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Abstract

Introduction Intraventricular/germinal matrix hemorrhage
affects 7-30% of premature neonates, 25-80% of whom
(depending on the grade of the hemorrhage) will develop
hydrocephalus requiring shunting. Predisposing factors are
low birth weight and gestational age.

Material There is increasing evidence for the role of TGF-
1 in the pathogenesis of hydrocephalus, but attempts to
develop treatment modalities to clear the cerebrospinal fluid
(CSF) from blood degradation products have not succeeded
so far. Ultrasound is a valuable screening tool for high-risk
infants and magnetic resonance imaging is increasingly
utilized to differentiate progressive hydrocephalus from ex
vacuo ventriculomegaly, evaluate periventricular parenchymal
damage, decide on the surgical treatment of hydrocephalus,
and follow up these patients in the long term. Treatment of
increasing ventriculomegaly and intracranial hypertension in
the presence of hemorrhagic CSF can involve a variety of
strategies, all with relative drawbacks, aiming to drain the CSF
while gaining time for it to clear and the neonate to reach term
and become a suitable candidate for shunting. Eventually,
patients with progressive ventriculomegaly causing intracra-
nial hypertension, who have reached term and their CSF has
cleared from blood products, will need shunting.

Conclusion Cognitive long-term outcome is influenced
more by the effect of the initial hemorrhage and other
perinatal events and less by hydrocephalus, provided that
this has been addressed timely in the early postnatal period.

V. Tsitouras -+ S. Sgouros (<))

Department of Neurosurgery, “Mitera” Childrens Hospital,
Erythrou Stavrou 6, Marousi,

151 23 Athens, Greece

e-mail: sgouros@med.uoa.gr

S. Sgouros
University of Athens,
Athens, Greece

Shunting can have many long-term side effects due to
mechanical complications and overdrainage. In particular,
patients with posthemorrhagic hydrocephalus are more
susceptible to multiloculated hydrocephalus and encysted
fourth ventricle, both of which are challenging to treat.
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Introduction

The most common cause of acquired infantile hydrocephalus
is germinal matrix hemorrhage (GMH) [24]. The term
indicates a localized hemorrhage in a temporary brain
structure that affects almost exclusively premature infants.
Two alternative terms are subependymal hemorrhage and
periventricular—intraventricular hemorrhage, providing the
topographic relationship with the ventricular system, beneath
and within it, respectively. Intraventricular extension of a
GMH occurs in 80% of cases [120] and can be observed
primarily or secondarily as extension of the subependymal—
parenchymal hemorrhage. The presence of blood and
degradation products into the ventricles and the subarach-
noid space can lead to ventricular dilatation through a
multifactorial mechanism. The term ventriculomegaly refers
to any abnormal increase of the ventricular size found on
imaging studies. Similar is the definition of posthemorrhagic
ventricular dilatation (PHVD), which describes a clinically
silent dilatation after an intraventricular extension of a GMH.
Posthemorrhagic hydrocephalus (PHH) is a term used to
describe a progressive ventriculomegaly followed by symp-
toms and signs of raised intracranial pressure (ICP) [23].
The significant progress that has been achieved in the
neonatal intensive care field during the last two decades
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raised the survival rates of premature (below 37 weeks of
gestational age [GA]) and low birth weight (BW; below
2,500 g regardless of GA) infants [111]. PHH poses a
serious threat to the neurodevelopmental outcome of the
newborn and the efforts of the multidisciplinary team
approach should focus on that.

Epidemiology

The incidence of GMH has decreased in the past 40 years
[2, 26, 33, 80, 88, 93, 104]. This is becoming clear as an
observation between the same groups of infants-at-risk that
manage to survive. Two major factors influencing survival
are GA and BW. Improved treatment and survival rates,
especially in the lower GA group, are “offering” more
candidates for GMH than earlier [71, 126, 136]. Thus, the
prevalence of GMH remains high [23]. A possible
underestimation bias can be explained by the fact that
many cases of GMH are asymptomatic and their detection
depends on screening and imaging criteria.

In the low GA group, the rate of GMH has decreased
from 40% to 44% in the 1970s to 20% in the 1980s [68],
although an overall incidence of 7-30% is more accurate
today [58, 66]. According to BW, in the very low birth
weight (VLBW) subgroup (<1,500 g), the incidence has
declined from 35% to 50% in the 1980s to 15-30% in the
1990s [58, 81, 119]. Series from institutions around the
world show a wider range of germinal matrix—intraventricular
hemorrhage (GM-IVH) from 20% to 64% in the subgroups of
VLBW and extremely low birth weight (ELBW <700 g)
[48, 51, 65, 99].

