a low risk of cardiovascular toxicity and 
therefore is an excellent drug to be considered for patients with 
cardiovascular disease, although hypotension is common [98]. 
There remains uncertainty as to whether it has intrinsic anticon-
vulsant properties, but seizure-like movements and myoclonus 
have been reported with its usage, particularly in patients with 
preexisting epilepsy. Recurrence of seizures is common after the 
drug is weaned [99]. Preliminary studies on etomidate in the treat-
ment of status epilepticus suggest that it has clinical potential, but 
further work with this agent is warranted.

Isoflurane

The fi rst suggestion to use isofl urane in the treatment of CSE was 
made only two decades ago [100]. Since then, there have been few 
published reports, and experience with pediatric patients is slight. 
Isofl urane is administered at end tidal volume concentrations of 
0.8%–2% to produce burst suppression on EEG (see Figure 11.2), 
with an interburst interval of 15–30 sec [101]. Termination of seizure 
activity is rapidly obtained with isofl urane administration, but this 
is not sustained, and seizure recurrence after withdrawal is 
common. Further disadvantages of isofl urane include the need for 
an inhalation anesthetic system in a PICU setting and its frequent 
association with hypotension requiring fl uid and inotropic support. 
The role of inhalation anesthetics in the treatment of status epilep-
ticus remains unclear. Further work in this area is needed to clarify 
its position.

Benzodiazepine Infusions

Both diazepam and midazolam infusions have been used in the 
intensive care management of CSE in childhood. Diazepam tends 
to be used in developing countries [102,103], probably because of 
the low cost, and midazolam tends to be used in the developed 
world.

Diazepam

For four decades, diazepam has been used in the treatment of status 
epilepticus, for which it has to be administered rectally or intrave-
nously to be effective [51]. When diazepam is administered by a 
continuous infusion, infusions should be freshly prepared, as the 
drug is absorbed by polyvinyl plastics. Diazepam activity decreases 
on standing, so fresh solutions should be made up within 6 hr [104]. 
There are limited data on the optimum rate of infusion, but a rate 
of 10–30 μg−1 kg−1 min has been used [102]. It is metabolized by 
hepatic microsomal enzymes with an active antiepileptic metabo-
lite that accumulates with continuous infusion therapy, and excre-
tion is by the renal route. Diazepam is highly lipid soluble, resulting 
in a rapid uptake by cerebral tissue and consequent rapid onset of 
action, but its lipid solubility also causes rapid redistribution in 
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lipid stores in the rest of the body, thereby creating a short duration 
of action after initial doses. With continuous infusions, this rapid 
redistribution does not occur and may result in high cerebral tissue 
concentrations with accompanying potential sudden cardiorespi-
ratory collapse and CNS depression, adverse effects that have been 
reported in the literature [102,105]. For these reasons midazolam 
has become the favored benzodiazepine.

Midazolam

Midazolam is an injectable benzodiazepine used primarily as a 
premedicant, sedative, and anesthetic agent. The unique chemical 
structure of midazolam includes a fused imidazole ring, which 
accounts for its stability in an aqueous solution and rapid metabo-
lism. Midazolam causes little, if any, local discomfort after admin-
istration and has been shown to have a wide safety margin with a 
broad therapeutic index. It also diffuses rapidly across the capillary 
wall into the central nervous system and can be mixed with saline 
or glucose solutions, thereby facilitating its administration as a 
continuous infusion [106]. At physiologic pH the compound 
becomes extremely lipophilic, which facilitates its rapid effect on 
brain tissue [107].

The antiepileptic properties of midazolam were identifi ed during 
the late 1970s, and more recently the drug has emerged as an 
effective treatment for CSE. It remains uncertain why midazolam 
infusions can terminate seizure activity when diazepam and phe-
nytoin/phenobarbital, as fi rst- and second-line agents, have failed, 
but a more rapid rate of arrival at receptors governing seizure ter-
mination is hypothesized [108]. Effective doses of midazolam vary 
among patients, and EEG monitoring is benefi cial to evaluate 
subclinical seizure activity [109]. Loading dosages from 0.02 to 
0.38 mg−1 kg and infusion rates ranging from 60 to 1,080 mg−1 kg−1 hr 
have been reported as effective in seizure termination [110–112]. 
The mean time for seizure termination following administration is 
65 min [111]. Hypotension can occur with midazolam [113,114] but 
is much less frequent and severe compared with high-dose barbi-
turates [109]. Hypoxia associated with respiratory depression 
[111,114] and increased pharyngeal secretions may occur with mid-
azolam infusions [110].

Continuous midazolam and diazepam infusions are equally 
effective for control of refractory status epilepticus, but midazolam 
infusions are associated with greater seizure recurrence following 
initial termination of seizure activity in the PICU [114]. In a sys-
tematic review of treatment of refractory status epilepticus with 
pentobarbital, propofol, or midazolam, Claassen and colleagues 
found that, compared with treatment with midazolam and propo-
fol, treatment with pentobarbital was associated with a lower fre-
quency of short-term treatment failure and breakthrough seizures 
after seizure termination but a higher frequency of hypotension 
than the other agents [115]. These data would suggest that further 
study on the role of continuous midazolam infusion in the manage-
ment of CSE in the PICU is required but that there are data that 
suggest that other traditional options may be superior. The non-
barbiturate agents (e.g., isofl urane, propofol, etomidate) are much 
less toxic than barbiturates without the cardiorespiratory-sup-
pressing effects of barbiturates and much more convenient phar-
macokinetics, but there is limited experience with them in the 
treatment of CSE. In addition, although the nonbarbiturate agents 
are strong anesthetic agents, they generally do not have antiseizure 
properties, and, at subanesthetic doses, isofl urane, propofol, and 
etomidate can precipitate seizures.

Conventional Antiepileptic Drugs

Conventionally antiepileptic agents are used to prevent the onset 
of seizures, and, given that the mechanisms of seizure onset and 
seizure termination are not necessarily the same, it may not be 
intuitive that antiepileptic drugs (AEDs) will be effective in the 
termination of CSE. However, there are some data to support the 
use of three AEDs.

Sodium Valproate

Sodium valproate is a branched chain fatty acid with a chemical 
structure similar to the inhibitory neurotransmitter GABA. The 
exact mechanism of action of this commonly used antiepileptic 
drug is unknown, but it is thought to have GABAergic actions and 
blocks sodium ion channels. It is normally administered orally or 
rectally, but intravenous sodium valproate became available in the 
1980s initially for use in patients who were temporarily unable to 
tolerate oral therapy. However, since then there has been an emerg-
ing use of sodium valproate primarily in nonconvulsive status epi-
lepticus [116,117] but also in the control of acute repetitive seizures 
and in the treatment of CSE [118]. In a retrospective study of 18 
children with CSE, Yu and colleagues found that rapid intravenous 
loading with 25 mg−1 kg of valproate stopped seizures within 20 min 
of completion of the infusion [118]. All children remained seizure 
free up to 12 hr after treatment, and there were no adverse cardio-
vascular or respiratory effects. In particular, in their study, no 
child had hypotension [118]. Another study with adults and chil-
dren also found no signifi cant hypotensive effects with treatment 
with intravenous sodium valproate [119]. These fi ndings are impor-
tant as they contradict the fi ndings of a case report of an 11-year-
old girl who developed signifi cant hypotension when treated with 
intravenous valproate [120]. Thus, valproate has potential, but 
further study would clarify its position in the emergency treatment 
of CSE.

Topiramate

Topiramate, fi rst licensed in 1995, is a second-generation AED with 
multiple mechanisms of action, including GABAergic activity, 
inhibition of kainate-evoked currents, blockade of voltage-gated 
sensitive Na+ and L-type Ca2+ channels, and inhibition of carbonic 
anhydrase isoenzymes [121]. Animal studies suggest that topira-
mate may have neuroprotective effects and thus makes it an inter-
esting prospect in the treatment of CSE [122,123]. Two recent 
reports of adults, one a case report [124] and the other a series of 
three patients [125], demonstrated that enteral topiramate can be 
benefi cial in the treatment of refractory CSE in adults. Topiramate 
was administered in daily doses of 300–1,600 mg, but termination 
occurred hours to 12 days after initiation of topiramate therapy. 
There is also a recent small retrospective case series showing its 
effectiveness in children with refractory CSE [126]. In three chil-
dren, topiramate administered by the nasogastric route at an initial 
dose of 2–3 mg−1 kg−1 day and then titrated to a maintenance dose 
of 5–6 mg−1 kg−1 day, CSE was terminated within 24 hr of mainte-
nance therapy. No adverse short-term effects were observed. 
However, topiramate at high doses or titrated rapidly is associated 
with psychomotor slowing and decline in attention and word 
fl uency [127,128], and in one child such cognitive defi cits were iden-
tifi ed. Whether these defi cits were due to topiramate or o the under-
lying pathology is unclear. Further studies on this drug in the 
treatment of status epilepticus are needed.
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 Lamotrigine

There is a single case report that lamotrigine may be effective is 
status epilepticus [129]. However, there is an animal study that 
reports that termination of CSE by lamotrigine requires therapeu-
tic levels commonly in excess of the normal therapeutic levels in 
chronic epilepsy [130], and high levels of lamotrigine can precipi-
tate myoclonic status epilepticus [131].

Miscellaneous Agents

Lidocaine

The local anesthetic agent lidocaine may also have a role in the 
management of CSE. Lidocaine is a common drug in the emergency 
department that is seldom considered in this context [132]. The 
major advantage is the absence of respiratory side effects, so that 
lidocaine can be administered safely to patients with limited respi-
ratory reserve [51]. Lidocaine has also been used successfully in 
patients who have been resistant to benzodiazepines and phenytoin 
[133]. The initial dose needs to be followed up with an intravenous 
infusion, as its half life is very short [134,135]. If the infusion is 
given for only up to 12 hr, there is little risk of accumulation. Lido-
caine has been used in neonates with some success, but there is a 
high recurrence rate after the infusion is stopped [136]. Lidocaine 
should be administered with ECG monitoring, as it may cause 
cardiac arrhythmias despite its acceptance as a drug for treating 
these cardiac problems. In high doses lidocaine may be convulsant, 
although this is not an expected side effect at the doses 
recommended.

Chlormethiazole

Chlormethiazole is a useful anticonvulsant used primarily in the 
United Kingdom, the rest of Europe, and Australia. It is almost 
never used in the United States. Although it has been primarily 
used is in the treatment of alcohol withdrawal and eclampsia [137], 
there are now alternative treatments for these conditions, and the 
use of chlormethiazole has fallen out of favor. The clinical effect is 
short, and therefore chlormethiazole needs to be administered as 
an intravenous infusion [138]. The dose can be titrated against 
seizure response in a minute-to-minute fashion during the initial 
stages. Accumulation in fat stores after approximately 12 hr negates 
this advantage [139]. Unfortunately, chlormethiazole needs to be 
administered in large volumes of fl uid, and therefore it may be dif-
fi cult to get adequate calories into a seriously ill child being treated 
with this drug. Nevertheless it can be useful in the neonatal inten-
sive care unit [140]. It is also important to be certain that the 
patient’s kidneys are functioning well before administering a large 
fl uid load. Accepting these limitations, chlormethiazole has proved 
to be a very useful drug for CSE by avoiding the signifi cant prob-
lems associated with barbiturates.

Ketamine

Ketamine is an NMDA blocker that may be neuroprotective [141]. 
In humans, its use has been largely restricted to treatment of non-
convulsive status epilepticus [142], but animal models suggest that 
it may be effective in CSE in humans [143].

Levetiracetam

Levetiracetam is a novel AED that was licensed in 1999. It possesses 
a broad spectrum of anticonvulsant activity and a high therapeutic 

index in animal models of epilepsy [144,145]. Levetiracetam is also 
neuroprotective [146], an asset in the treatment of CSE, because it 
may not only stop seizures but also reduce seizure-induced brain 
damage. Furthermore, its potent and persistent antikindling activ-
ity [144,145] might be benefi cial against the epileptogenic effects of 
status epilepticus [147] or against the “acute epileptogenesis” seen 
during status epilepticus. No human studies with levetiracetam in 
the treatment of CSE have been reported, but preliminary data 
from an animal study suggest that levetiracetam potentiates the 
anticonvulsant effect of diazepam [148] and may therefore have a 
potential role in the treatment of CSE.

Felbamate

Felbamate is an anticonvulsant active at NMDA receptors [149] and 
is also a potent neuroprotective agent [150,151]. It has been shown 
to be effective in treating animal models of status epilepticus [152], 
but, to the authors’ knowledge, there are no published data on its 
use in status epilepticus in humans.

Role of Electrophysiology in the Pediatric 
Intensive Care Unit

There is a predictable sequence of EEG changes associated with 
ongoing CSE. These changes have been identifi ed in at least six 
animal models and in adult humans. Secondarily generalized CSE 
begins with localized epileptic activity followed by isolated gener-
alized bursts of seizure activity with normal EEG activity between 
events. If the patient does not regain consciousness between these 
episodes, then the patient will meet the clinical criteria for CSE. 
The isolated ictal discharges merge and become a continuous dis-
charge after about 30 min. Discharges then fragment and become 
interspersed with fl at periods. Ultimately, periodic epileptiform 
discharges, which may refl ect underlying metabolic failure, will 
occur. The motor phenomena of CSE follow a similar pattern to the 
EEG changes. Recurrent seizures merge into continuous motor 
activity followed by fragmentation of the motor activity and myoc-
lonus. If the seizure persists, then electromechanical dissociation, 
defi ned as continuing epileptiform abnormalities in the EEG with 
no associated motor phenomena, will occur. The prognosis for a 
good outcome declines as the patient moves through the contin-
uum [49,153].

In the majority of children admitted to the PICU, clinical neuro-
logic examination alone may be a reliable method of assessing 
cerebral function [154]. However, neurologic evaluation may be 
affected by administration of medications that affect CNS function 
and/or muscle function, such as hypnotics, sedatives, anxiolytics, 
or muscle relaxants, especially when the patient is in a comatose 
state. In such comatose children, the need for an objective measure 
of cerebral function is required [154]. Conventional EEG provides 
such a reliable such measure.

Confirmation of Seizure Termination

Termination of the motor manifestations of CSE does not necessar-
ily imply that the abnormal brain electrical activity has also 
stopped. Such electromechanical dissociation is associated with a 
worsened prognosis, and it is therefore important not to miss it 
[158]. For the same reason, paralyzing drugs should be used cau-
tiously in children with CSE. The only reliable means to identify 
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this phenomenon of electromechanical dissociation is to obtain an 
EEG recording after termination of the motor manifestations. If 
this were to be done in all children who have required rescue 
therapy, EEG departments would be overloaded, and the rate at 
which signifi cant abnormalities relating to electromechanical 
dissociation would be low. Children who recover quickly are 
extremely unlikely to have a continuing EEG abnormality. There-
fore, children who do not regain consciousness as rapidly as 
expected and those who require intensive care should have at least 
a single EEG recording. A potential pitfall is overtreating children 
with long-standing frequent EEG abnormalities who have an 
episode of CSE in order to try and remove all epileptic discharges 
from the EEG.

