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Despite major advances in perinatal care, hypoxic-ischemic and hemorrhagic
brain injuries are important causes of mortality and long-term neurological mor-
bidity. Often, hypoxic-ischemic and hemorrhagic injury, in both premature and
term newborns occur concomitantly, share many pathophysiological and etio-
logical factors and have similar clinical features.

This chapter reviews the clinical aspects of neonatal hypoxic-ischemic and
hemorrhagic brain injury and the current concepts of pathophysiology and neu-
ropathology that have major clinical relevance.

HYPOXIC-ISCHEMIC BRAIN INJURY

A diagnosis of hypoxic-ischemic brain injury should be made cautiously, and
only after detailed review of pregnancy, labor and delivery, other maternal
risk factors, and family history. Epidemiological data demonstrates the impor-
tance of antepartum factors, often disregarded in earlier literature, in the gen-
esis of chronic neurological disabilities in children. Only 12-20% of children
with cerebral palsy and 10% of those with mental retardation relate directly to
intrapartum hypoxic-ischemic insult (Nelson, 2003). Nevertheless, in absolute
numbers, intrapartum injury still represents a significant cause of neurological
morbidity and mortality.

The accurate diagnosis of antenatal hypoxic-ischemic brain injury may be
problematic because infants who sustain injury earlier in gestation may be
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asymptomatic or exhibit few clinical abnormalities in the newborn period.
In contrast, term newborns who sustain acute intrapartum hypoxic-ischemic
insult of sufficient severity to result in long-term neurological sequelae are
invariably encephalopathic during the newborn period. However, in some
instances, such as newborns requiring sedation or complex life-support mea-
sures, the clinical features of the encephalopathy may be difficult to recognize.
Another complicating issue is that the features of newborn encephalopathy are
nonspecific and similar clinical features may be observable in the context of
other brain insults, e.g. hemorrhage, infection, or metabolic. Thus, the impor-
tance of seeking evidence documenting the occurrence of a hypoxic-ischemic
insult, e.g. prolonged fetal bradycardia or other abnormalities of fetal heart
rate monitoring, low Apgar scores, low fetal scalp or cord pH, and require-
ment for prolonged resuscitation (Perlman, 1999). However, these clinical
indicators of a prior hypoxic-ischemic insult do not necessarily predict brain
injury or other adverse long-term outcomes.

Pathophysiology

Neonatal hypoxic-ischemic brain injury is associated with alterations in cerebral
perfusion and cerebrovascular autoregulation as well as a cascade of metabolic
derangements, e.g. decreased glucose substrates, lactic acidosis, accumulation
of free radicals and toxic excitatory amino acids. Detailed discussion of these
cellular and molecular mechanisms is outside the scope of this chapter.

The topography of hypoxic-ischemic cerebral injury is determined in large
part by the stage of brain maturation at the time of insult and the severity and
duration of injury. The maturity of the brain is a major determinant of the loca-
tion of watershed zones of perfusion and of increased vulnerability of specific
neuronal populations, e.g. neurons in brainstem nuclei, thalami and basal gan-
glia, which have a high metabolic rate in the newborn brain. For example, peri-
ventricular leukomalacia, a characteristic pattern of hypoxic-ischemic brain
injury in the premature newborn, is determined principally by the location of
vascular border zones of arterial perfusion in periventricular white matter and
by selective vulnerability of oligodendrocyte precursors to hypoxic-ischemia
(Volpe, 2001).

Experimental animal studies involving fetal primates have identified two
major topographic patterns of injury that correlate with the temporal profile and
severity of the intrapartum hypoxic-ischemic insult (Myers, 1975). Following
‘acute total’ hypoxia-ischemia of approximately 10-15 minutes duration,
lesions were observed predominantly in brainstem nuclei and deep central gray
matter structures, especially in the ventrolateral thalami and basal ganglia (puta-
men) with relative sparing of cortex and subcortical white matter. In contrast,
the injury following less severe but prolonged asphyxia, occurring continuously
or intermittently for longer than one hour, involves predominantly the cortex
and subcortical white matter with relative preservation of central structures. In
many instances, aspects of both types of injury occur with a predominance of
one or the other type. Similar patterns of injury occur in the human term new-
born (Roland et al., 1998; Pasternak and Gorey, 1998). However in the human
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newborn, an ‘acute, total’ insult (as was produced in the animal models) rarely,
if ever, occurs, the closest approximation being cord prolapse, uterine rupture,
massive placental abruption etc. In such instances, the insult should be more
accurately termed as ‘acute, near-total.’

Hypoxic-Ischemic Injury to Organs Other than Brain

Hypoxic-ischemic involvement of other organs, e.g. kidney, liver, heart, gas-
trointestinal system, provide supportive evidence of the occurrence of signifi-
cant hypoxic-ischemia. However, it is difficult to establish the precise frequency
of other organ involvement. Published studies vary widely in their definitions
of asphyxia and in the criteria used to identify significant organ dysfunction
(Martin-Ancel et al., 1995; Shah et al., 2004). In addition to the direct effects of
hypoxic-ischemic injury, the redistribution of the fetal circulation that follows
hypoxia-ischemia increases perfusion to vital organs (e.g. brain, heart, adrenal
glands) and relatively decreases perfusion to other organs (diving reflex) exac-
erbating their injury.