Awidely used classification scheme is based on imaging
findings and stratifies the degree of hemorrhage and
subsequent ventricular dilatation [88]:

— Grade I: GMH only (subependymal)

— Grade II: GM-IVH (intraventricular extension without
dilatation)

— Grade III: GM-IVH (intraventricular extension with
dilatation)

— Grade TIV: GM-IVH (intraventricular extension with
dilatation plus parenchymal hemorrhage)

This system is mainly ultrasound based and can be
adapted for computed tomography (CT) and magnetic
resonance imaging (MRI) use as well. Ventricular dilatation
and parenchymal hemorrhage are described as imaging
findings with no pathophysiological correlation, although
the higher grades pose higher morbidity and mortality rates.
Infants with PHH have a significantly higher mortality rate
than low BW infants without PHH (16-35% vs 6.5-13%).
Grade I hemorrhage has 5% mortality rate and 5% chances
for progressive ventriculomegaly, grade II has 10% and

@ Springer

20%, grade III has 20% and 55%, and grade IV has 50%
and 80%, respectively [68].
The severity of GM-IVH correlates with the GA [122]:

—  GA (in weeks): 24 to 26—32% grade III and 19%
grade IV
—  GA (in weeks): 31 to 32— 11% grade III and 5% grade IV

The average incidence of ventriculomegaly in the entire
GM-IVH population (all grades) is 40-50% [23, 81]. In
cases of IVH (grades II-IV), the average incidence of
ventriculomegaly is 55-80% and clinically significant PHH
will develop in 26% to 80% of these cases [81, 89].

Pathophysiology

Germinal matrix hemorrhage—periventricular
posthemorrhagic injury

During the last 12 weeks of gestation, a temporary zone at
the external angles of both the lateral ventricles, just
beneath the ependymal lining, is the source of the future
neurons and glial cells of the forebrain. This germinal
matrix (GM) is gelatinous, highly cellular, and vascularized.
Because of the temporary nature of this structure, the
capillary bed has minimal collagen basement membrane, no
tight junctions, and no glial endfeet, although it receives a
disproportionately large amount of cerebral blood flow
(CBF) to uphold the high metabolic demands. Those fragile
vessels with the impaired autoregulation are the site of the
GMH. The GM reaches its maximal size by 23 weeks of
gestation, decreases to half its size by 32 weeks, and almost
involutes by 36 weeks [23, 68, 81]. The blood supply of the
GM is from Heubner’s artery (branch of the anterior
cerebral artery), lateral striate arteries (branch of the middle
cerebral artery), and anterior choroidal artery (branch of the
internal carotid or middle cerebral artery) [37]. The
capillary bed drains into the terminal vein along with the
medullary, choroidal, and thalamostriate veins, the conflu-
ence of whom drains into the internal cerebral vein, take a
sharp bend, and the direction of blood flow is reversed
abruptly [23, 68]. This creates an intramural stress
condition and contributes to the vessel rupture and to
further venous congestion [108]. The venous endothelial
cell-lined channels are the most common site of rupture
compared to the proximal capillary—venule junctions [79].
Macroscopically, the location of the hemorrhage before the
28th week is posterior to the body of the caudate nucleus
and after that is more anterior, over the head of the caudate
nucleus [23, 37].

Infants that are born prematurely with an active GM are
in danger of hemorrhage because the fragile and immature
vessels are vulnerable to respiratory and circulatory
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fluctuations. The major factors associated with GMH are
increased cerebral perfusion pressure and hypoxia. Low
oxygen delivery at the endothelial cells lining the capillaries
makes them vulnerable to infarction and then disruption.
Hypercapnia additionally dilates the thin wall vessels. Other
factors are arterial hypertension especially when following
systemic hypotension [121], increased cerebral venous pres-
sure [82], dehydration followed by resuscitation with rapid
infusion of hyperosmolar solutions, and coagulopathies [23].
Many risk factors, environmental, medical, obstetric, and
neonatal, can result to the aforementioned conditions that cause
GMH [4, 8, 27, 36, 54, 56, 61, 67, 70, 73, 86, 107, 126]:

— rapid volume expansion, seizures, pneumothorax, pulmo-
nary hemorrhage, low GA, low BW, absence of antenatal
steroid exposure, antenatal maternal hemorrhage, maternal
chorioamnionitis/infection/inflammation, maternal fertility
treatment, neonatal transport, anemia, decreased blood
glucose, cyanotic heart disease, respiratory distress
syndrome/mechanical ventilation, arterial catheteriza-
tion, early sepsis, hypotension treatment with pressor
agents, severity of illness score, acidosis, maternal
cocaine abuse, and prolonged labor.