Confirmation of a Burst-Suppression Pattern

It has long been suggested that children who require intensive care 
treatment for CSE should have doses of the chosen medication that 
result in a burst-suppression pattern in the EEG. This pattern 
should be maintained for approximately 24 hr before weaning of 
medication. In practice, many children are ventilated for only a few 
hours [5], and, as there is morbidity associated with ventilation, it 
would not be advantageous for an individual child to be ventilated 
for longer than necessary. Thus, children who are not tracheally 
extubated early should have EEG monitoring. Multichannel and 
single-channel EEG monitoring have been shown to be useful 
during thiopentone therapy [159,160] for status epilepticus. Multi-
channel EEGs have the advantage that global fi ndings and changes 
are well represented, but, when there is continuous multichannel 
EEG monitoring over many days, they have considerable disadvan-
tages, especially with large volumes of data and continuous bedside 
interpretations. A continuous single- or two-channel processed 
EEG such as a CFAM compresses processing and data on brain 
electrical activity and presents it in an easily interpretable form 
[161]. Consequently, the fi ndings from CFAM may not refl ect global 
cerebral function and not detect areas of single or multiple focal 
abnormalities. A combination of serial multichannel EEGs and 
continuous CFAM may be best, with a multichannel EEG for initial 
assessment and to determine the optimum montage for continuous 
CFAM and intermittent EEGs between to detect any global changes 
[160].

Conclusion

Convulsive status epilepticus is a common acute neurologic event 
and remains associated with signifi cant morbidity and mortality. 
Early appropriate therapy in the prehospital, emergency depart-
ment, and intensive care settings may improve its outcome. Cur-
rently, the precise mechanisms for seizure termination are not yet 
known, and there are limited comparative data on the optimum 
treatment of CSE, particularly that which requires PICU manage-
ment. Therefore, research in these areas is urgently required to 
improve the management of children with CSE.
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Type I SMA (Werdnig-Hoffman disease) is the most severe form, 
characterized by severe hypotonia and weakness either present at 
birth or developing by the age of 6 months. Death from respiratory 
failure usually occurs before age 2 years. Type II SMA becomes 
clinically apparent before age 18 months. Affected children are able 
to sit but are never able to stand or walk. Patients may survive into 
adulthood; in one series, survival rates were 98% at 5 years of age 
and 68% at 25 years of age [3]. Type III SMA (Kugelberg-Welander 
disease) is characterized by proximal muscle weakness, which 
becomes apparent after age 18 months and may manifest as late as 
early adulthood. By defi nition, patients with SMA type III achieve 
independent ambulation at some point in their lives, although pro-
gressive weakness may ultimately render them wheelchair depen-
dent. The clinical features of some patients appear to overlap 
between type I and II or type II and III disease.

Genetics and Pathophysiology

Spinal muscular atrophy types I, II, and III are allelic disorders 
caused by mutations of the survival motor neuron (SMN) gene in 
an unstable and genetically complex region at chromosome 5q13. 
There are two copies of the SMN gene within this region: SMN1 or 
SMNt, which is closer to the telomere, and SMN2 or SMNc, which is 
closer to the centromere. Mutations in the SMN1 gene are respon-
sible for the vast majority of SMA cases. The inheritance of SMA is 
autosomal recessive. Over 95% of SMA patients have homozygous 
deletions of all or part of the SMN1 gene, and most of the remaining 
patients are compound heterozygotes, having a deletion on one 
chromosome and a missense mutation on the other [4]. Based on 
this evidence, accurate pre- and postnatal genetic testing is avail-
able for diagnostic confi rmation of SMA.

The clinical phenotypes of types I, II, and III SMA appear to be 
related to the overall amount SMN protein expression [4]. Patients 
with SMA I have little or no SMN production, whereas patients with 
type II or III have some SMN production, possible owing to 
increased copy numbers of the SMNc gene. The SMN protein 
appears to be involved in RNA metabolism and is expressed in most 
tissue types. It is not known why motor neurons appear to be spe-
cifi cally dependent on SMN protein for their survival.

Diagnosis

Patients with SMA typically present with symmetric fl accid weak-
ness most apparent in proximal muscles. Overall muscle bulk is 
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Introduction

The peripheral nervous system (PNS) is composed of anterior horn 
cells in the spinal cord, motor nerve processes, the neuromuscular 
junction, muscle, and peripheral sensory receptors and their cor-
responding sensory nerves. Neuromuscular weakness, particularly 
bulbar weakness or respiratory failure, may precipitate admission 
to the pediatric intensive care unit (PICU) as an acute acquired 
disease, an initial manifestation of a congenital disorder, or an 
acute deterioration in a child with a preexisting static or deteriorat-
ing PNS disease. These diseases are discussed in the fi rst part of 
the chapter. Peripheral nervous system disease may also develop as 
a secondary consequence of systemic critical illness; these diseases 
are discussed in the second part of the chapter. In both parts of the 
chapter, disorders are grouped into sections based on the location 
of their primary pathology in the PNS: anterior horn cell disorders, 
peripheral neuropathies, disorders of the neuromuscular junction, 
and disorders of muscle. Each disease is then discussed in terms of 
epidemiology, clinical features, diagnostic evaluation, treatment, 
the role of the critical care physician, and outcome.

Peripheral Nervous System Diseases Presenting to 
the Pediatric Intensive Care Unit

Anterior Horn Cell Disorders

Spinal Muscular Atrophy

Epidemiology

Spinal muscular atrophy (SMA) is a relatively common genetic 
disease with a population incidence of 1 in 6,000–10,000 live births 
[1,2]. Spinal muscular atrophy is inherited as an autosomal reces-
sive disease and represents a signifi cant cause of infantile death 
and childhood disability. Spinal muscular atrophy is commonly 
classifi ed into three subtypes based on clinical features (Table 12.1). 
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reduced, and approximately 40% of patients will have tongue 
muscle fasciculations. Tendon refl exes are absent or markedly 
diminished. Electromyography reveals a chronic muscle denerva-
tion pattern, and nerve conduction studies demonstrate normal 
motor and sensory nerve conduction velocities. Diagnosis is con-
fi rmed by genetic analysis. Muscle biopsy (which is seldom neces-
sary given the availability of genetic testing) shows muscle fi ber 
atrophy, and the SMA type I patients also demonstrate group 
hypertrophy of type I fi bers.

Treatment

There is no treatment available to delay or reverse the progressive 
muscular weakness associated with SMA. Management involves a 
multidisciplinary approach. Families require extensive counseling 
regarding expectations for survival and the role of mechanical 
ventilatory support. Infants with SMA type I develop poor sleep, 
nocturnal hypoventilation, and reduced energy to feed associated 
with tachycardia and diaphoresis. Gastrostomy tube feedings can 
signifi cantly increase the quality of life. Nocturnal ventilatory 
support, either noninvasively in the form of bilevel positive airway 
pressure or via tracheostomy, is a complex decision, particularly for 
patients with SMA type I. Orthopedic support for kyphoscoliosis is 
typically required for patients with SMA type II and for more severely 
affected patients with SMA type III. It is important to remember that 
patients with SMA have normal cognitive and sensory functions.

The PICU medical team is often involved in the care of infants 
with SMA type I, who may have the diagnosis of SMA confi rmed 
in the PICU setting, or children with SMA type II or III who experi-
ence acute decompensation in the context of intercurrent respira-
tory infection, aspiration, or postorthopedic procedures. The PICU 
team often plays an integral role in the planning of long-term respi-
ratory care. Children with SMA II and III may recover from an 
acute illness and return to their previous level of functioning. Max-
imizing acute ventilatory support while minimizing the duration 
of mechanical ventilation is often critical to the success of tracheal 
extubation in these children. It is important that families are 
offered emotional and social supports by the hospital multidisci-
plinary care team. The Muscular Dystrophy Association is another 
invaluable resource.

Juvenile Amyotrophic Lateral Sclerosis

Epidemiology

Juvenile amyotrophic lateral sclerosis (ALS), defi ned by its onset 
prior to the age of 25 years, is exceedingly rare. Juvenile ALS is 
generally considered a familial disorder; both autosomal recessive 
[5] and autosomal dominant [6] kindreds have been described. 

However, spontaneous cases do occur. In contrast to adult-onset 
ALS, juvenile ALS is a more chronic, slowly progressive disease. 
The mean age of symptom onset is 12 years (range 3–25 years) in 
the autosomal recessive form and 17 years (range 1–63 years) in the 
autosomal dominant form. Bulbar dysfunction occurs in a minor-
ity of patients with the autosomal recessive form only.

Genetics and Pathophysiology

The autosomal recessive form of juvenile ALS (termed ALS2) has 
been linked to chromosomes 2q33 and 15q15–22, whereas the auto-
somal dominant form (termed ALS4) has been linked to chromo-
some 9q34. Although mutations in the gene encoding superoxide 
dismutase 1 (SOD1) account for 20% of adult-onset familial ALS [7], 
they have not been implicated in juvenile ALS. The pathobiology of 
the disease involves progressive loss of anterior horn cells in the 
spinal cord, as well as degeneration of the corticospinal and corti-
cobulbar pathways. The disease is thought to relate to excitotoxic-
ity and subsequent cellular apoptosis, but the precise mechanisms 
underlying these processes have yet to be delineated.

Diagnosis

The hallmark of juvenile ALS is the slowly progressive development 
of combined upper and lower motor neuron symptoms and signs 
in the absence of signifi cant sensory abnormalities or ataxia. Upper 
motor neuron dysfunction (which distinguishes ALS from SMA) is 
evident as spasticity, hyperrefl exia, and extensor plantar responses. 
Lower motor neuron dysfunction is evident as progressive distally 
predominant muscular atrophy, weakness, and fasciculations, in 
addition to painful muscle cramps. Involvement of bulbar muscles 
does not occur in the dominant form (ALS4) but may occur in the 
recessive form (ALS2), resulting in dysarthria and dysphagia. Elec-
tromyography and nerve conduction studies reveal evidence of 
chronic muscle denervation with preservation of motor and sensory 
nerve conduction velocities.

Treatment

The management of ALS is primarily supportive. Riluzole, a gluta-
mate antagonist, prolongs survival in adult ALS patients by 3–6 
months [8] but has not been systematically studied in juvenile ALS. 
Vitamin E, coenzyme Q10 and creatine, and xaliproden are other 
unproven therapies. The question of whether and when to initiate 
mechanical ventilation is one of the central treatment decisions 
for ALS patients and their families. Progressive respiratory in-
suffi ciency fi rst manifests as chronic nocturnal hypoventilation. 
Symptoms can be effectively managed by noninvasive intermittent 
positive pressure ventilation, which improves quality of life, and 
may even prolong life span [9]. Tracheostomy and continuous long-
term mechanical ventilation are treatment options that many fully 
informed patients and families choose not to pursue. Timely dis-
cussion of these issues should occur while the patient is still able 
to communicate. The completion of advance directives is crucial in 
order to defi ne the conditions for the emergency initiation of 
mechanical ventilatory support as well as the conditions for the 
withdrawal of mechanical ventilatory support.

West Nile Virus

Epidemiology

West Nile virus has been associated with North American epidem-
ics between the months of July and December. Only 20% of infected 

TABLE 12.1. Classification of cases of childhood spinal muscle atrophy (SMA).

SMA type I Onset at birth to 6 months
(Werdnig-Hoffmann) Never able to sit independently
 Death <2 years

SMA type II Onset <18 months
 Able to sit, but never able to stand or walk independently
 Death >2 years

SMA type III Onset >18 months
(Kugelberg-Welander) Able to stand and walk independently
 Life expectancy is normal

Source: Adapted from Munsat [143].
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individuals are symptomatic (fever, headache, anorexia, general 
malaise), and less than 1% of infections result in severe neurologic 
disease such as meningoencephalitis or acute fl accid paralysis [10]. 
Furthermore, neurologic disease is far less common in children 
than adults. Nervous system infection with West Nile virus, con-
sidered by some to represent the “polio of the 21st century,” 
occurred in 3.6% of 4,146 cases reported in 2002 in the United 
States. West Nile virus is usually transmitted to humans by a mos-
quito vector from infected birds, but reports exist of transmission 
through organ transplantation, blood products, and transplacen-
tally from mother to fetus. The incubation period is 2–14 days 
[11].

Diagnosis

The diagnosis of West Nile viral infection is through serologic 
assessment. For patients with meningoencephalitis, cerebrospinal 
fl uid (CSF) analysis reveals IgM antibodies directed against the 
virus in CSF within 8 days of symptom onset [12]. Cerebrospinal 
fl uid also shows elevated protein levels and pleocytosis (initially 
neutrophilic, then lymphocytic). Peripheral nervous system 
involvement, in the form of anterior horn cell infection leading to 
muscle weakness and arefl exia, has been reported [13,14]. In one 
series, 54% of patients with West Nile infection demonstrated focal 
neuromuscular defi cits [15].

Treatment

Treatment of West Nile virus CNS disease is largely supportive, 
focusing on respiratory support, management of cerebral edema in 
patients with meningoencephalitis, and prevention of secondary 
bacterial infection. Rehabilitation is critical for patients with 
anterior horn cell damage, although full recovery may be limited. 
There have been no controlled studies of ribavirin, interferon, 
intravenous immune globulin (IVIG), corticosteroids, or osmotic 
therapy for cerebral edema. Human vaccines are currently in 
development.

Poliomyelitis and Poliomyelitis-Like Syndromes

Epidemiology

Although poliovirus was eradicated from the Western hemisphere 
in 1994 and from all industrialized nations in 2002 [16], several 
other members of the enterovirus family can cause a poliomyelitis-
like syndrome. As discussed earlier, in North America the most 
common of these is the West Nile virus. Outbreaks of Japanese 
encephalitis virus (JEV) and enterovirus 71 (E71) have most recently 
been reported in Asia. The last cases of paralytic poliomyelitis 
caused by endemic transmission of wild-type virus in the United 
States occurred in 1979. Vaccine-associated paralytic poliomyelitis 
was a rare adverse reaction to the live attenuated oral poliovirus 
vaccine but has not occurred in the United States since the exclusive 
use of the inactivated poliovirus vaccine in the year 2000.

Pathophysiology

Neurologic symptoms are caused by invasion of the enterovirus 
into the CNS. Infection of anterior horn cells in the ventral spinal 
cord causes acute fl accid paralysis and arefl exia, with preservation 
of sensory function. Infection of the brain and brain stem causes 
encephalopathy and bulbar dysfunction and may disrupt respira-
tory control. Pathologic studies show infl ammatory changes in the 
anterior horn cell region, which may extend into nerve roots [17].

Diagnosis

Because of the almost complete eradication of the poliovirus, polio-
myelitis-like syndromes have become an uncommon cause of acute 
fl accid paralysis (AFP) compared with the more commonly encoun-
tered disorders Guillain-Barré syndrome (GBS) and transverse 
myelitis. It is important to distinguish these different causes of AFP 
for public health reasons and because they have different treat-
ments and prognoses. Fortunately, it is usually possible to distin-
guish these conditions on the basis of clinical presentation, CSF 
examination, spinal magnetic resonance imaging (MRI), and elec-
trodiagnostic testing (Table 12.2). The diagnosis of the poliomyeli-

TABLE 12.2. Differentiation of poliomyelitis-like syndromes from typical Guillain-Barré syndrome and transverse myelitis.