In some instances, no evidence of systemic injury exists. This may occur fol-
lowing severe, acute, near-total asphyxia with abrupt and complete cessation of
blood flow to the fetus. The redistribution of fetal circulation associated with the
diving reflex may not occur and the brain may be the first organ to be injured
(Jensen et al., 1999). Thus, several reports exist of newborns with hypoxic-
ischemic encephalopathy (HIE) without significant multisystem involvement
(Pasternak and Gorey, 1998; Phelan et al., 1998).

Clinical Encephalopathy

The occurrence of a clinically recognizable encephalopathy during the first days
of life, preceded by evidence of intrapartum hypoxic-ischemic insult, is a sine
qua non for the diagnosis of intrapartum hypoxic-ischemic encephalopathy
(HIE). In premature newborns, the clinical features may be more difficult to
recognize and best interpreted in the context of the gestational age of the infant
(Volpe, 2005). Infants in whom intensive care procedures obscure the clinical
features of encephalopathy are exceptions.

Although the onset of encephalopathy following hypoxic-ischemic insult
ranges from 1-90 hours (Ahn et al., 1998), features of encephalopathy, such
as seizures, usually occur during the first 24 hours. However, the diagnosis of
neonatal seizures may be problematic (see Ch. 2). The clinical features may
be subtle, e.g. limited to repetitive mouthing movements or eye deviation. In
addition, clinical manifestations and electroencephalographic seizure activity
on EEG may correlate poorly (Volpe, 2001).

Despite the wide spectrum of severity, HIE is often quantified for prognostic
purposes as mild, moderate or severe (Miller et al., 2004; Robertson and Finer,
1993; Sarnat and Sarnat, 1976). Clinical features that distinguish between dif-
ferent grades of severity include level of consciousness, seizures, brainstem dys-
function including swallowing and feeding, and muscle tone (Table 4-1).
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TABLE 4-1 Classification of severity of hypoxic-ischemic encephalopathy

Clinical features Severity of encephalopathy
Mild Moderate Severe
Level of consciousness Irritability Drowsiness, Coma
lethargy
Seizures Absent Variable Present
Tone Normal or increased Hypotonia Severe hypotonia
Tendon reflexes Increased Variable Decreased or
absent
Primitive reflexes, e.g. Moro Exaggerated Decreased Absent
Brainstem dysfunction Absent Variable Present
including abnormal
bulbar function
Intracranial pressure Normal Normal Sometimes
(anterior fontanelle elevated
pressure)
Outcome Normal Variable Poor

Modified from Sarnat HB, Sarnat MS. Neonatal encephalopathy following fetal distress. Arch Neurol 1976;33:
696-705.

Severe Hypoxic Ischemic Encephalopathy

The term newborn generally has a predictable progression of abnormalities.
Initial lethargy is often associated with preserved spontaneous respiratory
function. After several hours, increased muscle tone and seizures are evident,
followed by worsening hypotonia and unresponsiveness. The latter may be
refractory to anticonvulsant therapy. In addition, signs of brainstem dysfunc-
tion occur (apnea, impaired eye movements, and bulbar dysfunction), which
may culminate in respiratory arrest and death by 72 hours of age. Clinical evi-
dence of cerebral edema, which may occur following a severe, prolonged-partial
insult, often develops over the first 72 hours. Such edema implies extensive tis-
sue necrosis. The use of anti-edema agents may decrease intracranial pressure,
but does not improve outcome when cerebral perfusion is already maintained
(Lupton et al., 1988). Cerebral edema, which may develop because of inap-
propriate secretion of antidiuretic hormone, requires careful monitoring of fluid
balance.

Specific patterns of motor dysfunction that correlate with the topography of
brain lesions are recognizable. For example, following injury to parasagittal
watershed zones, hypotonia and weakness involve predominantly the shoulder
girdle musculature. Infants with focal infarction may have unilateral weakness
and premature newborns with injury to periventricular white matter often have
abnormal tone affecting predominantly the legs. However, such patterns of
motor abnormalities are often subtle and difficult to identify in the newborn
infant.
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Approximately 3 or 4 days following the original injury, seizures often abate,
and the overall neurological status stabilizes. Improved alertness, hypotonia, and
bulbar function may occur. However, following acute, near total HIE, brainstem
dysfunction, e.g. facial diplegia, impaired sucking and swallowing, persist.

Topographical Patterns of Hypoxic-Ischemic Brain Injury

The various neuropathological patterns of neonatal hypoxic-ischemic injury are
determined principally by the gestational age (maturity), the condition of the infant
(e.g. small for gestational age, associated hypoglycemia) and the severity and dura-
tion of the hypoxic-ischemic insult (Table 4-2). The concomitant occurrence of other
common adverse events, e.g. hypoglycemia, infection, and hemorrhage (discussed
later) further complicates the relationship between the antecedent hypoxic-ischemic
event and the subsequent brain injury. The patterns of injury differ significantly
between term and premature newborns, and discussed separately.