Characteristic Poliomyelitis-like syndrome Guillain-Barré syndrome Transverse myelitis

Time of onset During acute infection Postinfection Postinfection
Fever Always present Uncommon Uncommon
Distribution of weakness Asymmetric, proximal predominant;  Generally symmetric, proximal and distal; Symmetric; monoplegia rare
  occasional monoplegia  monoplegia rare
Sensory symptoms Absence of numbness, paresthesias, sensory Painful distal paresthesias and sensory loss Sensory level (cervical or thoracic)
  loss. May have back pain or myalgia
Concurrent encephalopathy Common Absent Present only in the context of ADEM
Respiratory insufficiency Only if bulbar involvement Common Uncommon
Bowel and bladder Common for West Nile virus; rare for Rare Common
 involvement  poliovirus
Cerebrospinal fluid profile Pleocytosis and elevated protein Elevated protein without pleocytosis Pleocytosis and elevated protein. May have
   (albumino-cytologic dissociation)  oligoclonal bands
Spinal magnetic resonance Spinal cord and/or cauda equina (increased Cauda equina only (increased T2/FLAIR Spinal cord only (increased T2/FLAIR signal ±
 imaging  T2/FLAIR signal ± gadolinium  signal ± gadolinium enhancement)  gadolinium enhancement)
  enhancement
Electrodiagnostic features Anterior horn cell/motor axon process: Demyelination: markedly slow conduction No abnormalities on nerve conduction or
  reduced/absent CMAPs, preserved  velocity; conduction block, temporal  electromyography, but often shows
  SNAPs; asymmetric denervation  dispersion, reduced SNAPs  delayed/absent somatosensory evoked 
    responses

Note: ADEM, acute disseminated encephalomyelitis; CMAPs, compound muscle action potentials; SNAPs, sensory nerve action potentials.
Source: Data are from Sejvar et al. [18] and Al-Shekhlee and Katirji. [19].
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tis-like syndromes is confi rmed by microbiologic and serologic 
investigations.

Enterovirus infection typically begins with a prodromal illness 
consisting of nonspecifi c upper respiratory tract or gastrointestinal 
tract symptoms, myalgia, and general malaise. In addition, E71 
infection presents with herpangina or hand-foot-and-mouth 
disease. The AFP of poliovirus-like syndromes typically begins 1–
10 days after the onset of prodromal symptoms. Paralysis usually 
worsens over 2–3 days, accompanied by loss of deep tendon refl exes. 
Weakness is usually asymmetric, typically proceeds proximally to 
distally in the affected limb(s), and involves the legs more often 
than the arms. Bulbar involvement (facial weakness and speech or 
swallowing impairment) may also occur, but rarely without accom-
panying limb weakness. Bowel and bladder impairment are rare in 
poliovirus, but common in WNV, JEV and E71 infection. Preserva-
tion of sensory function is the rule, and distinguishes poliomyeli-
tis-like syndromes from GBS and transverse myelitis.

Both the poliovirus-like syndromes and transverse myelitis are 
associated with a primarily lymphocytic pleocytosis and elevated 
CSF protein levels. In contrast, the hallmark of GBS is elevated CSF 
protein in the absence of pleocytosis (termed albumino-cytologic 
dissociation).

Evidence of infl ammation on MRI occurs in the form of increased 
signal on T2 and FLAIR sequences and gadolinium enhancement. 
In the poliomyelitis-like syndromes, these infl ammatory changes 
are most prominent in the ventral spinal cord but may also extend 
into the ventral nerve roots [17]. In contrast, in children with GBS, 
these infl ammatory changes are typically limited to the cauda 
equina, whereas in children with transverse myelitis infl ammatory 
changes are limited to the spinal cord with a predilection for white 
matter, although infl ammation may also extend into gray matter.

Nerve conduction and electromyographic studies are useful in 
distinguishing poliomyelitis-like syndromes from GBS, which is 
the most common cause of AFP. Poliomyelitis-like syndromes 
cause anterior horn cell injury, which results in reduced or absent 
compound muscle action potentials (CMAPs), whereas nerve con-
duction velocities are normal and sensory nerve action potentials 
are preserved [18,19]. Guillain-Barré syndrome causes peripheral 
nerve demyelination, resulting in slowing of conduction velocities 
and conduction block, usually affecting both motor and sensory 
nerve fi bers. Transverse myelitis causes spinal cord demyelination, 
and therefore electrodiagnostic studies of the peripheral nerves are 
normal.

Viral isolation and detection of viral RNA by reverse-transcrip-
tase polymerase chain reaction provide the most defi nitive diagno-
sis. Enteroviruses may be isolated from the stool, pharynx, and 
CSF. Because the viruses may be excreted intermittently, two stool 
samples should be collected at least 24 hr apart. Serologic diagnosis 
requires paired serum specimens collected during the acute illness 
and at least 2–3 weeks later. A fourfold or greater rise in antibody 
titers between acute and convalescent sera is generally considered 
diagnostic.

Treatment

Treatment of the poliomyelitis-like syndromes is primarily sup-
portive. In cases affecting bulbar function or respiratory control, 
preemptive airway management and adequate respiratory support 
is critical. Immunomodulatory and antiviral therapies are cur-
rently experimental and unproven. The pediatric intensivist should 
anticipate the possible development of respiratory compromise in 

all patients presenting with limb weakness or cranial nerve palsies. 
Proactive airway protection and mechanical ventilatory support 
may prevent aspiration pneumonia. Because weakness following 
enterovirus infection is usually permanent, early consideration 
should be given to tracheostomy.

Outcome

Because the infected anterior horn cell neurons are postmitotic and 
cannot regenerate, the damage caused during the acute infection is 
permanent. The denervated muscles become atrophic over several 
weeks; no signifi cant evidence of muscle reinnervation can be dem-
onstrated on electromyography. Recovery from respiratory failure 
generally follows the rule of thirds, with one third of children expe-
riencing complete recovery, one third suffering mild respiratory 
dysfunction, and one third developing chronic respiratory failure 
requiring chronic mechanical ventilatory support. Postpolio syn-
drome, which consists of muscle pain and the exacerbation of exist-
ing weakness, occurs in approximately one third of patients with 
poliomyelitis 30–40 years after their acute infection. The incidence 
of this syndrome following West Nile virus and other enteroviral 
poliomyelitis-like infections is still uncertain. The pathophysiol-
ogy of postpolio syndrome is presumed to involve overuse failure 
of the residual anterior horn cells, which for many years have sup-
plied larger than normal motor units as a compensatory mecha-
nism following the original acute loss of anterior horn cells.

Peripheral Neuropathies

Guillain-Barré Syndrome

Guillain-Barré syndrome of AFP associated with arefl exia and 
elevated cerebrospinal fl uid protein was fi rst described in 1916 by 
Guillain, Barré, and Strohl. The annual incidence is 1.3–1.9 per 
100,000 (20). Guillain-Barré syndrome can occur at any age but is 
rare in infancy. It is the most common cause of AFP in children, 
the main differential diagnoses being transverse myelitis, cord 
compression, and the poliomyelitis-like syndromes (see Table 12.2) 
[21].

Classification

Although GBS was originally thought to be single entity, it is now 
considered to consist of several subtypes, each with a distinct 
pathophysiology (Table 12.3). The classic form of GBS most com-
monly encountered in Europe and North America is termed acute 
infl ammatory demyelinating polyneuropathy (AIDP). Acute infl am-
matory demyelinating polyneuropathy is characterized by motor 
and sensory nerve demyelination, presents with both paralysis and 
sensory loss, may be acutely life threatening, but is associated with 
a relatively favorable prognosis. Two axonal variants of GBS have 
also been characterized. Acute motor-sensory axonal neuropathy 
(AMSAN) is characterized by motor and sensory axonal injury, 
which causes severe sensory loss and paralysis and slow, incom-
plete recovery. Acute motor axonal neuropathy (AMAN), fi rst iden-
tifi ed following outbreaks of Campylobacter jejuni in China, is 
characterized by motor axonal injury, causing severe paralysis in 
the absence of sensory fi ndings, with variable recovery. The Miller-
Fisher syndrome is a variant of GBS characterized by ataxia, 
arefl exia, and ophthalmoplegia with preservation of strength, 
associated with a specifi c anti-GQ1b autoantibody directed at the 
oculomotor nerves, spinal nerve ganglia, and cerebellar neurons.
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Pathophysiology

Guillain-Barré syndrome is the prototype of a postinfectious auto-
immune neurologic illness. Two thirds of cases are preceded by a 
clinically apparent respiratory or gastrointestinal infection, which 
occurs 1–3 weeks before the onset of neurologic symptoms. There 
is convincing epidemiologic evidence for an association between 
GBS and preceding infection by the following organisms: cyto-
megalovirus, Epstein-Barr virus, varicella zoster virus, C. jejuni, 
and Mycoplasma pneumoniae. An association with preceding 
surgery and infl uenza vaccination has been reported but is less 
defi nitive [22].

The postulated mechanism of nerve injury in GBS is an autoim-
mune attack on peripheral nerves. This autoimmune process is 
believed to be triggered by molecular mimicry, a process in which 
shared epitopes between the organism responsible for the recent 
infection (i.e., Campylobacter), and the peripheral nerve fi bers 
result in autoimmune cross-reactivity. The cross-reactive target 
epitopes frequently appear to be gangliosides, a component of the 
cell membranes of both axons and their surrounding myelin 
sheaths. Autoantibodies to various gangliosides have been detected 
in GBS patients, for example, anti-GM2 antibodies in AIDP patients, 
anti-GM1 in AMAN patients, and anti-GQ1b in patients with the 
Miller-Fisher syndrome. The autoimmune process likely involves 
both T-cell and antibody-mediated autoimmunity, in addition to 
complement-mediated destruction of the myelin sheath or axons. 
This process occurs both proximally and distally along the entire 
length of peripheral nerves.

In AIDP, the autoimmune attack is focused primarily on the 
myelin sheath; secondary axonal injury may occur but becomes 
signifi cant only in severe cases of AIDP. Recovery from AIDP 
requires remyelination, which occurs relatively rapidly, usually 
within several weeks.

In the axonal forms of GBS (AMAN and AMSAN), the autoim-
mune attack is focused primarily on the axon. Injury occurs mainly 
at nodes of Ranvier and at the peripheral nerve terminal because 
these regions are unmyelinated, exposing cross-reactive epitopes 
on the axon surface to autoimmune attack. Axonal injury leads to 
Wallerian degeneration of disconnected distal nerve segments, 
resulting in denervation of associated muscles and profound muscle 

TABLE 12.3. Classification of Guillain-Barré syndrome subtypes.

Condition Clinical features Pathophysiology Prognosis

Acute inflammatory demyelinating Weakness Demyelination of motor and sensory nerves Often rapid and complete recovery
 polyneuropathy Areflexia Secondary axonal degeneration in severe cases
 Sensory loss Anti-GM2 antibodies

Acute motor axonal neuropathy Weakness Axonal degeneration in motor nerves Variable
 Areflexia Milder cases caused by functional conduction block
 Little or no sensory loss  by antibodies, without significant axonal injury
 Muscle atrophy Associated with Campylobacter jejuni infection
  Anti-GM1 antibodies directed at axon cell membrane

Acute motor-sensory axonal Weakness Axonal degeneration in motor and sensory nerves Delayed and poor recovery
 neuropathy Areflexia
 Sensory loss
 Muscle atrophy

Miller-Fisher syndrome Ataxia Associated with Campylobacter jejuni infection Rapid and complete recovery
 Areflexia Anti-GQ1b antibodies directed at oculomotor
 Ophthalmoplegia ± nonreactive  nerves, sensory nerve ganglia, cerebellar neurons
  pupils

atrophy. Recovery from axonal forms of GBS is much slower because 
it requires axonal regeneration, which occurs from the intact proxi-
mal nerve segment at a rate of approximately 1 mm/day. Further-
more, because of scar tissue in the degenerated distal nerve segment, 
nerve regeneration is frequently incomplete.

In the Miller-Fisher syndrome, the characteristic anti-GQ1b 
antibodies found in the majority of patients have been shown to 
bind specifi cally to the oculomotor nerves, to sensory neurons in 
the dorsal root ganglia, and to cerebellar neurons. This binding 
pattern corresponds to the characteristic symptoms of ophthal-
moplegia, arefl exia, and ataxia in this variant of GBS.

Diagnosis

The diagnosis of GBS is primarily clinical, based on the character-
istic history and fi ndings on physical examination. Guillain-Barré 
syndrome patients typically present with symmetric, both proxi-
mal and distal weakness and arefl exia 1–3 weeks following a 
prodromal respiratory or gastrointestinal illness. Weakness can 
develop acutely within several days or subacutely over a period 
lasting up to 4 weeks. Respiratory compromise may develop rapidly 
or insidiously and results from a combination of intercostal and 
diaphragmatic muscle weakness. Cranial nerve involvement is not 
infrequent, presenting as unilateral or bilateral facial weakness, or 
bulbar dysfunction, which may impair speech, swallowing, and 
control of the airway. Ophthalmoplegia and pupillary dysfunction 
are most commonly seen in the Miller-Fisher variant of GBS. 
Sensory involvement is common in AIDP and AMSAN, presenting 
as distal-predominant paresthesias and sensory loss. Pain occurs 
in the majority of patients and may be the predominant early 
symptom. This may present a particular diagnostic challenge in 
young children if they are unable to communicate the nature of the 
pain: these patients may present with nonspecifi c irritability and 
may even appear encephalopathic [23]. The absence of deep tendon 
refl exes is an important diagnostic clue in such situations.

Lumbar puncture is a useful initial diagnostic test. The classic 
CSF profi le is that of elevated protein in the context of a normal cell 
count, so-called albumino-cytologic dissociation. However, CSF 
protein levels may be normal in up to 20% of patients during the 
fi rst week of the disease [23]. The presence of pleocytosis should 
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suggest other diagnoses such as a poliomyelitis-like syndrome or 
demyelination triggered by acute human immunodefi ciency virus 
(HIV) infection.

Electrodiagnostic testing is helpful to differentiate among the 
subtypes of GBS. Acute infl ammatory demyelinating polyneuropa-
thy, the primarily demyelinating form of GBS, is associated with 
increased latency of distal nerve conduction, delayed or absent F 
waves, and a slowing of nerve conduction velocities with temporal 
dispersion and nerve conduction block. The axonal forms of GBS, 
AMAN and AMSAN, are associated with markedly reduced or 
absent CMAPs in the setting of relatively normal conduction veloc-
ities. Patients with severe forms will demonstrate progressive loss 
of electrical excitability of muscle.

The differential diagnosis of GBS includes poliomyelitis-like 
syndromes, acute HIV infection, botulism, tick paralysis, acute 
toxic neuropathies, transverse myelitis, diphtheria, and acute 
intermittent porphyria.