Term Newborn

Cortical/Subcortical White Matter Injury (Including Parasagittal and
Global Injury)

e Pathogenesis. Studies in experimental animals show a pattern of cortical
and subcortical white matter injury occurs following approximately 60
minutes of partial hypoxic-ischemia. The insult may be continuous or inter-
mittent. At the more severe end of the spectrum, extensive injury occurs

TABLE 4-2 Patterns of hypoxic-ischemic cerebral injury: correlation with
gestational age and type of insult

Type of hypoxic-ischemic

Gestational age  insult Pattern of injury
Premature Variable Periventricular leukomalacia
Variable Periventricular hemorrhagic infarction
Acute, near-total Thalami > basal ganglia (putamen)
Term Prolonged, partial Cortex and subcortical white matter
Parasagittal (watershed)
Ulegyria (watershed)
Global or diffuse
Acute, near-total Basal ganglia (esp. putamen) >

thalami, brainstem nuclei
+ hippocampi
+ perirolandic cortex
+ white matter
Combined prolonged, Combined pattern — unclassifiable
partial and acute, near-total Global or diffuse
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to hemispheric structures with relative sparing of central gray matter, e.g.
thalami, basal ganglia, brainstem. The most severe partial hypoxic-isch-
emic episode produces a global pattern of injury in which the entire brain is
involved. Injuries following less severe partial hypoxic-ischemic episodes
with a relatively minor reduction of overall cerebral perfusion, involve only
the parasagittal cortex and subcortical white matter. These are the water-
shed zones of perfusion located between the territories supplied by the
anterior, middle, and posterior cerebral arteries. Injury is usually bilateral,
symmetrical, and more marked posteriorly.

¢ Diagnosis. Cerebral edema indicative of tissue necrosis is recognizable as
increased echoes on cranial ultrasonography (US) or as low attenuation and
decreased gray-white matter differentiation on computerized tomography
(CT). Maximal edema occurs approximately 3 days following the hypoxic-
ischemic event. However, the precise time of recognition of the decreased
CT attenuation relates also to the severity of the injury. Magnetic reso-
nance tomography (MRI) demonstrates these patterns of injury in greater
detail (Fig. 4-1A,B). In the term newborn, conventional MRI (especially
T2-weighted images) performed 8—10 days after the event most accurately
demonstrates the extent of injury (Barnes, 2001). Diffusion-weighted MRI
and magnetic resonance spectroscopy are more sensitive than conventional
MRI for detection of injury in the early days of life. However, the results

A B

FIGURE 4-1 Axial T, weighted (A), and apparent diffusion coefficient (B) MR images of
diffuse cortical, subcortical and central hypoxic-ischemic injury. Note loss of cortical ribbon
on T, weighted MRI, which corresponds to region of restricted diffusion (arrows).
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may be falsely negative or the magnitude of the lesions underestimated
in scans obtained before 24 hours of age (Barkovich et al., 2001). The
maximal decrease in diffusion coefficients are between 1-3 days following
injury. After an acute injury, proton magnetic resonance imaging demon-
strates a lactate peak in the first 24 hours followed by subsequent reduction
in N-acetyl aspartate levels (Barkovich et al., 1999).

¢ (Clinical features. Decreased level of consciousness, seizures, and hypo-
tonia are the major clinical features of cortical injury. More restricted
parasagittal injuries have hypotonia and weakness confined to the shoul-
der girdle musculature. These may be subtle and difficult to recognize.
Seizures may be difficult to control during the first days of life. In severe
cases, cerebral edema may be detectable clinically with bulging of the
anterior fontanelle that appears maximal approximately 3 days after the
insult. The condition of infants who survive beyond the first week sta-
bilizes, but improvement may be limited. Long-term sequelae include
cognitive impairment, cerebral palsy, and epilepsy. Specific deficits of
language and visual-spatial perception may be a consequence of more
posterior parasagittal injury (Erdogan, 2001).

Central Injury (Thalami, Basal Ganglia and Brainstem)

e Pathogenesis. As with cortical/subcortical white matter injury, initial
documentation of the central injury pattern was in an experimental fetal
primate model following acute, total asphyxia lasting approximately 10—
20 minutes. In human newborns, this type of injury follows ‘near-total’
hypoxia-ischemia, and somewhat more prolonged episodes may be neces-
sary to cause irreversible injury than was observed in the experimental ani-
mal studies. An important pathogenic factor is the high metabolic activity
in the central gray matter structures of the newborn brain (e.g. extensive
glutamatergic innervation of the basal ganglia) (Johnston et al., 2001). In
addition, the areas of central injury are the watershed zones of the vertebro-
basilar circulation in the fetal brainstem (Sarnat, 2004). At the more severe
end of the spectrum of the acute, near-total insult, injury to hippocampi,
perirolandic cortex and cerebellar vermis may occur (Sargent et al., 2004)
(Figs 4-2A,B,0).

¢ Diagnosis. Although cranial ultrasonography may demonstrate increased
echogenicity in deep, central structures, CT and especially MRI are superior
for identification of injury to thalami and basal ganglia. MRI is required for
recognition of injury to hippocampi, perirolandic cortex and cerebellum (Figs
4-3A,B,C). Documentation of brainstem injury remains difficult with all
modalities, including conventional MRI (Sie et al., 2000 Miller et al., 2004).

e (Clinical features. The hallmark of central injury is prominent and per-
sistent brainstem dysfunction, e.g. requirement for prolonged ventilatory
support, facial diplegia, gaze abnormalities, severely impaired sucking and
swallowing and occasionally tongue fasciculations. The long-term sequelae
generally include a mixed spastic and extrapyramidal cerebral palsy and
persistent feeding difficulties that may lead to recurrent aspiration and
require a gastrostomy feeding tube (Roland et al., 1998). The extrapyrami-
dal component of the cerebral palsy may become evident only after several
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years. Seizures may occur because of concomitant, albeit less severe corti-
cal injury. Usually, head growth is relatively preserved, and few children
develop microcephaly (Mercuri et al., 2000).

Premature Infant

Premature newborns are at high risk for both hypoxic-ischemic and hem-
orrhagic brain injury, given the cardiorespiratory problems associated with

FIGURE 4-2 Axial T, (A) and T, (B) weighted, and apparent diffusion coefficient (C) MR
images of central pattern of injury. Note bilateral involvement of ventrolateral nuclei of thal-
ami and lentiform nuclei (arrows).

A B C

FIGURE 4-3 Axial T, (A, B), and coronal T, (C) weighted MR images of a central pattern
of injury, following an acute near-total hypoxic-ischemic insult. Note T, shortening in thal-
ami, basal ganglia and depths of sulci as well as bilateral hippocampal involvement (arrow
showing lesion in left hippocampus).
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prematurity, e.g. respiratory distress syndrome and pneumothorax, patent duc-
tus arteriosus and apnea. In addition, premature newborns experience fluc-
tuations in systemic blood pressure, often associated with routine caretaking
maneuvers, which, in turn, result in a decrease of cerebral perfusion because
of the pressure-passive cerebral circulation and impaired cerebrovascular
autoregulation in the sick premature newborn. Clearly, with impaired cere-
brovascular autoregulation, increases in systemic blood pressure and cere-
bral blood flow may result in rupture of the fragile vessels of the germinal
matrix and hemorrhagic injury, whereas systemic hypotension may result in
decreased cerebral perfusion and hypoxic-ischemic injury. Studies in preterm
lambs have demonstrated that early in the process of maturation of cerebrovas-
cular autoregulation, the range of blood pressures over which cerebral blood
flow remains constant is narrow and even normal blood pressures are near the
limits of the autoregulatory curve. Consequently, even healthy, stable prema-
ture infants with intact cerebrovascular autoregulation may be vulnerable to
fluctuations in systemic blood pressure.

Periventricular Leukomalacia

e Pathogenesis. In premature newborns, hypoxic-ischemic injury has a
predilection for the periventricular white matter, a border zone of arterial
perfusion located between the ventriculofugal choroidal arteries and the
ventriculopedal penetrating branches of the anterior, middle, and posterior
cerebral arteries. The most vulnerable locations for such injury include
the posterior white matter at the trigones of the lateral ventricles and the
anterior white matter around the foramen of Monro and at the angles of
the anterior horns of the lateral ventricles. The rich interarterial anasto-
moses of terminal branches of the anterior, middle, and posterior cerebral
arteries in the premature brain relatively spares the cortex. However, more
recently, neuropathological and volumetric MRI studies demonstrate a vol-
ume reduction of the cortex in association with periventricular leukomala-
cia (Inder et al., 1999; Pierson et al., 2003; Volpe, 2005).

Beyond the vascular anatomical factors, an intrinsic vulnerability of dif-
ferentiating oligodendrocytes to necrosis and subsequent apoptosis increases
the vulnerability of the immature brain to diffuse white matter injury (Back
et al., 2002). Experimental animal studies and human placental pathology
indicate that inflammatory mediators (endotoxins and cytokines) may have
a pathogenic role, although the precise mechanisms by which this occurs is
not understood fully (Kadhim et al., 2003; Yoon et al., 2003).

e Diagnosis. Serial cranial ultrasound scans may identify severe periventric-
ular leukomalacia based on increased, albeit transitory, echoes in periven-
tricular white matter usually followed, after approximately 3—6 weeks, by
cystic degeneration. After 2-3 months, collapse of the cysts and atrophy of
white matter become apparent with compensatory ventriculomegaly. These
produce a characteristic irregular appearance with scalloping of the ven-
tricular walls. In some instances, the early increased echogenicity resolves
without subsequent cyst formation.

Despite mounting evidence that diffusion-weighted MRI may identify
periventricular leukomalacia (PVL) in the early days of life (Counsell et al.,



78 Neonatal Neurology

2003), the role of CT and MRI for the early diagnosis of periventricular leu-
komalacia has not been defined in detail. However, MRI may demonstrate
small foci of white matter abnormalities not visualized by ultrasonography
(Miller et al., 2002, 2003).