Treatment

Even mildly affected patients should be hospitalized and closely 
observed for the insidious development of worsening respiratory 
status and bulbar weakness, which presents as diffi culty handling 
secretions and maintaining the airway (see later). Once the diag-
nosis has been made, treatment should be initiated promptly in all 
patients who are nonambulatory or display signs of respiratory 
compromise or bulbar dysfunction. Both plasma exchange (PE) 
and IVIG have proven and equivalent effi cacy in adults for shorten-
ing recovery time and improving long-term outcomes when given 
with four weeks of neurologic symptom onset. There is no addi-
tional benefi t from combined therapy with PE and IVIG. Cortico-
steroids are of no benefi t in GBS and should not be used. Both IVIG 
and PE are considered acceptable treatment options for GBS in 
children, despite the lack of large randomized-controlled trials in 
the pediatric population [24]. Because of its relative safety and ease 
of administration, IVIG therapy has become the preferred treat-
ment for adults and children. Although no large randomized con-
trolled trials of IVIG have been conducted with children, extensive 
positive experience has been published [25]. Plasma exchange is 
less suitable for children because of diffi culty in obtaining large-
bore double-lumen peripheral intravenous access, necessitating 
more invasive central line placement.

Psychological support is an important component of the com-
passionate care of the GBS patient. Patients are frequently terrifi ed 
by the illness, a fear that may be exacerbated by their inability to 
communicate once ventilated. Caregivers should take the time to 
explain to the patients and their families the nature of the illness, 
the daily plan of care, and the generally favorable prognosis. A 
visit by a former GBS patient may be particularly helpful and may 
be arranged with the help of local or regional patient support 
groups.

Role of the Pediatric Intensive Care Unit Physician

Supportive critical care has dramatically decreased the mortality 
of GBS and is a cornerstone of therapy. Although one third of adult 
patients with GBS require admission to the intensive care unit, this 
number is likely lower for children [26]. The spectrum of PICU 
complications seen in GBS is summarized in Table 12.4.

The most common reason for PICU admission is neuromuscular 
respiratory failure caused by weakness of both the diaphragmatic 
and intercostal musculature. Neuromuscular respiratory failure is 

characterized clinically by air hunger, staccato speech, accessory 
muscle use, paradoxical respirations, forehead sweating, and 
altered mentation. Vital capacity (VC) is the most commonly moni-
tored paraclinical test of respiratory function, although maximum 
inspiratory and expiratory pressures are also useful. Continuous 
pulse oximetry and serial assessments (at least every 6–8 hr) of 
these clinical and paraclinical indicators of respiratory function is 
crucial in order to anticipate the need for respiratory support. Elec-
tive tracheal intubation should be considered for patients who 
develop clinical signs of respiratory failure or whose VC falls below 
15 mL/kg or drops by more than 50% within 48 hr [26]. In addition, 
patients with poor expiratory function (even in the presence of a 
normal VC) may require tracheal intubation because of poor cough 
effort, leading to atelectasis and the inability to clear secretions. 
Patients with marked bulbar weakness may require tracheal intu-
bation for airway control, even in the presence of a normal VC and 
normal gas exchange [27].

Tracheostomy should generally be considered for patients 
requiring more than 3 weeks of continuous mechanical ventilatory 
support via a tracheal tube but can be performed earlier if rapid 
recovery is not anticipated (i.e., in axonal forms of GBS) or delayed 
if recovery of respiratory function appears imminent. Despite its 
invasive nature, patients often appreciate tracheostomy because it 
is more comfortable than oral or nasal intubations, facilitates oral 
hygiene, and may allow for oral communication. Tracheostomy 
also helps avoid complications of long-term intubation, such as 
tracheal stenosis and tracheomalacia [28].

Autonomic dysfunction is a frequent occurrence in hospitalized 
GBS patients, most commonly among patients with profound 

TABLE 12.4. PICU Complications of Guillain-Barré syndrome.

Respiratory dysfunction
• Loss of airway control
• Weakness of inspiratory muscles
• Weakness of expiratory muscles

Autonomic dysfunction
•  Cardiac arrhythmias (bradycardia, asystole, atrial fibrillation and flutter, sinus 

tachycardia, ventricular tachycardia, transient atrioventricular block)
• Sympathetic hyperfunction (hypertension)
• Sympathetic hypofunction (hypotension)
• Parasympathetic hyperfunction (excessive sweating, tearing and salivation)
• Parasympathetic hypofunction (gastroparesis, constipation, urinary retention)
• Syndrome of inappropriate antidiuretic hormone release
• Neurogenic pulmonary edema

Pain syndromes
• Neuropathic pain
• Deep muscular pain

Pressure palsies

Malnutrition caused by inadequate intake and catabolic state of illness
Complications related to plasma exchange therapy
• Pneumothorax (from central line placement)
• Line-related sepsis
• Symptomatic hypocalcemia
• Coagulation abnormalities
• Hypotension

Complications related to intravenous immunoglobulin therapy
• Anaphylaxis (immunoglobulin A deficiency)
• Aseptic meningitis
• Acute renal failure
• Transient hypercoagulability
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muscle weakness and respiratory failure. Paroxysmal hyperten-
sion, which occurs in 5%–10% of adults with GBS, seldom requires 
treatment unless there is evidence of end-organ damage (hyperten-
sive encephalopathy, pulmonary edema, subarachnoid hemor-
rhage). Hypotension is equally common and is frequently orthostatic 
or triggered by gagging and tracheal suctioning. Hypotension 
seldom requires treatment, unless there is evidence of systemic 
hypoperfusion. Cardiac arrhythmias, although relatively uncom-
mon, can be life threatening and therefore necessitate continuous 
cardiac monitoring of GBS patients. Abnormal excessive vagal 
activity may occasionally lead to profound bradycardia and asys-
tole. In contrast, a sudden abnormal loss of vagal tone can lead to 
cardiac tachyarrhythmias, which may be benign (sinus tachycar-
dia) but may also be life threatening (ventricular tachycardia, atrial 
fi brillation, and atrial fl utter). Constipation and urinary retention 
should be anticipated and managed with stool softeners and bladder 
catheterization. Gastroparesis, caused by parasympathetic hypo-
function and exacerbated by prolonged immobility and narcotic 
administration, may require adjustment of enteral nutrition and 
the use of prokinetic agents.

Pain syndromes occur in the majority of adults and children with 
GBS [23,29]. Two types of pain have been distinguished: neuro-
pathic pain and deep aching muscular pain. Neuropathic pain is 
described as a burning or tingling in the affected extremities and 
is most common during the prodromal and recovery phases of GBS. 
Treatment options include gabapentin, carbamazepine, valproic 
acid, mexiletine and nortriptyline (which should be avoided in 
patients with severe autonomic dysfunction) [28]. Deep aching 
muscular pain in the lower back and legs is also commonly expe-
rienced by GBS patients. Treatment options include acetamino-
phen, nonsteroidal antiinfl ammatory drugs, and narcotics. This 
aching pain usually resolves within 8 weeks [29].

Guillain-Barré syndrome patients appear to be more vulnerable 
to pressure palsies, likely because of their coexistent infl ammatory 
peripheral nerve injury. The ulnar and nerve should be protected 
by the use of hand and wrist splints and the peroneal nerve by the 
use of a trochanter roll and the avoidance of compression stockings 
that cover the proximal fi bula [28].

Malnutrition can occur. Because of the systemic infl ammatory 
autoimmune response, GBS patients are in a catabolic state 
that is comparable to acute trauma or sepsis. Furthermore, GBS 
patients who present with bulbar weakness may already be 
undernourished because of inadequate oral intake prior to hospi-
talization. Nutritional demands should be met promptly to 
prevent malnutrition and hypoalbuminemia. If gut motility is 
intact, then high-calorie and high-protein enteral feeding 
should be initiated promptly. Total parenteral nutrition is seldom 
required [28].

Complications of IVIG and PE therapy are summarized in Table 
12.4. The rate of many complications during PE has been reduced 
by the use of modern, sophisticated apheresis equipment. In older 
children and adults, PE may be performed through a large-bore 
antecubital vein, which eliminates the risk of pneumothorax and 
may reduce the risk of line-related sepsis. Intravenous immuno-
globulin therapy is generally well tolerated, and complications are 
uncommon. Anaphylaxis is a rare complication of IVIG therapy 
that occurs in some patients who are defi cient in immunoglobulin 
A. Serum immunoglobulin levels may be measured prior to IVIG 
administration, and IVIG should be administered with particular 
caution to patients who are known to be immunoglobulin A 
defi cient.

Outcome

Most patients with GBS have a favorable outcome. A recent pro-
spective population-based Italian study of 120 adults and children 
reported that, at 2 years after diagnosis, 54% of patients had com-
pletely recovered and 80% of patients had a good recovery, defi ned 
as minor signs or symptoms of neuropathy but capable of manual 
work (Hughes grade <2) [30,31]. The remaining 20% of patients had 
a poor outcome at 2 years, defi ned as impairment of manual work 
or impairment of independent ambulation (Hughes grade ≥2). 
Seven patients died: six fatal cases were caused by pneumonia 
occurring during mechanical ventilation, and one patient died 
from a pulmonary embolus secondary to a deep vein thrombosis. 
Factors associated with a poor outcome at 2 years were more severe 
symptoms and signs at the nadir of illness and electromyographic 
evidence of axonal injury and history of gastroenteritis preceding 
GBS.

Limited data from case series indicate that the prognosis of GBS 
in children may be better than adults. Children with GBS typically 
have less severe weakness and less frequent bulbar involvement 
than adults. Children are less likely to require mechanical ventila-
tion and typically recover more rapidly from paralysis than adults 
[23,32].

Disorders of the Neuromuscular Junction

Myasthenia Gravis

Classification

Autoimmune myasthenia gravis (MG) in children and adolescents 
(also termed juvenile MG) is a rare disorder. Myasthenia gravis in 
adults occurs with greater frequency. In North America, 10%–15% 
of MG cases begin before age 20 years, but onset before 1 year of 
age is exceptionally rare. The incidence in African-American chil-
dren is greater than in Caucasian children. Among African-Ameri-
can children and adolescents, females are more commonly affected 
than males. Among Caucasian children, there is an equal sex ratio 
of MG incidence prior to puberty and a female predominance 
during and after puberty [33].

Neonatal myasthenia occurs transiently in about 10% of infants 
born to mothers with autoimmune MG. Maternal transmission of 
acetylcholine receptor antibodies can occur even if the mother is 
in clinical remission, and thus all women with a history of MG 
should be delivered in centers equipped to manage the neonatal 
complications. Newborn infants usually present on the fi rst day 
of life with bulbar and respiratory diffi culty, and some require 
mechanical ventilation. Neonatal symptoms can increase gradually 
over the fi rst 24 hr after birth, and thus at-risk infants should be 
monitored closely for at least 48 hr. Affected infants improve with 
anticholinesterase therapy, and the condition resolves spontane-
ously over several days as maternally transmitted antibodies are 
cleared. Intravenous immunoglobulin infusion may improve respi-
ratory function in severely affected neonates. Rarely, in utero 
transmission of acetylcholine antibodies leads to comprised fetal 
movements and associated development of limb contractures 
(arthrogryposis).

Congenital myasthenic syndromes (CMSs) are genetic disorders 
that result in defects of presynaptic, synaptic, or postsynaptic neu-
romuscular transmission. They are much rarer than autoimmune 
MG and usually present before age 2 years. More severe forms of 
CMS present at birth with respiratory failure, ocular muscle paral-



138 C.D. Hahn and B.L. Banwell

ysis, facial and bulbar weakness, and profound hypotonia. Recog-
nition of the CMSs is important, because many of them are treatable 
with medications that modulate pre- or postsynaptic neuromuscu-
lar transmission. Immunosuppressive therapies are of no benefi t. 
The classifi cation, diagnosis, and management of CMSs is beyond 
the scope of this chapter but have been recently reviewed [34].

Pathophysiology

Autoimmune MG is caused by antibody and T-cell mediated 
attack on elements of the postsynaptic neuromuscular junction. 
Approximately 75%–90% of patients are found to have antibodies 
to acetylcholine receptors (AChR). Of the remaining 10%–25% of 
patients, 30%–40% have antibodies to MuSK, a muscle-specifi c 
tyrosine kinase required for the proper clustering of AChR on 
the postsynaptic membrane [35,36]. Antibody and T-cell 
mediated attack on postsynaptic AChR and MuSK causes a reduc-
tion in the number of AChR and a simplifi cation of postsynaptic 
membrane, which reduces the effi ciency of neuromuscular 
transmission.

Neonatal myasthenia is caused by passive transfer to the fetus of 
AChR antibodies from a mother with autoimmune MG. There is no 
correlation between the risk for neonatal myasthenia and the 
current or past severity of MG in the mother or the length of time 
that the mother has been in clinical remission. Thus, all neonates 
born to women with active or remote MG should be delivered and 
monitored in centers equipped to manage neonatal respiratory 
failure. None of these infants should be discharged prior to 72 hr of 
life, as some affected infants may not present until day 3 of life.

Congenital myasthenic syndromes are not caused by an autoim-
mune process but rather by genetic abnormalities that affect pre-
synaptic, synaptic, or postsynaptic neuromuscular transmission. 
Examples include congenital AChR defi ciency, kinetic abnormali-
ties of the AChR (slow-channel and fast-channel CMSs), congenital 
acetylcholinesterase defi ciency, and congenital choline acetyltrans-
ferase defi ciency [34].

Diagnosis

Clinical Presentation. The hallmark of MG is fl uctuating muscle 
weakness. Weakness may be confi ned to the extraocular muscles 
(ocular myasthenia) or may extend to the facial and limb muscles 
(generalized myasthenia). Weakness may fl uctuate from day to day 
and even from hour to hour and is typically worse late in the day. 
In ocular myasthenia, symptoms and signs are limited to diplopia, 
ptosis, and extraocular muscle weakness with preservation of 
pupillary function. In generalized myasthenia, weakness may 
involve any of the following: facial muscles, tongue and posterior 
pharyngeal muscles (causing slurred speech, dysphagia), vocal 
cords (causing stridor, which may require emergency intubation to 
maintain the airway), respiratory muscles (causing shallow respi-
rations and inability to cough), and limb muscles. Proximal muscles 
(i.e., deltoids, quadriceps) are usually weaker than distal muscles. 
Muscle bulk, deep tendon refl exes, and sensation are preserved. 
Smooth muscle function (heart, gastrointestinal tract, bladder, 
uterus) is not affected.

Myasthenic crisis refers to a state of respiratory insuffi ciency or 
the inability to maintain a patent airway. A crisis may be caused by 
weakness of respiratory muscles (inability to maintain vital capac-
ity, create adequate negative inspiratory force, or clear secretions 
by coughing) or by vocal cord paralysis leading to airway obstruc-
tion. Crisis may be precipitated by the use of drugs that exacerbate 

myasthenia (Table 12.5) and in numerous other clinical scenarios 
(Table 12.6). The incidence of crisis among patients with MG is 
15%–20%, but the mortality rate has declined from 80% in the 
1950s to 4% by the 1990s because of improved recognition of MG 
and advances in PICU management [37].

Confirmation. Confi rmation of the diagnosis of MG may be made by 
pharmacologic, immunologic, and electrodiagnostic means. Phar-
macologic confi rmation of MG is made by assessing response to 
therapy with an intravenous injection of the short-acting anticho-
linesterase edrophonium chloride (Tensilon), administered in two 
to three incremental doses to a total of 0.15 mg/kg. A positive Ten-
silon test requires an objectively measurable improvement in a 
clinical sign (ptosis, gaze paresis, grip strength, respiratory func-
tion), which occurs within a few minutes of the injection. This may 
be compared with the response to a prior placebo injection. Atro-
pine should be available in case bradycardia develops because of 
the muscarinic effects of Tensilon.