The late stages of PVL may appear on cranial ultrasonography as ven-
triculomegaly with irregular outline of the ventricular walls (hydrocephalus
ex vacuo). On CT, deep sulci may be observed, which, in severe cases abut
almost directly on to the ventricular walls due to loss of the interposed white
matter. However, MRI is now considered the imaging technique of choice
for detection of late PVL in that it has the capability to demonstrate more
extensive and diffuse signal changes in white matter that are not detected
by ultrasonography or CT (Ment et al., 2002) (Figs 4-4A,B,C,D).

FIGURE 44 Axial T, (A) and T, (B) weighted, FLAIR (C), and coronal T, (D) MR images of
endstage periventricular leukomalacia. Note ventriculomegaly with irregular ventricular border,
loss of periventricular white matter and depths of sulci abutting the ventricular margin (arrow).
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¢ (Clinical features. During the newborn period, PVL may be associated with
subtle abnormalities of tone and power in the legs. However, the recog-
nition of such abnormalities may be difficult in the presence of complex
life-support apparatus and other confounding types of injury, e.g. intraven-
tricular hemorrhage. Spastic diplegia is the long-term sequelae of PVL. In
more severe cases, spastic quadriplegia occurs with the legs more severely
involved that the arms. This pattern of motor abnormality reflects the ana-
tomical organization of motor fibers, where fibers subserving lower limb
function descend most medially and are closest in proximity to the most
common and severe regions of injury. Injury to the optic radiations results
in visual impairment. Behavioral disturbances and intellectual deficits are
associated with more diffuse or scattered foci of white matter injury (Volpe,
2005). Epilepsy occurs in almost half of patients with cerebral palsy and
PVL diagnosed on MRI (Gurses and Gross, 1999). The white matter lesions
interfere with the migration of subplate neurons from their origin in the
subplate marginal zone to the cortex. This in turn, results in aberrant corti-
cal synaptic connections, which may also contribute to the high incidence
of associated cognitive and behavioral dysfunction (Volpe, 2005).

Periventricular Hemorrhagic Infarction

e Pathogenesis. Periventricular hemorrhagic infarction is unilateral or strik-
ingly asymmetric hemorrhagic necrosis in the periventricular white matter
located just dorsal and lateral to the external angles of the lateral ventri-
cles. Although approximately 80% of cases are associated with large ger-
minal matrix-intraventricular hemorrhage (GMH-IVH), PHI is not simply
an ‘extension’ of the GMH-IVH, but rather represents a venous infarction
resulting from obstruction of blood flow in the terminal vein by a large, ipsi-
lateral germinal matrix hemorrhage (Counsell et al., 1999; de Vries et al.,
2001). The incidence of periventricular hemorrhagic infarction correlates
closely with gestational age, i.e. approximately one third occurs in infants
of birth weight <700 g. Clearly, because the GMH plays such a major role
in the pathogenesis of periventricular hemorrhagic infarction, the major
risk factors identified for GMH-IVH are also relevant for periventricular
hemorrhagic infarction (Gleissner et al., 2000; Linder et al., 2003). The uni-
lateral lesion is distinguishable from periventricular leukomalacia, which
represents arterial infarction and is typically bilateral. However, in many
instances, both types of injury occur together and play a contributory role
in the severity of neurological sequelae.

e Diagnosis. Visualization of periventricular hemorrhagic infarction is by
cranial US, CT or MRI. Its appearance is a unilateral or asymmetric wedge-
or fan-shaped hemorrhagic lesion in the periventricular white matter associ-
ated with large ipsilateral GMH-IVH (Counsell et al., 1999; de Vries et al.,
2001) (Fig. 4-5).

¢ (Clinical features. Clinical features include hemiparesis with more marked
involvement of the legs, in contrast to the pattern of weakness following
middle cerebral artery infarction that affects predominantly the arms. MRI
evidence of direct injury or subsequent asymmetrical myelination of the
posterior limb of the internal capsule at term predicts subsequent hemiplegia
(de Vries et al., 2001). Cognitive impairment and epilepsy are a consequence
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FIGURE 4-5 Cranial ultrasound (coronal view) of a right periventricular hemorrhagic
infarction (arrow) and asymmetric intraventricular hemorrhage.

of concomitant cortical injury. Given that this lesion is usually associated
with severe germinal matrix-intraventricular hemorrhage, affected infants are
also at risk for the development of post-hemorrhagic hydrocephalus.

Management of hypoxic-ischemic encephalopathy

In most term newborns with acute HIE, the injury occurs primarily during labor
and delivery. Hence, prevention depends on early recognition of maternal risk
factors and close surveillance of the high-risk fetus during pregnancy, labor, and
delivery. This topic falls primarily within the realm of obstetrics. Similarly, the
management of dysfunction of systemic organs, albeit important, falls outside
the scope of this chapter, which is limited to a discussion of the management of
hypoxic-ischemic brain injury.