Immunologic confi rmation of MG is performed using an assay 
for serum AChR binding antibodies, which are elevated in 85% of 
patients with generalized myasthenia. The sensitivity of the assay 
is lower for patients with ocular myasthenia. In the appropriate 
clinical context this is a highly specifi c test, with false-positive 
results reported in only a small percentage of patients with autoim-
mune thyroid disease or the Lambert-Eaton myasthenic syndrome. 
Patients without elevated levels of AChR antibodies should be 
tested for antibodies against MuSK, a muscle-specifi c tyrosine 
kinase (see earlier section on pathophysiology).

Electrodiagnostic testing is useful in documenting impaired 
neuromuscular transmission and can usually be performed 
urgently to confi rm the diagnosis. For patients with MG, repetitive 
nerve stimulation at 2–3 Hz produces a characteristic decremental 
response in the compound muscle action potential (defi ned as a 
reduction in the size of the motor unit response with repetitive 
nerve stimulation). Single-fi ber electromyography is a more sensi-
tive technique that measures the instability in neuromuscular 
transmission that occurs in MG. Neuromuscular transmission 
defects are also demonstrable in the Lambert-Eaton myasthenic 
syndrome, the congenital myasthenic syndromes, and botulism.

TABLE 12.5. Drugs that exacerbate weakness in myasthenia gravis.

Corticosteroids
Thyroid preparations
Neuromuscular blocking agents (succinylcholine, botulinum toxin)
General anesthetic agents
Antiarrhythmics (procainamide, quinidine, verapamil)
Anticonvulsants (phenytoin, gabapentin)
Antibiotics (aminoglycosides, tetracyclines, clindamycin, erythromycin, ciprofloxacin)
Magnesium salts, Epsom salts

Source: Adapted from Keesey [37].

TABLE 12.6. Precipitants of myasthenic crisis.

Upper and lower respiratory infections; aspiration
Sepsis
Surgical procedures
Initiation or rapid tapering of corticosteroid therapy
Exposure to drugs that exacerbate myasthenic weakness
Pregnancy
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Treatment

Pharmacologic management of MG begins with an attempt to 
control symptoms using oral anticholinesterase medications such 
as pyridostigmine bromide (Mestinon) or neostigmine chloride 
(Prostigmin). These drugs block acetylcholinesterase, the enzyme 
that degrades the neurotransmitter acetylcholine in the neuro-
muscular junction, allowing acetylcholine to remain longer in the 
synaptic cleft and thereby increasing the likelihood that the acetyl-
choline released by each nerve stimulation will have time to bind 
to AChRs not blocked by antibody. Pharmacologic blockade of ace-
tylcholinesterase is short lived, peaking 1–2 hr after the ingestion 
of Mestinon and wearing off within 3–4 hr. These drugs cause mus-
carinic cholinergic side effects such as hypersalivation and abdom-
inal cramping, which may be reduced by the addition of oral 
anticholinergic drugs such as propantheline, if needed.

Plasma exchange is useful as a short-term treatment of MG in the 
setting of impending myasthenic crisis, prior to surgical proce-
dures such as thymectomy, or to shorten the duration of mechani-
cal ventilation. It is thought to work by removing pathogenic 
circulating AChR antibodies. The procedure is usually performed 
once daily for 5 days and requires a central line or large-bore 
double peripheral line, which may be diffi cult to obtain in young 
children.

Intravenous immunoglobulin therapy is an alternative to PE that 
in a small randomized controlled trial appeared to have equal effi -
cacy in the management of myasthenic crisis [38]. However, a ret-
rospective study indicated that PE is superior to IVIG in permitting 
extubation at 2 weeks [39], and it appears that some patients who 
fail to respond to IVIG subsequently respond to PE [40]. Although 
both PE and IVIG may cause considerable side effects, overall IVIG 
appears to cause fewer serious complications than PE therapy (see 
Table 12.4 and the discussion in the earlier section on Guillain-
Barré syndrome).

Thymoma, a benign epithelioid tumor of the thymus gland asso-
ciated with 15% of adult MG, is rare in childhood, present in only 
2% of patients in a combination of two large pediatric series [33,41]. 
Thymectomy is indicated in all adult and pediatric MG patients 
who are found on chest computed tomography (CT) or MRI to have 
a thymoma. Children with nonthymomatous MG also appear to 
benefi t from thymectomy, as symptoms improve in 57%–95% of 
patients, and a complete remission is achieved in 11%–75%. The 
greatest benefi t is seen in peripubertal children and when thymec-
tomy is performed within 12 months of symptom onset [33]. Thy-
mectomy may be performed using a variety of operative techniques, 
ranging from more invasive transsternal approaches to less inva-
sive video-assisted approaches [42]. The available evidence sug-
gests that more complete resections produce better outcomes, 
although the optimal surgical technique continues to be a matter 
of debate [43].

Role of the Pediatric Intensive Care Unit Physician

Myasthenic crisis should be suspected in patients with nasal or 
staccato speech, shallow breathing with use of accessory muscles 
and paradoxical inward abdominal movement, weak cough, and 
nasal regurgitation of liquids. Patients should be admitted promptly 
to the PICU and their respiratory status closely monitored. Serial 
clinical assessments, including measurement of vital capacity and 
negative inspiratory force, should be conducted. A vital capacity of 
15 mL/kg or less and a negative inspiratory force of 20 cm H2O or 
less are signs of impending respiratory failure for which elective 

tracheal intubation should be considered. Nasotracheal intubation 
is preferred over orotracheal intubation because of greater patient 
comfort and easier maintenance of oral hygiene. Prolonged ventila-
tor requirement (>2 weeks) is less common in children than adult 
MG patients. Tracheostomy should be considered for patients 
requiring more than 2 weeks of mechanical ventilation but is 
seldom required in pediatric MG. Aggressive respiratory treatment 
including suctioning, chest physiotherapy, and bronchodilator 
treatments may prevent the development of atelectasis and pneu-
monia and shorten the duration of mechanical ventilation and 
intensive care [44].

A myasthenic crisis may occasionally be precipitated by over-
medication with anticholinesterase medications (Table 12.7). 
The resulting “cholinergic crisis” is characterized by respiratory 
insuffi ciency in the setting of symptoms of excessive cholinergic 
stimulation (miosis, hyperlacrimation, hypersalivation, excessive 
bronchial secretions, gut hypermotility, bradycardia). Muscle fas-
ciculations are another sign that the patient is in a cholinergic 
crisis. The distinction of myasthenic crisis from cholinergic is not 
always straightforward. Upon endotracheal intubation of MG 
patients, anticholinesterase medications are generally discontin-
ued and then gradually reinstated in order to minimize their mus-
carinic side effects, particularly their production of excessive 
airway secretions.

Botulism

Botulism is a neuroparalytic illness caused by neurotoxins pro-
duced by the organism Clostridium botulinum, which are among 
the most potent known toxins.

Classification

Three modes of acquisition of botulism are recognized: food borne, 
wound, and intestinal colonization in adults and infants. Food-
borne botulism is caused by ingestion of preformed neurotoxin 
from improperly canned foods. Wound botulism occurs when a 
traumatic wound is contaminated by spores of C. botulinum, which 
produce toxin that is systemically absorbed. Intestinal colonization 
occurs in the setting of alterations in endogenous gut fl ora. In 
adults, this is most commonly caused by abdominal surgery, gas-
trointestinal tract abnormalities, and antibiotic use. In infants, 
there appears to be a window of susceptibility to intestinal coloni-
zation by C. botulinum between ages 2 weeks and 1 year, which may 
be related to the establishment of normal gut fl ora and withdrawal 

TABLE 12.7. Distinguishing myasthenic from cholinergic crisis.

 Myasthenic crisis Cholinergic crisis

Common precipitants Infection, surgery, rapid Recently increased dosage of
  taper of  anticholinesterase
  immunosuppressive  medications
  medications
Cholinergic symptoms Absent Present (miosis, sweating,
   lacrimation 
   hypersalivation, gut
   hypermotility, etc.)
Muscle fasciculations Uncommon Common
Response to Tensilon Improvement Exacerbation or no change
 (only if already  
 intubated)
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from breast milk. Infants may also be at greater risk because of 
their small size, which renders them more vulnerable to small 
doses of botulinum toxin. Because infant botulism is the most fre-
quent type, it is the focus of this section.

Epidemiology

Infant botulism usually occurs in infants between the ages of 2 
weeks and 1 year (median age 10 weeks). The incidence has remained 
stable at 75–100 cases per year in the United States, with the most 
cases occurring in California, Utah, and Pennsylvania [45,46]. 
Exposure to contaminated dust or soil is responsible for the major-
ity of cases of infant botulism. Clostridium botulinum spores are 
found in 20% of soil samples in the United States. Infants born into 
rural homes or areas of new home construction appear to be at 
greater risk [45,46]. Consumption of contaminated honey has 
become a less frequent cause of infant botulism in the United States 
since the institution of widespread public awareness campaigns. 
Although 6%–10% of commercial honey samples may contain 
spores of C. botulinum, honey consumption is now linked to only 
20% of infant botulism cases in the United States compared with 
59% of cases in Europe [47].

Pathophysiology

Exposure to a neurotoxin produced by the anaerobic spore-forming 
Gram-positive bacilli C. botulinum causes the great majority of 
cases of botulism. A handful of cases of infant botulism have been 
linked to Clostridium baratii and Clostridium butyricum, species 
closely related to Clostridium botulinum that produce similar neu-
rotoxins [46]. Clostridium botulinum produces eight neurotoxins 
(types A–F), of which type A and type B cause the vast majority of 
disease. Botulinum toxin inhibits the presynaptic release of the 
neurotransmitter acetylcholine by cleaving the proteins SNAP-25 
and synaptobrevin, which are required for the active exocytosis of 
vesicles containing acetylcholine into the synaptic cleft. Botulinum 
toxin is thought to irreversibly bind to presynaptic nerve terminals, 
and recovery is thought to require collateral sprouting of new nerve 
terminals to form new motor endplates, a process that takes weeks 
to months. Both autonomic and neuromuscular cholinergic syn-
apses are affected, and autonomic synapses appear to recover more 
slowly than neuromuscular synapses [48].

Diagnosis

Infants with botulism classically present with hypotonia, a weak 
cry, feeding diffi culty, constipation, and fl accid paralysis that 
begins in the cranial nerve distribution and descends symmetri-
cally to involve the truncal and extremity muscles and fi nally the 
diaphragm. Common fi ndings include ptosis and absence of cranial 
nerve refl exes (absent pupillary responses, corneal refl exes, oculo-
cephalic refl exes). The paralysis progresses over hours to a few 
days. Approximately 50% of infants will require mechanical venti-
lation [45]. Deep tendon refl exes are usually diminished or absent. 
Infants typically remain afebrile. Routine laboratory investigations 
and serum and CSF cultures, electroencephalography, and neuro-
imaging are typically within normal limits.

Electrophysiologic testing provides sensitive and relatively spe-
cifi c evidence to support the diagnosis of infantile botulism. Nerve 
conduction studies reveal normal conduction velocities but may 
show reduced CMAPs. Rapid repetitive nerve stimulation at 20–
30 Hz produces a characteristic incremental response (facilitation), 

whereas slow repetitive nerve stimulation at 2–3 Hz produces a 
decremental response. Single-fi ber EMG may show increased jitter 
in incompletely paralyzed muscles, refl ecting the instability in neu-
romuscular transmission.

In patients with botulism, there is no response to edrophonium 
(Tensilon), which inhibits acetylcholinesterase and prolongs the 
presence of acetylcholine in the region of postsynaptic AChRs, 
because presynaptic terminals affected by botulinum toxin are not 
able to release acetylcholine. Thus, a lack of improvement following 
administration of edrophonium is helpful in distinguishing pre-
synaptic defects from myasthenia gravis.

Microbiologic testing provides the most sensitive and specifi c 
confi rmation of the diagnosis; however, such testing may take 
several weeks. Isolation of C. botulinum spores from stool samples 
supports the diagnosis, whereas detection of botulinum toxin in 
stool or CSF samples using a mouse bioassay remains the gold 
standard for confi rming the diagnosis. Stool samples should be 
collected serially until the diagnosis has been confi rmed. Although 
naturally passed stool samples are optimal for diagnostic testing, 
in the frequent setting of constipation, a sterile water enema is an 
acceptable alternative.

The differential diagnosis of infant botulism includes sepsis, 
myasthenia gravis, GBS, SMA, poliomyelitis-like syndromes, tick 
paralysis, and organophosphate poisoning.

Treatment

Until recently, the treatment of botulism consisted of supportive 
care during the weeks required for natural recovery from the neu-
romuscular paralysis. In 2003, human botulism immune globulin 
(BIG) was approved in the United Stated for the treatment of 
infant botulism. Human BIG is manufactured from the pooled 
plasma of adults who have been immunized with the pentavalent 
botulinum vaccine, selected for samples with high titers of 
neutralizing antibodies against type A and B botulinum toxin. 
Human BIG was approved based on evidence that it signifi cantly 
shortened the length of hospital stay (2.6 vs. 5.7 weeks), length of 
mechanical ventilation (0.7 vs. 2.4 weeks), and duration of tube 
feeding (3.6 vs. 10 weeks) [46]. The most common side effect of BIG 
was an erythematous rash occurring in 14% of infants. In the 
United States, BIG is available from the Centers for Disease Control 
and Prevention in Atlanta, Georgia. In adults, trivalent equine 
immunoglobulin against types A, B, and E toxins is an additional 
therapeutic option. The equine antitoxin is not recommended in 
infants because of both the 9% incidence of hypersensitivity 
reactions and its short half-life, which renders it less effective in 
infants who experience ongoing absorption of toxin from their 
colonized intestine.

Role of the Pediatric Intensive Care Unit Physician

Supportive care remains the mainstay of therapy. Recognition of 
impending respiratory insuffi ciency because of bulbar dysfunction 
or diaphragmatic and intercostal muscle weakness is essential for 
timely endotracheal intubation and mechanical ventilation. Medi-
cations that interfere with neuromuscular transmission should be 
avoided (see Table 12.5), particularly aminoglycoside antibiotics, 
which have been demonstrated to increase the need for ventilatory 
assistance in this population [49]. Nutritional support via enteral 
feeding should be initiated promptly. Stool samples should be mon-
itored for C. diffi cile colitis, which may occur as a complication of 
colonic stasis.
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Outcome

The overall prognosis of infant botulism is excellent. Infants can 
be expected to make a full recovery, and mortality rates for hospi-
talized patients are as low as 3%–5%. Infants requiring mechanical 
ventilation have longer hospital stays (median 38.5 days vs. 27 days 
for nonventilated infants) [45]. Infants should remain in the hospi-
tal until they demonstrate strong gag and cough refl exes and are 
able to maintain adequate oral intake to meet their nutritional 
requirements without enteral supplementation.

Tetanus

Epidemiology

Tetanus remains a major public health problem, causing an esti-
mated 800,000–1,000,000 deaths per year worldwide, the great 
majority of which occur in the developing world [50]. Because of 
incomplete immunization programs, tetanus remains endemic in 
90 countries worldwide [51]. Fortunately, tetanus has been largely 
eliminated in the developed world by active childhood immuniza-
tion programs, with only 40–60 cases reported per year in the 
United States [52].