Maintenance of Adequate Ventilation and Perfusion

Although the principal hypoxic-ischemic insult often occurs before delivery,
aggressive resuscitation and ongoing cardiorespiratory support are essential for
the prevention of ongoing, hypoxic-ischemic injury. The practice of ventila-
tion with oxygen, a routine part of acute resuscitation, is undergoing review.
Concerns for the potential toxicity of oxygen include acute lung injury, broncho-
pulmonary dysplasia, and retinopathy of prematurity (Niermeyer et al., 2004).
Furthermore, recent data suggest that the severity of newborn encephalopathy
following resuscitation with room air may be no worse than that seen after
resuscitation with 100% oxygen. This may reflect a reduction in the formation
of oxygen free radicals when room air is used (Vento et al., 2002). However, sig-
nificant changes in routine resuscitation procedures require long-term outcome
comparison studies (Saugstad et al., 2003, 2004).

The presence of impaired cerebrovascular autoregulation in premature new-
borns and in critically ill term newborns, adds urgency to the rapid restora-
tion of adequate cardiac output and the maintenance of normal systemic blood
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pressure. On the other hand, it is equally important to avoid systemic hyperten-
sion, which may increase the risk for intracranial hemorrhage. These aspects
are especially important in premature infants in whom fluctuations in blood
pressure (and hence cerebral perfusion) occur postnatally in association with
routine handling, apnea, and patent ductus arteriosus with possible steal from
the cerebral circulation. Another important consideration is the potential risks
associated with hypocapnia or hypercapnia. Hypocapnea is associated with vig-
orous hyperventilation and may reduce cerebral perfusion. Conversely, normal
or moderate hypercapnea may be neuroprotective with preservation of cerebral
blood flow, oxidative phosphorylation, and lower cerebrospinal fluid levels of
glutamate (Vannucci et al., 1995). The effects of newer ventilation techniques
(e.g. high frequency ventilation, nitric oxide) on the cerebral circulation and
injury have not been completely determined.

Maintenance of Metabolic Homeostasis

Several metabolic derangements, which have deleterious effects, may occur in
the context of hypoxic-ischemic encephalopathy. The principal ones are lac-
tic acidosis, hypoglycemia, and other electrolyte disturbances, e.g. hypocal-
cemia, hypomagnesemia, and hyponatremia. Experimental studies show that
hypoglycemia may be associated with a two to three-fold increase in cerebral
blood flow, which, in turn, may lead to increased risk for hemorrhagic injury
(Chui et al., 1998). In addition, a synergistic detrimental relationship may exist
between hypoglycemia and hypoxia-ischemia (Stevenson et al., 2003). Infants
at increased risk for hypoglycemia include infants with reduced hepatic glyco-
gen stores, such as preterm infants or growth-retarded newborns, infants with
impaired glucose metabolism, e.g. infants of diabetic mothers, and infants with
increased glucose consumption, e.g. hypothermia, hyperthermia or infection.

Control of Seizures

Seizures, a major feature of moderate or severe HIE, have several secondary
effects, e.g. impairment of ventilation, increase in blood pressure, reduction of
cerebral glucose and high-energy phosphate substrates, and accumulation of
toxic excitatory amino acids. Evidence from experimental animal studies indi-
cates an additional injurious effect of seizures on hypoxic-ischemic brain injury,
which supports an aggressive approach to the treatment of seizures in the context
of HIE (Wirrell et al., 2001). However, seizures may be refractory to treatment
during the first days despite aggressive use of anticonvulsants. Clearly, follow-
ing the correction of metabolic derangements that may contribute to seizure
activity, such as hypoglycemia and hypocalcemia, treatment with anticonvulsant
medications is required. Efficacy studies of anticonvulsants for treatment of neo-
natal seizures show that phenobarbital and phenytoin are equally effective when
administered intravenously. Seizure control is less than 50% when using either
drug alone, but increases to more than 60% with combined therapy (Painter
et al., 1999, 2001). Fosphenytoin, a phosphorylated prodrug of phenytoin, has
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gained attention because it has fewer cardiovascular and cutaneous side effects.
However, the conversion rate of fosphenytoin to phenytoin in young infants is
uncertain, which necessitates individualization of dosage (Kriel et al., 2001). In
refractory cases, benzodiazepines, e.g. intermittent doses of lorazepam or con-
tinuous midazolam infusion may be helpful.

The optimum duration of maintenance antiepileptic therapy varies from child
to child, balancing the likelihood of seizure recurrence against the potentially
deleterious effects of anticonvulsant drugs. Whenever possible, aim for a brief
duration of treatment. The severity of the neonatal encephalopathy and the
persistence of neurological and EEG abnormalities are important factors that
may assist decisions concerning the duration of treatment.

Control of Brain Swelling

A bulging anterior fontanelle clinically indicates cerebral edema. Neuroimaging
confirms the diagnosis. There is no evidence that antiedema agents (e.g. manni-
tol), improve ultimate neurological outcome when cerebral perfusion is already
adequate.