Tetanus is commonly classifi ed by age of infection into neonatal 
and non-neonatal forms. Neonatal tetanus is most common world-
wide, responsible for a nearly 500,000 infant deaths annually [50]. 
Neonatal tetanus is caused by contamination of the umbilical cord 
with Clostridium tetani spores during delivery because of unsani-
tary birth practices. It can be prevented by routine antepartum 
administration to expectant mothers of at least two doses of tetanus 
toxoid. Non-neonatal tetanus is caused by contamination of deep 
penetrating wounds with C. tetani spores. It can be prevented by 
active childhood immunization with at least three doses of tetanus 
toxoid between 2 and 6 months of age, followed by boosters at ages 
15 months, 4 years, and again every 10 years.

Pathophysiology

Clostridium tetani spores are ubiquitous in the environment and 
in human and animal gastrointestinal fl ora but only become patho-
genic when they germinate in a wound and produce the toxin teta-
nospasmin. In nonimmune individuals, tetanospasmin binds to 
peripheral nerves at the site of infection and undergoes retrograde 
axonal transport to anterior horn cells in the spinal cord. The toxin 
then spreads up and down the spinal cord transsynaptically. Teta-
nospasmin acts by cleaving synaptobrevin, which is required for 
neurotransmitter vesicle release at the presynaptic membrane. The 
primary targets of tetanospasmin are GABAergic inhibitory inter-
neurons, resulting in a lack of inhibitory input to anterior horn 
cells, which leads to the characteristic clinical presentation of 
tetany (sustained muscular contraction). The binding of tetano-
spasmin is thought to be irreversible, and recovery of synaptic 
function is thought to require collateral sprouting of new presyn-
aptic nerve terminals.

Diagnosis

The diagnosis is made based on the characteristic clinical presenta-
tion and a history of potential C. tetani exposure; however, the 
wound may be trivial, and in up to 30% of patients no portal of 
entry is found [53]. The incubation period following exposure 
ranges from 24 hr to several months, depending on the quantity of 
toxin produced and the distance of the wound from the central 

nervous system. Tetanus may remain localized, in which case the 
symptoms of muscle spasm and pain remain restricted to site of 
injury, and the mortality rate is low. Cephalic tetanus refers to 
localized tetanus caused by injury in the head and facial regions 
and carries a higher mortality rate.

Generalized tetanus, the most common form, presents with pain, 
headache, and the characteristic symptom of trismus (lockjaw), 
which is caused by the inability to open the mouth because of 
masseter spasm. In newborns, trismus may present simply as 
feeding diffi culty and excessive drooling. The muscle rigidity and 
spasms subsequently generalize and become excruciatingly painful. 
Involvement of the paraspinal muscles results in opisthotonus, 
which can be so severe as to cause vertebral fractures and rhabdo-
myolysis. Spasms may be provoked by the mildest of stimuli, 
including touch, noise, and even light. It is important to remember 
that patients’ levels of consciousness often remain normal through-
out the illness, although their ability to communicate may be 
severely limited by the muscular rigidity. Respiratory compromise 
is common and may be secondary to laryngospasm or rigidity of 
the diaphragm and intercostal muscles. Autonomic disturbance 
frequently accompanies the spasms, leading to cardiac arrhythmia 
and blood pressure lability.

The differential diagnosis of tetanus includes rabies meningoen-
cephalitis, strychnine poisoning, hypocalcemic tetany, and acute 
dystonic reactions to phenothiazines.

Treatment

The goals of therapy are to neutralize any unbound tetanus toxin 
and to provide supportive care until the muscular rigidity and 
spasms improve. Unbound tetanus toxin is eliminated by a combi-
nation of passive immunization with tetanus immunoglobulin, 
appropriate antibiotic therapy, and thorough debridement of the 
causative wound. Tetanus immunoglobulin shortens the course 
and may reduce the severity of the disease and thus should be 
administered as early as possible. The human form of immuno-
globulin is preferred because of its longer half-life and lower inci-
dence of anaphylactic reactions than the equine form. The antibiotic 
of choice is metronidazole, although penicillin remains the stan-
dard therapy in many parts of the world (however, penicillin can 
act as a competitive GABA antagonist, causing CNS hyperexcit-
ability at high doses, potentially exacerbating tetany). Pyridoxine 
(vitamin B6), a co-factor for glutamate decarboxylase, the enzyme 
that produces GABA, reduced the duration of spasms and mortality 
in an unblinded trial of 20 neonates [54].

Role of the Pediatric Intensive Care Unit Physician

Patients with generalized tetanus require sedation or paralysis for 
the treatment of the spasms. Curare-based neuromuscular block-
ing agents (pancuronium, vecuronium) are commonly used, in 
addition to benzodiazepines. When the control of spasms is 
attempted with benzodiazepines alone, the doses required invari-
ably cause coma and respiratory depression, necessitating tracheal 
intubation and mechanical ventilation. Poor compliance because 
of muscle rigidity and spasms can be overcome using positive end-
expiratory pressure (PEEP) and pressure-controlled ventilation. 
Tracheostomy may be required in the case of laryngospasm and 
should be considered electively to increase patient comfort and to 
facilitate oral hygiene.

Complications of tetanus include sympathetic overactivity 
(causing tachyarrhythmias and blood pressure lability), which may 
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be managed with β-adrenergic blockers, and renal failure second-
ary to rhabdomyolysis. Because patients with tetanus are in are in 
a catabolic state, prompt initiation of enteral or parenteral nutri-
tion is essential.

Outcome

Poor outcome is predicted by an interval of less than 7 days between 
injury and the onset of trismus and by progression to spasms 
within 3 days or less. The worldwide mortality rate for generalized 
non-neonatal tetanus is 45%–55%, and for neonatal tetanus it is 
greater than 60% [55]. In industrialized countries, the availability 
of modern intensive care has considerably reduced mortality [56]. 
Although muscle rigidity may persist for several months, survivors 
of the acute illness generally experience few long-term neurologic 
sequelae.

Tick Paralysis

Commonly mistaken for Guillain-Barré syndrome, the syndrome 
of tick paralysis should always be considered in the differential 
diagnosis of the child presenting with acute fl accid paralysis. 
Failure to consider this diagnosis and conduct a thorough search 
for ticks can have severe consequences, because paralysis will prog-
ress until the tick is removed or detaches spontaneously.

Epidemiology

Young children between ages 2 and 5 years are the most common 
victims of tick paralysis, possibly because of their relatively small 
body mass, which may make them more vulnerable to a given dose 
of toxin. Tick paralysis is also reportedly more common among 
girls, possibly because the tick is more diffi cult to fi nd in children 
with long hair. Three species of ticks are responsible for the major-
ity of disease: the Australian marsupial tick Ixodes holocyclus, the 
North American wood tick Dermacentor andersoni, and the 
common dog tick Dermacentor variabilis.

Pathophysiology

The causative toxin is secreted into the host by the salivary gland 
of the engorged tick. Neither the Dermacentor nor the Ixodes toxin 
has been well characterized, and the mechanism by which they 
cause paralysis remains unknown, with varying lines of evidence 
implicating both a peripheral and central nervous system site of 
action.

Diagnosis

Symptoms begin 2 to 6 days following attachment of the tick and 
may be indistinguishable from those of Guillain-Barré syndrome 
[57,58]. A prodromal phase consisting of fatigue, malaise, and gait 
instability is followed by a symmetric ascending fl accid paralysis. 
Early cranial nerve involvement is common, characterized by 
ptosis, oculomotor paresis, dilated nonreactive pupils, and bulbar 
weakness resulting in dysarthria and dysphagia. Respiratory insuf-
fi ciency may occur as a result of bulbar dysfunction and weakness 
of respiratory muscles, necessitating intubation and mechanical 
ventilation. Deep tendon refl exes are diminished or absent. 
Although patients may complain of limb paresthesias, objective 
sensory testing remains normal. The Australian Ixodes tick causes 
a particularly severe and long-lasting paralysis that may transiently 
worsen for 24–28 hr following tick removal [59].

Results of complete blood counts and electrolytes are typically 
normal. Cerebrospinal fl uid analysis is also within normal limits, 
in contrast to the elevated protein levels characteristic of GBS. Mild 
transient elevations in serum creatine kinase levels may be seen, 
indicating some degree of myositis or myocarditis. Electrophysio-
logic studies typically demonstrate a nonspecifi c pattern of low-
amplitude CMAPs, with preservation of sensory responses and a 
normal response to slow and fast repetitive nerve stimulation.

Treatment

Any child presenting with acute fl accid paralysis should be care-
fully inspected for the presence of a tick (Figure 12.1). Ticks are 
usually found on the scalp, typically behind the ear. They may be 
well hidden, particularly in patients with long hair, and detection 
may literally require careful combing through the hair. Removal of 
the tick in its entirety should be performed using forceps, and any 
remaining parts should be excised and the wound disinfected. An 
antitoxin prepared from exposed dogs is available but has unproven 
effi cacy in humans and carries a high risk of hypersensitivity reac-
tions. The need for respiratory support because of bulbar or respi-
ratory muscle weakness should be anticipated. The duration of 
mechanical ventilation seldom exceeds 2 weeks, and thus a trache-
ostomy is not usually required.

Outcome

Provided children receive adequate supportive care, they can be 
expected to make a full recovery. The severity of paralysis and 
speed of recovery depend on the causative tick species. Following 
removal of the North American Dermacentor species, complete 
recovery typically occurs within 24 hr. Following removal of the 
Australian Ixodes species, symptoms may transiently worsen in the 
24–28 hr, and recovery may require days to several weeks. Myositis 
and myocarditis are occasional complications of tick paralysis but 
resolve spontaneously and seldom require treatment.

FIGURE 12.1. Engorged female Dermacentor variabilis tick in the scalp of a 6-year-old girl. 
(Felz et al. [58]. © 2000 Massachusetts Medical Society. All rights reserved. Reprinted with 
permission.)
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Disorders of Muscle

Rhabdomyolysis

Epidemiology

Rhabdomyolysis is characterized by acute skeletal muscle fi ber 
destruction, with release of intracellular muscle proteins, including 
creatine kinase (CK) (hyperCKemia) into the blood and myoglobin 
into the urine (myoglobinuria) [60,61]. Renal excretion of myoglo-
bin carries the risk of renal failure. There are numerous etiologies 
for rhabdomyolysis (Table 12.8). Of particular relevance to the 
PICU population are postanesthetic crises associated with malig-
nant hyperthermia, acute metabolic crises in patients with inborn 
errors of metabolism, and trauma-induced fulminant muscle 
necrosis. Less commonly, acute endocrinopathy can lead to meta-
bolic decompensation (discussed later), and occasional patients 
will present with rhabdomyolysis as a component of neuroleptic 
malignant syndrome (NMS).

Elevated serum CK values alone are not necessarily suffi cient for 
the diagnosis of rhabdomyolysis [60]. Patients with muscular dys-
trophy, particularly boys with mutations in the dystrophin gene, 
have chronically elevated serum CK values. Only during intercur-
rent crises, such as extreme overexertion or as an adverse reaction 
to anesthetic, do patients with dystrophy develop fulminant muscle 
necrosis. Rhabdomyolysis accounts for %–25% of all cases of acute 
renal failure [60]. The incidence of rhabdomyolysis in the PICU is 
not clearly reported.

The etiology of rhabdomyolysis relates to direct injury to the 
muscle fi ber surface membrane or to intracellular failure of muscle 
energy metabolism. Induction of rhabdomyolysis can occur as a 
consequence of medication exposure. A careful medication expo-

sure history must be obtained. Neuroleptic malignant syndrome, 
in which patients develop rhabdomyolysis and severe muscle rigid-
ity, is classically associated with the older neuroleptics, such as 
haloperidol. However, NMS has been reported rarely in children 
treated with newer, atypical neuroleptic agents [62]. These agents 
are becoming more frequently prescribed in the pediatric popula-
tion, and clinicians must be aware of the risk of NMS. Adults 
exposed to lipid-lowering agents, and to some of the medications 
used in the treatment of HIV disease can lead to acute rhabdomy-
olysis. To the best of our knowledge, this has not been reported in 
pediatric HIV patients or in children treated with lipid-lowering 
agents.

Diagnosis

Clinical diagnosis of rhabdomyolysis requires appreciation of the 
signs and symptoms. Children who are well-enough to articulate 
symptoms often complain of muscle pain, as rhabdomyolysis is 
typically associated with severe myalgia. Many but not all patients 
will manifest with clinical muscle weakness. Urinary dipstick 
testing may show a false-positive result for hemoglobin. Micro-
scopic assessment of urine will be negative for red blood cells. 
Biochemical analyses of urine can detect very small amounts of 
myoglobin, and, if the serum CK and myoglobin levels reach values 
of more than 20,000 U/L, myoglobin becomes visible in the urine. 
The change in urine color is best described as resembling the color 
of coca-cola or tea, to be distinguished from the faintly reddish hue 
typically seen with hematuria.

Delineation of the etiology of acute rhabdomyolysis requires a 
careful review of precipitating illness or trauma. Acute viral illness 
can be directly causal or can be a suffi cient metabolic stress to 
precipitate metabolic decompensation in patients with inborn 
errors of metabolism. Viral myositis may be best diagnosed by 
serum serologic measurements, such as for infl uenza. Parasitic 
infection should be considered in individuals from endemic 
regions. Viral-induced metabolic failure is particularly relevant in 
patients with defects of fatty acid metabolism (such as carnitine 
palmitoyltransferase defi ciency), who are unable to mobilize fatty 
acids required for energy metabolism during viremia. Many chil-
dren with fatty acid oxidation defects were otherwise completely 
healthy children in the past, and only after an acute triggering 
event is their metabolic disease identifi ed. Other children with 
metabolic myopathies may report a history of limited exercise tol-
erance, muscle cramps, or past episodes of myoglobinuria or may 
have clinical features of myopathy. In patients with trauma-induced 
myonecrosis, it is critical to exclude compartment syndrome or 
localized ischemic injury. Patients with generalized burns may 
require fasciotomy if intramuscular pressure recordings indicate 
that tissue edema is impeding vascular fl ow to the injured 
muscle.

Muscle biopsy is generally of little value in the acute illness. 
Widespread muscle necrosis generally precludes the ability to 
delineate the presence or absence of any underlying myopathy or 
metabolic disease. In patients with suspected metabolic myopa-
thies, diagnostic muscle biopsies should be performed after recov-
ery from the acute illness. Investigation of metabolic muscle 
diseases requires specialized laboratory studies, and thus consid-
eration should be given to patient referral to specialized centers. 
Paraffi n-embedded muscle alone does not enable enzyme histo-
chemistry, and thus routine muscle biopsies in centers in which 
histochemical analyses are not available will not be diagnostic. The 

TABLE 12.8. Diagnoses to consider in the etiology of acute rhabdomyolysis.

Type of disorder Specific disorders

Trauma Compartment syndrome
 Crush Injury
 Burns
 Vascular compression or occlusion
 Heat stroke
Inborn error of metabolism Defects of fatty acid oxidation
 Mitochondrial myopathies
 Glycogenoses
 Myoadenylate deaminase deficiency
Acute viral, bacterial, or parasitic Influenza A or B
 infection Infectious mononucleosis
 Human immunodeficiency virus (HIV)
 Coxsackie virus
 Mycoplasma
 Escherichia coli sepsis
Muscular dystrophy Dystrophinopathies (Duchenne’s or Becker’s
  muscular dystrophy)
 Calpainopathies
 Rarely other forms of muscular dystrophy
Medication induced Neuroleptics
 Lipid-lowering agents
 HIV-associated medications
Endocrine Diabetic ketoacidosis
 Hyperosmolar coma
 Severe hypothyroidism
 Hyokalemia
 Hypophosphatemia
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laboratory techniques required to diagnosis specifi c inborn errors 
of metabolism in muscle, or in cultured skin fi broblasts, are 
described elsewhere [60].

Treatment

The most important aspects of care for patients with rhabdomyoly-
sis are to optimize renal perfusion and to ensure adequate hydra-
tion. Electrolyte imbalance, such as hypocalcemia, hypokalemia, 
or hypophosphatemia, must be corrected. Mannitol or osmotic 
diuretics and bicarbonate can reduce the risk of renal failure [61]. 
Recently, however, the value of bicarbonate and mannitol as a 
means of reducing the risk of renal failure in patients with acute 
rhabdomyolysis has been questioned [63]. In patients with renal 
failure and marked elevation of the serum and urine myoglobin, 
dialysis can be considered. Myoglobin is poorly dialyzable. Con-
tinuous venovenous hemofi ltration using conventional methods or 
with a super high-fl ux membrane can lead to rapid reduction in 
circulating myoglobin levels [64].

Role of the Pediatric Intensive Care Unit Physician

The most important roles of the ICU physician are awareness and 
prompt action. Initiation of diuresis may reduce the risk of sub-
sequent renal failure. Recognition of compression syndromes or 
vascular occlusion is particularly critical in comatose or sedated 
patients who are otherwise unable to communicate pain.

Outcome

Rhabdomyolysis is associated with a low, but still appreciable mor-
tality. Survivors typically recover renal function over time and 
generally recover muscle strength. Patients with metabolic myopa-
thies are at risk of further episodes and require detailed counseling 
on prevention of metabolic crises. Patients with defi ned metabolic 
disorders are encouraged to carry a detailed management care 
plan, generally devised in consultation with an expert in metabolic 
disease.

Neuromuscular Manifestations of Endocrinopathy in the Pediatric 
Intensive Care Unit

Epidemiology and Clinical Features

Endocrinologic dysfunction can be the precipitant of, or con-
sequence of, critical illness. Muscle weakness can be one of the 
presenting features of thyrotoxic crises, diabetes insipidus, hyper-
osmolar coma, and adrenal insuffi ciency. Children with fulminant 
sepsis or multiorgan failure or who require multiple medications 
can develop hyperglycemia, adrenal suppression, and sick euthy-
roid syndromes, all of which may contribute to acquired muscle 
weakness in the critical care setting. Secondary endocrinopathic 
dysfunction in critically ill children not further discussed in this 
section, as the major clinical manifestations are discussed in the 
section on critical illness–acquired myopathies.

The neuromuscular effects of thyroid dysfunction include thy-
rotoxic myopathy, thyrotoxic hypokalemic periodic paralysis, and 
inhibition of neuromuscular transmission (MG) [65]. Approxi-
mately 50% of patients with hyperthyroidism experience at least 
some muscle weakness. Severely affected patients may experience 
bulbar weakness or respiratory failure. Thyrotoxic periodic paraly-
sis is relatively rare. Patients present with recurrent attacks of 
weakness lasting from 30 min to several days [65]. Fluctuating 

weakness also occurs in patients with concomitant thyrotoxicosis 
and MG. A new fatal syndrome has been recently reported, largely 
in adolescent males, as the initial presentation of diabetes mellitus. 
Clinical features include hyperglycemic hyperosmolar coma 
complicated by a malignant hyperthermia-like picture with fever, 
rhabdomyolysis, and severe cardiovascular instability [66]. The 
increasing rate of obesity in North American children may lead to 
an increasing incidence of the fulminant presentation.

Pathophysiology

Thyroid dysfunction leads to an overall reduction in skeletal muscle 
contractility and in extreme cases can lead to muscle necrosis [65]. 
Thyrotoxicosis leads to a marked increase in basal metabolic rate, 
which in turn leads to mitochondrial energy depletion, accelerated 
gluconeogenesis, and lipid oxidation. The muscle weakness expe-
rienced in patients with acute diabetic ketoacidosis may relate to 
derangement in electrolytes. Hyperkalemia, hyperosmolality, and 
acidosis impair cellular metabolism in multiple tissues, including 
skeletal muscle.

Diagnosis

Endocrinologic crises associated with muscle weakness are diag-
nosed by laboratory measures of glucose, electrolytes, thyroid 
stimulating hormone, and thyrotoxin levels.

Treatment

Correction of acid–base balance and normalization of glucose, 
electrolyte, and thyroid function are the mainstay of therapy. 
Overall management of thyroid storm and of diabetic ketoacidosis 
are described in further detail elsewhere [67].

Outcome

Most children will recover from acute endocrinologic emergencies 
and will gradually recover muscle strength. However, a consider-
able mortality still exists. In particular, children with the hyper-
glycemic hyperosmolar syndrome have a high mortality rate and 
may experience multiple complications such as rhabdomyolysis 
and hypovolemic shock [68].

Myopathies

Epidemiology

Children with congenital myopathy or muscular dystrophy may 
present to the intensive care unit because of acute respiratory infec-
tion or compromise, postoperatively because of diffi culty weaning 
from mechanical ventilation, or with progressive respiratory failure 
that occurs as part of their underlying disease. Acute rhabdomyoly-
sis (discussed earlier) may occur in children with muscular dystro-
phy, typically in the context of excessive exertion.

Diagnosis

The diagnosis of congenital structural myopathies and muscular 
dystrophies is beyond the scope of this chapter. However, it is 
important that the PICU staff appreciate that many children with 
congenital myopathies can improve with age, even if they are pro-
foundly hypotonic at birth [69]. Discussions regarding long-term 
prognosis should involve an experienced neuromuscular clinician 
and geneticist. For the intensive care staff, the key issue relates to 
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the correct diagnosis of the acute crisis that has precipitated admis-
sion to the PICU. Acute respiratory infection must be excluded. 
Respiratory compromise in patients with muscular dystrophy may 
be associated with intercurrent chest infection or may develop as a 
chronic component of the underlying muscle disease [70–75]. 
Factors that may contribute to an apparent acute deterioration 
include chronic poor nutrition caused by bulbar weakness and 
acute or chronic hypoventilation.

A careful history may reveal symptoms of impending respiratory 
failure such as exertional dyspnea [75] or symptoms related to 
nocturnal hypoventilation [76]. Poor sleep, frequent nocturnal 
awakenings, night terrors or nightmares, nocturnal seizures, 
morning headaches, reduced school performance, and daytime 
hypersomnolence are symptoms of nocturnal hypoventilation 
[70,71,77]. For children well enough to perform pulmonary func-
tion tests, results may be useful in predicting respiratory reserve 
and the likelihood that the child with require mechanical ventila-
tion. Weakness of the respiratory muscles results in a restrictive 
ventilatory defect and eventual hypercapnia [77]. Reduction of the 
vital capacity (VC) closely refl ects the degree of general disability 
[78] and predicts the need for artifi cial ventilation [79]. A VC < 
1.5 L, especially if combined with hypercarbia (PaCO2 > 45 mm Hg) 
or hypoxemia (PaO2 < 75 mm Hg), indicates that ventilatory support 
is needed [77]. During the period of intercostal and accessory 
muscle atonia associated with rapid eye movement (REM) sleep, 
ventilation is supported by movements of the diaphragm muscle. 
Diaphragmatic weakness, particularly prominent in Duchenne 
dystrophy, results in orthopnea and REM-sleep associated hypoven-
tilation [70].

Admission to the PICU may also be precipitated by atelectasis or 
aspiration pneumonia. Many children with severe congenital 
myopathies or progressive muscular dystrophies have an ineffec-
tive cough, leading to mucous plugging and microatelectasis, 
which will eventually decrease O2-diffusing capacity and lead to 
hypoxemia.

Treatment

Antibiotics, chest physiotherapy, and pulmonary toilet are the 
major therapies required for children with myopathies who are 
admitted to the PICU. Mechanical ventilation is often required but 
raises numerous concerns about many children regarding the like-
lihood of successful tracheal extubation. Children with static con-
genital myopathies typically wean from mechanical ventilation 
successfully but may still require some measure of ventilatory 
support. For these patients, long-term nocturnal ventilation at 
home can dramatically improve the quality of life [75]. Biphasic 
positive airway pressure (BiPAP) delivered via nasal mask is well 
tolerated provided the mask is fi tted well and the child and family 
are well educated and supported in its use. It rapidly improves the 
nocturnal hypoxemia, restores normal sleep patterns, eliminates 
morning headaches, reduces daytime somnolence, and prevents 
cor pulmonale [76]. In a study of children with neuromuscular 
disease, initiation of nocturnal BiPAP led to an 85% reduction in 
the number of hospital admission days and a 68% reduction in the 
number of days of intensive care admission [80].

Patients with progressive muscular dystrophies, particularly 
boys with Duchenne’s muscular dystrophy, may have signifi cantly 
greater diffi culty weaning from ventilation. Mechanical ventilation 
of patients with a progressive disability raises numerous ethical, 
fi nancial, emotional, and practical issues for affected patients and 

their families. These issues must be discussed openly and ideally 
would have been discussed prior to an acute crisis leading to a PICU 
admission. In Japan, nearly all boys with Duchenne’s muscular 
dystrophy offered assisted ventilation chose to pursue this option 
[79]. It has been shown that health care providers underestimate 
the quality of life of ventilated patients [81]. The use of assisted 
ventilation can prolong life by as much as 10 years [82].

Cardiac muscle involvement can be prominent in patients and 
manifesting carriers of dystrophinopathies and in patients with 
Emery Dreifuss muscular dystrophy or myotonic dystrophy [83–
86]. Rarely, patients with fascioscapulohumeral [85], congenital 
muscular dystrophy associated with merosin defi ciency (87), or 
sarcoglycanopathies [88,89] develop cardiac disease. Holter moni-
toring, His bundle electrocardiograms, or echocardiography may 
help defi ne the extent of cardiac involvement and will direct cardiac 
management [84].

Role of the Pediatric Intensive Care Unit Physician

Correct delineation of the mechanism for acute decompensation in 
children with congenital muscle disease is the cornerstone of effec-
tive PICU care. A multidisciplinary approach is also essential, 
particularly for children facing end-of-life decisions. A dedicated 
respiratory care team with expertise in the management of chil-
dren requiring home ventilation is invaluable, as they can provide 
a real life view of the pros and cons of invasive mechanical ventila-
tion or noninvasive ventilation.

Peripheral Nervous System Complications of 
Critical Illness

Acute respiratory distress syndrome, acquired cardiac failure, 
renal failure, anemia of chronic illness, and acquired infection are 
medical issues familiar to all involved in the care of critically ill 
children. Muscle and nerve are also organs affected by critical 
illness. Failure of the PNS leads to weakness of limb, intercostals, 
and diaphragm muscles, which can result in respiratory compro-
mise and the requirement of ventilatory support.

Neuromuscular complications of critical illness are associated 
with signifi cant short- and long-term morbidity and prolonged 
PICU stays. Awareness of the impact of critical illness on nerve and 
muscle health is of the utmost importance if preventative strategies 
are to be employed and patient management optimized. Most 
patients who survive their underlying illness will ultimately recover 
their muscle strength. Failure to appreciate PNS causes of PICU-
acquired weakness or paralysis may lead to false assumptions of 
brain damage or to other assumptions of a dismal prognosis for a 
child for whom potential recovery is possible. The impact of critical 
illness on the PNS is now reviewed as it pertains to the anterior 
horn cell, peripheral nerve, neuromuscular junction, and muscle. 
Each disease is discussed in terms of its epidemiology, clinical fea-
tures, diagnostic evaluation, treatment, the role of the PICU physi-
cian, and outcome.

Pediatric Intensive Care Unit–Related Anterior Horn 
Cell Disorder: Hopkins Syndrome 
(Acute Postasthmatic Amyotrophy)

Hopkins syndrome, fi rst reported by Hopkins and Shield in 1974, 
consists of a poliomyelitis-like paralysis typically occurring within 
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1 week of an acute asthma exacerbation [90,91]. This syndrome 
appears to occur only in childhood, with onset of paralysis reported 
between ages 13 months and 12 years (mean 5.7 years) [92].

Pathophysiology

The paralysis of Hopkins syndrome is clinically very similar to 
poliomyelitis and appears to be caused by the destruction of ante-
rior horn cells. The etiology is unknown, but the most accepted 
theory is that of an autoimmune process. An adverse reaction to 
corticosteroids or other medications is unlikely, because no consis-
tent medication was administered to all reported patients. Poliovi-
rus infection is an unlikely cause, because nearly all reported 
patients had received poliovirus vaccination, and a postparalysis 
elevation in poliovirus titers has not been observed. Various other 
organisms (coxsackieviruses A and B, enterovirus, echovirus, vari-
cella, and Mycoplasma) have been identifi ed in affected patients; 
however, no consistent organism has been identifi ed, and a role in 
the pathogenesis remains unproven.

Diagnosis

Within 1 week of an acute exacerbation of asthma, the affected 
patient presents with acute weakness and loss of deep tendon 
refl exes, developing over hours to days. Monoplegia of an arm or 
leg is the most common symptom, but involvement of multiple 
limbs and even respiratory compromise may occur. Paralysis of the 
affected limb is frequently total or near total. Myalgia frequently 
accompanies the onset of weakness, and meningismus has occa-
sionally been reported. Sensory function is uniformly preserved.

Cerebrospinal fl uid examination may be normal or may show 
pleocytosis or elevated protein. The fi ndings on electromyography 
and nerve conduction studies are identical to those of the poliomy-
elitis-like syndrome, with diminution or loss of CMAPs, and pres-
ervation of nerve conduction velocities and sensory nerve action 
potentials. Spinal MRI may be normal or may show high signal on 
T2 and FLAIR sequences in the cord, which may be localized to the 
anterior horn cells [93].

Treatment

As with poliomyelitis-like syndromes, treatment is supportive. 
There is no proven therapy to slow the progression of the paralysis 
or to facilitate recovery. There is one case report of a 15-year-old 
boy who experienced nearly complete recovery following treatment 
with IVIG [94].

Role of the Pediatric Intensive Care Unit Physician

Although Hopkins syndrome is rare, awareness on the part of the 
PICU physician is important. The diagnosis of acute postasthmatic 
amyotrophy should be considered for any child who experiences 
recurrent respiratory compromise following an asthma exacerba-
tion, particularly in the setting of limb weakness. Patients and 
family members should be advised before hospital discharge of the 
potential for this syndrome and instructed to seek medical atten-
tion at the earliest signs of myalgia, weakness, or worsening respi-
ratory status.