Neuroprotective Strategies

Recent studies in experimental animals and human newborns have shown a
biphasic pattern of cerebral energy failure following hypoxic-ischemic insult.
The secondary phase of energy failure, which relates in part to mitochondrial
dysfunction, occurs after a latent period of up to 24 hours. This may provide
a window of opportunity for neuroprotective interventions. Although several
interventions currently under investigation show encouraging results in animal
models, (calcium channel blockers, allopurinol, oxypurinol), the most promis-
ing approach involves either whole body or selective head cooling. Thus, trials
in human newborns with neonatal encephalopathy appear to show safety and
dose-related improvements in mortality and long-term morbidity (Gluckman
et al., 2005; Inder et al., 2004; Shankaran et al., 2004). Although the optimal
timing and depth of hypothermia for neuroprotection in human infants are not
established, brief, mild to moderate hypothermia of less than 3 hours’ duration
immediately following the hypoxic-ischemic episode has only modest, inconsis-
tent effects whereas prolonged cooling for up to 72 hours appears to have greater
benefit (Compagnoni et al., 2002). In addition to any direct benefit from cerebral
cooling, this strategy may widen the window of opportunity for neuronal rescue
by other therapeutic interventions (Shankaran, 2002).

GERMINAL MATRIX-INTRAVENTRICULAR HEMORRHAGE

The incidence of germinal matrix-intraventricular hemorrhage, which occurs
principally in premature newborns, has declined in recent decades to less than
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20%. It originates from rupture of fragile vessels in the subependymal germinal
matrix. Serial neuroimaging shows that 50% originate during the first day and
90% occur before the fourth day. The hemorrhage enlarges during the first week
in 20—-40% of cases. The most common complications are posthemorrhagic
hydrocephalus and periventricular hemorrhagic infarction (discussed earlier)
(Sheth, 1998).

Pathogenesis

The pathogenesis of germinal matrix-intraventricular hemorrhage is multifacto-
rial and involves intravascular, vascular, and extravascular factors (Table 4-3)
(Linder et al., 2003; Roland and Hill, 2003). Intravascular factors involve the
regulation of blood flow within the fragile vasculature of the germinal matrix,
platelet-capillary interactions and coagulation disturbances. Vascular factors
include the fragility of vessels in the germinal matrix and extravascular factors
relate to the characteristics of the supporting tissues. In many instances, con-
comitant or antecedent hypoxic-ischemic insult contributes to brain injury.

Acute ventricular enlargement may occur in the context of massive GMH-
IVH. More commonly, progressive ventriculomegaly develops gradually over
several weeks because of impaired cerebrospinal fluid reabsorption secondary
to obliterative arachnoiditis in the posterior fossa, impairment of CSF outflow
at the aqueduct by clot or CSF resorption from blockage of small arachnoid
villi by particulate debris. Often there is a delay in the clinical manifestation of
increased intracranial pressure due to the generous subarachnoid spaces in the
immature brain and the high compliance of the periventricular tissue, especially
in the context of prior hypoxic-ischemic insult.

Intraventricular hemorrhage occurs also in a small percentage of term new-
borns, often in association with hypoxic-ischemic or traumatic injury. The sites
of origin of IVH in term newborns are more variable and include residual ger-
minal matrix, choroid plexus, vascular malformation, or venous infarction of the

TABLE 4-3 Major risk factors for germinal matrix-intraventricular hemorrhage

Pathogenic factors Risk factors

Alterations in cerebral blood flow Immature cerebrovascular autoregulation
Mechanical ventilation
Hypoxic-ischemic insult
Anemia
Hypoglycemia
Increase in cerebral venous pressure Labor
Vaginal delivery
Respiratory distress syndrome
Coagulation disturbances Disseminated intravascular coagulation
Fragility of germinal matrix vessels Hypoxic-ischemic insult
Chorioamnionitis, sepsis
Deficient vascular support of germinal matrix Dehydration, low blood volume
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thalamus. The latter entity often presents later at several days or weeks of age
(Roland et al., 1990).

¢ Diagnosis. Cranial ultrasonography (US) is the neuroimaging modality of
choice for diagnosis of GMH-IVH. US is indicated at least once between 7
and 14 days of age in all infants less than 30 weeks’ gestation and earlier if
there are specific concerns. Subsequent serial scans every 1 to 2 weeks, as
indicated, monitor ventricular size and possible development of posthem-
orrhagic hydrocephalus. Computed tomography or MRI may be required
to differentiate between ischemic and hemorrhagic lesions (Ment et al.,
2002).
Classification of the severity of GMH-IVH on US follows:
Grade 1: Isolated germinal matrix hemorrhage
Grade 2: Intraventricular hemorrhage without ventricular dilatation
Grade 3: Intraventricular hemorrhage with ventricular dilatation
Grade 4: Intraventricular and parenchymal hemorrhage with ventricular
dilatation.
While this grading system has some correlation with prognosis, the prognosis
with ‘Grade 4 GMH-IVH relates more to the location and extent of parenchy-
mal involvement.

Clinical Features

Clinical features alone suggest the diagnosis of GMH-IVH in only half of cases
(Volpe, 2001). The spectrum of severity of clinical abnormalities ranges from
an asymptomatic state through saltatory neurological deterioration over several
days to catastrophic deterioration resulting in coma, apnea, extensor posturing,
and brainstem dysfunction. Associated systemic abnormalities include hypoten-
sion, metabolic acidosis, and bradycardia.