Outcome

The paralysis of untreated Hopkins syndrome is usually perma-
nent, with little or no recovery of function in affected muscle 

groups. The affected muscles become atrophic over several weeks. 
Electromyography usually fails to demonstrate any evidence of 
muscle reinnervation. Physiotherapy may allow patients to par-
tially compensate for their weakness by training adjacent unaf-
fected muscle groups.

Pediatric Intensive Care Unit–Acquired Focal Neuropathies

The impact of critical illness on the peripheral nerve can manifest 
as a focal dysfunction, typically associated with nerve compression 
or traumatic injury, or as a more general polyneuropathy. Acquired 
generalized dysfunction of peripheral nerves, often associated with 
sepsis, is discussed later in the section on muscle, as the two condi-
tions are often co-existent.

The incidence of development of compressive neuropathy in 
pediatric ICU patients is not well documented. In a prospective 
study of 830 children cared for in our PICU over a 12-month period, 
2 children were identifi ed with focal neuropathy [95]. However, 
mild focal weakness is likely underappreciated during PICU admis-
sion and may be fully appreciated only as a child approaches more 
active stages of recovery.

Compressive and traumatic neuropathies result from damage to 
focal regions of the peripheral nerve. Compression typically leads 
to focal demyelination, often with preservation of the underlying 
axon. The region of peripheral nerve myelin under compression is 
displaced from the areas of high pressure to adjacent regions, 
leading to exposure and subsequent demyelination of myelin inter-
nodes [96]. Surgical or external trauma to the phrenic nerve may 
be complete, with transection of the entire nerve, or partial in 
which the nerve may be stretched leading to injury to the axon with 
preservation of the overlying myelin sheath. Compression neurop-
athy can occur in the absence of external force when local tissue 
edema or hematoma leads to compression of the nerve in an 
enclosed space. As an example, focal or generalized edema of the 
distal upper extremity can lead to compression of the median nerve 
as it passes under the fl exor retinaculum at the wrist. Compartment 
syndromes can also be associated with nerve compression, although 
the mechanism in these cases may relate more to pressure-induced 
ischemia.

The nerve fi bers most sensitive to compression are the large, 
myelinated fi bers, and thus vibration and position sense may be the 
fi rst clinical manifestations. Continued compression leads to 
axonal damage, termed neurapraxia. Depending on the extent of 
nerve injury, recovery typically proceeds over 6–8 weeks.

Diagnosis requires recognition that muscle weakness corre-
sponds to the innervation pattern of a specifi c nerve. Patients with 
rapid weight loss, constitutively thin body habitus, and patients 
exposed to prolong bed rest, prolonged care in a fi xed position, or 
immobilization with fi xed restraints are a particular risk for com-
pressive neuropathies. The typical sites of compressive neuropathy 
include the common peroneal, femoral, and ulnar nerves. Injury to 
the phrenic nerve because of chest surgery for trauma is also a 
well-recognized issue in PICU patients. Peroneal neuropathy is 
caused by compression of the common peroneal nerve as it cross 
medially over the fi bula and occurs in patients who require pro-
longed positioning in the lateral decubitus position or whose lower 
limb was held in a fi xed position by a pressure restraint. Damage 
to the common peroneal nerve leads to weakness of dorsifl exion of 
the ankle (foot drop), inability to evert at the ankle, and numbness 
over the lateral aspect of the lower leg. Femoral neuropathy is 
caused by compression of the femoral nerve and typically occurs 
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in patients who require prolonged care in the prone position. 
Femoral neuropathy manifests as inability to extend at the knee 
because of weakness of the quadriceps muscle, numbness over the 
anterior aspect of the thigh and medial aspect of the lower leg, and 
it is associated with loss of the knee jerk refl ex. Ulnar neuropathy 
is mediated by compressive injury to the ulnar nerve at the elbow 
and occurs relatively infrequently. Ulnar neuropathy presents as 
weakness of wrist fl exion and small muscles of the hand and numb-
ness of the last three digits and palm. Phrenic nerve dysfunction is 
demonstrated by ultrasound evidence of paradoxical diaphragm 
movement and absence of diaphragm contraction.

Nerve conduction studies demonstrate reduced nerve transmis-
sion, or complete conduction block, above the site of compression. 
Needle examination of weak muscles will demonstrate denervation 
characterized by polyphasic motor units and fi brillations.

Treatment is largely supportive. Nursing care should be opti-
mized to remove ongoing compression. Frequent changes in patient 
positioning and use of an air mattress are helpful. Physiotherapy 
should be instituted promptly to maintain range of motion, to 
increase muscle activation, and to avoid contractures. Surgical 
fi xation of the diaphragm muscle (plication) can improve respira-
tory function in patients with phrenic nerve injury. Patients who 
do not recover from compression neuropathies would be consid-
ered for tendon transfers or other surgical strategies. These proce-
dures are not part of the PICU care.

The most important role of the PICU physician is to reduce the 
risk of compression neuropathies. Education of PICU staff on the 
importance of patient positioning and embracing a philosophy of 
early mobilization of critically ill patients will reduce the risk of 
compression neuropathies. Most patients will ultimately recover 
functional strength in the affected region of compression neuropa-
thies. Loss of muscle bulk is not always regained. Phrenic nerve 
injury, especially surgical transaction of the phrenic nerve, typi-
cally does not recover spontaneously, but plication of the dia-
phragm is associated with improvement in respiratory function.

Pediatric Intensive Care Unit –Related Disorders of the 
Neuromuscular Junction

Approximately 20% of patients will develop limb and occasionally 
ocular weakness if treated for more than 6 days with neuromuscu-
lar blocking agents [97]. Neonates treated for several weeks with 
neuromuscular blockage developed muscle atrophy and fi xed 
muscle contractures [98]. Prolonged paralysis following neuromus-
cular blockade has also been reported in children [99].

The metabolism of nondepolarizing neuromuscular blocking 
agents varies depending on the agent used. Vecuronium is metabo-
lized by the liver and is primarily eliminated in bile, with only 
10%–25% of the drug undergoing renal excretion [100]. Pan-
curonium and tubocurarine are predominantly excreted by the 
kidney. Reduced hepatic metabolism of neuromuscular blocking 
agents has been well documented in patients with liver failure, 
sepsis, and critical illness [97,101], leading to impaired neuromus-
cular junction transmission that far exceeds the normal duration 
of pharmacologic blockade. Markedly elevated serum levels of 
vecuronium and its metabolite 3-desacetylvecuronium have been 
documented in a patient with profound muscle paralysis and 
hepatic dysfunction more than 14 days following cessation of 
vecuronium therapy [101].

Autopsy studies of adults exposed to prolonged neuromuscular 
blockade who subsequently succumbed from their underlying 

illness demonstrated upregulation of nicotinic acetylcholine 
receptors at the postsynaptic junction [102]. These fi ndings 
are similar to the response of the postsynaptic region of muscle 
to denervation and suggest that pharmacologically mediated 
neuromuscular blockade may have similar pathobiology to that of 
polyneuropathy.

In addition to neuromuscular blocking agents, exposures to ami-
noglycoside antibiotics, acidosis, and hypermagnesemia have also 
been found to impair neuromuscular transmission [103]. Treat-
ment with aminoglycoside antibiotics has been shown to reduce 
presynaptic release of acetylcholine. Aminoglycoside antibiotic 
therapy alone rarely reduces neuromuscular transmission suffi -
ciently to lead to clinical muscle weakness but may contribute to 
prolonged weakness in children exposed to depolarizing or nonde-
polarizing agents.

A history of exposure to medications that impair neuromuscular 
transmission in a patient with acquired muscle weakness should 
prompt an evaluation to exclude persistent neuromuscular block-
ade. Bedside examination using the “train of four” repetitive stim-
ulation test can be used to determine whether neuromuscular 
transmission is impaired [103]. Supportive therapy is required until 
the putative pharmacologic agent is metabolized. If the child is 
receiving medications, such as aminoglycoside antibiotics, that 
impair neuromuscular transmission, use of alternative therapies 
should be considered if possible.

In children for whom muscle weakness is solely on the basis of 
neuromuscular blockade, full recovery of muscle strength is 
expected. Prolonged exposure to neuromuscular blocking agents 
increases the risk of disuse atrophy and muscle contractures and 
has been implicated as a risk factor for acute quadriplegic myopa-
thy (discussed below).

Pediatric Intensive Care Unit–Related Disorders of Muscle

The development of muscle weakness is a well-recognized, serious 
sequela of critical illness in adults [104–107] and more rarely in 
critically ill children [95]. In adults with sepsis and multiorgan 
failure, the incidence of muscle weakness often manifesting as 
failure to wean from mechanical ventilation approaches 70% [108]. 
In a prospective study of patients with status asthmaticus requiring 
mechanical ventilation, high-dose corticosteroids, and neuromus-
cular blockade, 76% were documented to have elevated serum CK 
levels, and 36% developed muscle weakness of a severity that neces-
sitated prolonged ventilatory support [109].

Several forms of critical illness–associated muscle weakness 
have been described: critical illness myopathy (CIM) or acute quad-
riplegic myopathy (AQM), necrotizing myopathy, and critical 
illness polyneuropathy (CIP). Persistence of neuromuscular block-
ade was discussed earlier. In a prospective study performed in the 
PICU at our institution, 14 of 830 children (1.7%) developed muscle 
weakness [95]. Muscle biopsies specimens from three children con-
fi rmed AQM. Eight of the 14 children (50%) had received solid 
organ or bone marrow transplantation, suggesting that this sub-
group of the PICU population may be at particular risk for PICU-
acquired muscle weakness.

Multiorgan failure, organ transplantation, status asthmaticus, 
sepsis, and prolonged exposure to neuromuscular blocking agents 
or corticosteroids are putative risk factors for the development of 
muscle weakness [104,105,110–114]. Prolonged immobility alone 
likely contributes signifi cantly to muscle weakness [115]. Antigrav-
ity muscle movements are important signals for muscle growth and 
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for maintenance of muscle health, as evidenced by the negative 
effects of space travel on muscle integrity [116,117].

Critical illness is associated with profound catabolic stress, 
immobilization, and elevated circulating levels of proinfl amma-
tory and antiinfl ammatory cytokines [118]. Breakdown of muscle 
proteins provides amino acids essential for hepatic gluconeogene-
sis and for oxidation directly for cellular energy [119]. Muscle 
proteolysis is increased in critical illness, mediated through 
the ubiquitin-proteasomal, calcium-dependent calpain and the 
ATP-independent, lysosomal cathepsin B pathways [119,120]. 
The availability of myofi brillar proteins for degradation to amino 
acids is controlled in part through the activity of m-calpain, a 
calcium-dependent protease situated at the z-disc of skeletal 
muscle that functions to release myosin thick fi laments from the 
sarcomere [121]. Myosin thick fi lament loss is prominent in 
atrophic fi bers in AQM. Electrophoretic studies of muscle from 
patients with AQM reveal a markedly reduced ration of myosin 
relative to actin [122]. Activation of the transforming growth factor 
(TGF)-β/MAPK pathway has been recently demonstrated, impli-
cating proapoptotic mechanisms in the etiology of AQM [123]. The 
presence of DNA fragmentation and abnormalities of nuclear mor-
phology in atrophic fi bers further supports a role for apoptosis in 
AQM [124].

The presence of one or more of muscle weakness, loss of muscle 
bulk, reduced or absent tendon refl exes, elevated serum CK values, 
or failure to wean from mechanical ventilation should prompt con-
sideration of critical illness–acquired muscle weakness. Labora-
tory investigations should include serum CK; and electrolyte 
imbalance, profound hypothyroidism, or marked defi ciency of car-
nitine should be excluded. With the exception of necrotizing myop-
athy, serum CK values are normal or reduced in most patients with 
critical illness–associated weakness.

Electromyographic studies are helpful in distinguishing CIP 
from CIM/AQM. In patients with CIM or AQM, nerve conduction 
velocities of motor and sensory nerves are normal, but needle 
examination reveals small-amplitude motor unit potentials and 
fi brillations [114]. In patients with severe weakness, muscle may be 
electrically inexcitable [125]. Electromyographic studies in patients 
with CIP demonstrate slowing of motor and/or sensory nerve con-
duction [126].

Clinical and electrodiagnostic studies are often suffi cient for the 
diagnosis of critical illness–acquired muscle weakness. However, 
confi rmation of the diagnosis is aided by pathologic study of 
muscle. Muscle biopsy tissue features of AQM include muscle fi ber 
atrophy and basophilia, selective loss of myosin thick fi laments in 
atrophic fi bers, and increased immunoreactivity of affected fi bers 
for proteolytic enzymes [111,127–129]. Muscle fi ber necrosis is rare 
in AQM but is the pathologic hallmark of toxic/necrotizing myopa-
thy [130]. Biopsy fi ndings of atrophy of type I and type II fi bers are 
characteristic of CIP, although recent electron microscopy studies 
have shown myosin thick fi lament loss even in patients in whom 
the clinical phenotype and routine histochemistry studies in 
muscle suggest CIP [131].

Various strategies have been proposed to reduce the incidence of 
muscle weakness during critical illness. Passive stretching [132], 
electrical stimulation [133], and early mobilization [118] have all 
been advocated. These strategies can be implemented at the bedside 
and in most patients can be initiated almost immediately after 
admission to the PICU. Hemodynamic instability and placement of 
indwelling catheters are limitation in many PICU patients but often 
do not preclude passive range of motion exercises.

Protein hyperalimentation was shown to reduce myofi brillar 
proteolysis [134]. Provision of protein nutrition as a means to 
reduce catabolism of muscle proteins is biologically plausible [135], 
and it has been shown that malnutrition leads to increased 
fatigability and impaired muscle contractility [136]. However, 
aggressive nutritional support does not prevent protein loss in 
critically ill adults [137,138], suggesting that provision of amino 
acids through the gut may not be suffi cient to reduce mobilization 
of myofi brillar proteins during catabolic crises. Further study of 
nutritional intervention in critical illness is required [139]. Future 
therapeutic strategies may include interruption of the proteolytic 
and proapoptotic components of the MAPK cascade implicated in 
AQM [123].

Appropriate diagnosis of acquired muscle weakness is of the 
utmost importance to avoid falsely attributing lack of purposeful 
limb movement to impairment of the central nervous system. In a 
series of comatose adults with quadriparesis caused by AQM rather 
than to brain injury, six of seven patients recovered fully despite 
the fatal outcome predicted by their attending physicians [104]. 
Critical illness–associated muscle weakness is associated with sig-
nifi cant morbidity both during the acute illness and in the months 
that follow [118]. Reduced exercise tolerance has been documented 
up to 2 years after lung transplantation [140,141] and up to 12 
months after acute respiratory distress syndrome [142]. Ultimately, 
many patients, even those with profound weakness, can recover 
fully. This point must be recognized by the PICU staff involved in 
the counseling of families of critically ill children.

Conclusion

Multiorgan failure in critical illness can include muscle and nerve, 
and more research is needed to reduce neuromuscular complica-
tions of critical illness. Strategies might include nutritional support 
and specifi cally designed physiotherapy techniques. Future inter-
ventions may utilize medications that can impede the pathobio-
logic cascade leading to loss of muscle proteins, reduce the release 
of harmful cytokines, or decrease oxidative stress. Patient care 
strategies to avoid preventable complications of critical illness, 
such as compression neuropathies, should be optimized in all 
intensive care units.
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management, 67
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