A delay in the clinical signs of posthemorrhagic hydrocephalus, e.g. exces-
sively rapid head growth, bulging anterior fontanelle, and suture diastasis, may
be days or weeks after serial ultrasound scans indicate the onset of progressive
ventricular dilation.

Management

The optimal management strategy for prevention of GMH-IVH is by prevention
of premature labor and delivery. However, even temporary delay of premature
delivery for several days may permit the administration of antenatal cortico-
steroids. Corticosteroids induce the maturation of fetal lungs, thereby reduc-
ing postnatal respiratory distress syndrome and cardiorespiratory disturbances
that contribute to GMH-IVH, and the maturation of fragile vessels within the
germinal matrix (Crowley, 2000). As discussed in the earlier section on HIE,
the prevention or correction of hemodynamic disturbances and the mainte-
nance of adequate ventilation may reduce the overall incidence and severity of
GMH-IVH. Although abnormal coagulation may play a role in the causation of
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GMH-IVH, combined data from randomized trials to date have failed to demon-
strate a reduction of severe GMH-IVH or mortality with routine use of volume
expansion, with saline, plasma, albumin, or blood substitutes. Indomethacin,
used for treatment of symptomatic patent ductus arteriosus, may be associated
with lower incidence of severe GMH-IVH without apparent adverse long-term
effects (Fowlie and Davis, 2002).

Progressive ventriculomegaly occurs in approximately 25-35% of infants
with GMH-IVH and may resolve spontaneously (either totally or partially)
usually within four weeks of onset (Fig. 4-6). Recent data suggests that the
natural history of posthemorrhagic hydrocephalus may be evolving such that
a greater percentage, i.e. approximately two-thirds of affected infants, requires
active intervention (Murphy et al., 2002). Complicating the decision concerning
timing of intervention is that the clinical criteria for diagnosing the deleterious

FIGURE 4-6 Composite of four ultrasound scans in coronal section demonstrating ven-
triculomegaly after intraventricular hemorrhage at 3 days of age, with spontaneous resolution
by 2 months of age.
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effects of increased intracranial pressure lack sensitivity and are often delayed
(du Plessis, 1998). Although serial ultrasound scans may identify progressive
dilatation prior to the development of clinical abnormalities, standardized mea-
surements of ventricular size are nonexistent. Useful observations suggestive
of progressive hydrocephalus include rapidly progressively ventriculomegaly,
prominent dilatation of temporal horns of the lateral ventricles, a hyperechoic
outline in periventricular regions and decrease in ventricular size following
removal of cerebrospinal fluid.

No reduction in mortality, severity of neurological sequelae, or requirement
for permanent shunt replacement follows early ‘prophylactic’ interventions
such as cerebrospinal fluid drainage (Whitelaw, 2000) or intraventricular
fibrinolytic therapy (Whitelaw, 2001) prior to the development of progres-
sive ventriculomegaly. Similarly, drug therapy e.g. acetazolamide, furose-
mide, osmotic agents, is neither safe nor effective (Whitelaw et al., 2001).
Temporizing interventions during the first weeks of life prior to permanent
shunt placement include CSF drainage by serial lumbar punctures, external
ventricular drainage, and the use of a subcutaneous ventricular access device
or ventriculosubgaleal shunt. These procedures may be effective if it is techni-
cally feasible to remove sufficient fluid (i.e. 10-15 mL/kg/day for a minimum
of 2-3 weeks). Definitive treatment involves permanent ventricular drainage
by shunt placement into the peritoneal cavity or venous system. The optimal
timing for permanent shunt placement remains controversial. Recent studies
show no correlation between timing of shunt placement and outcome (Resch
et al., 1996; Taylor and Peter, 2001).

The major obstacle to developing a rational strategy for the management of
germinal matrix-intraventricular hemorrhage and posthemorrhagic ventriculo-
megaly is the inability to diagnose precisely the extent and onset of associated
hypoxic-ischemic and other brain injury in the premature newborns in whom
there are multiple concomitant mechanisms of injury.

Outcome

The outcome for premature newborns with GMH-IVH relates to the severity of
the hemorrhage, complications of posthemorrhagic hydrocephalus and periven-
tricular hemorrhagic infarction and concomitant hypoxic-ischemic injury, e.g.
periventricular leukomalacia. The latter appears to be the most critical deter-
minant of outcome. Infants with small GMH-IVH alone often have no major
sequelae whereas the incidence of major sequelae increases to 30-40% follow-
ing severe hemorrhage. The extent and location of parenchymal involvement is
the principal determinant for prediction of outcome. Thus, localized parenchy-
mal involvement confined to frontal, or occipital regions has more favorable
outcome. The risk for major sequelae is also high in infants with posthemor-
rhagic hydrocephalus, especially in those who require a ventriculoperitoneal
shunt. Multicenter studies report a morbidity rate between 20-35% and moder-
ate or severe impairment in 50-75% of survivors (Resch et al., 1996; Hamigan
et al., 1991).
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