Direct damage from the formation of hematoma into the
brain tissue is expected after the initial bleeding. GM
damage theoretically is better tolerated due to the plasticity
of the developing brain in the particular area [23]. Further
damage outside the GM region, superolateral to the head
and body of the caudate nucleus, is a more serious insult
and results from expansion of the initial bleeding or a
periventricular hemorrhagic infarct (PHI). Those are sepa-
rate entities but can also overlap. In a grade IV GM-IVH,
the bleeding extension into the parenchyma can be
immediate or secondary after several days. At the same
period, hemorrhagic necrosis of the periventricular white
matter is another contributing factor [30]. It is believed that
the clot acts as space-occupying lesion which impairs
venous drainage of that area due to the sharp bending of the
terminal vein, which is further compounded when the
ventricle expands and the ICP is raised. This occurs in 15%
of all infants with GM-IVH [108]. Periventricular leuko-
malacia (PVL) is a remaining parenchymal lesion after an
arterial ischemic injury. It affects the white matter and
presents as multiple cystic foci with coagulation necrosis
and loss of cellular architecture [70]; further progression of
these foci result in porencephaly. The location corresponds
to the PHI areas and a clear pathogenetic distinction
between PVL and PHI is difficult. The white matter injury
that accompanies GM-IVH is believed to represent the
cause of the neurodevelopmental impairment suffered by
these neonates [6, 70].

Common molecular pathways are involved in the
initiation of the hemorrhage and the secondary white matter

damage. The cyclooxygenase 2 (COX-2) system is induced
by hypoxia, growth factors (transforming growth factor 31
[TGF-31]), and inflammatory modulators (IL-6, IL-1f3, and
TNF-«). The resultant prostanoids mediate the production
and release of the vascular endothelial growth factor
(VEGF). Cytokines, nitric oxide, and VEGF mediate a
cascade leading to the disruption of tight junctions,
increased blood-brain barrier permeability, and microglial
activation in the developing periventricular white matter
[70]. Microglial activation releases reactive oxygen species
which result in direct endothelial damage, alter hemostasis,
and increase anaerobic metabolism [3, 14, 90, 96, 106].
The incidence and brain damage severity of GM-IVH
may have a genetic predisposition. As with adult intrace-
rebral hemorrhage and apolipoprotein E4 or E2 allele high
incidence, proposed candidate genes include IL-6 (174 CC
and 572 C alleles), TNF-«, factor V (Leiden), prothrombin
(G20210A), and collagen IVA1 [28, 29, 31, 39, 60, 70]

Posthemorrhagic hydrocephalus

The presence of blood into the ventricular system can result
in alterations of cerebrospinal fluid (CSF) circulation and
ventricular dilatation—transient or progressive. Neonates
with grades III and IV hemorrhage are in greater danger for
developing PHH and that correlates with the blood amount
in the ventricles. Large clots can directly obstruct the
intraventricular CSF pathways (foramen of Monro, aque-
duct, foramina of Magendie and Luschka) or cause reactive
gliosis. The very likely presence of small transependymal
channels provides another site for CSF reabsorption
through small blood vessels within the parenchyma.
Multiple clots can block those channels as well [124].
Furthermore, the rheological properties of CSF are altered
as well and that impedes the circulation in the subarachnoid
space and the reabsorption through the arachnoid villi [15].
At this point, some ventricular dilatation may occur and can
be reversible if blood clots resolve quickly.

Concentrations of TGF-1 in the CSF of infants who
have suffered GM-IVH have been found to be high,
especially in the PHH group [129]; in CSF of normal
infants, it is undetectable. TGF-31 is involved in the
upregulation of genes for extracellular matrix protein
synthesis such as fibronectin and laminin. It is linked also
to wound healing, scar formation, and fibrotic diseases
(e.g., cirrhosis) [136]. The origin of TGF-31 in the CSF
could be from the platelets or from the choroid plexus. In
addition, high levels of C-propeptide of precollagen I have
been found in CSF samples of preterm infants (VLBW)
with PHH [41]. The above data suggest that IVH induces
the production of extracellular matrix proteins and local
collagen synthesis that promote fibrosing obliterative
arachnoiditis, meningeal fibrosis, and subependymal glio-
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sis [81]. This occurs 2 to 6 weeks after the initial bleeding
and there is a tendency for more resistant ventricular
dilatation. Extracellular matrix protein deposits are more
prominent in the posterior fossa and can block the fourth
ventricular outflow by the resultant adhesive arachnoiditis.
The small diameter channels of transependymal reabsorp-
tion and the arachnoid villi are also vulnerable to blockage
by fibrosis.

Besides the parenchymal injury from the initial bleeding
and the following periventricular posthemorrhagic ischemia,
further brain damage is anticipated by the ventriculomegaly. A
typical mechanism describes fiber stretch and vessel com-
pression, venous and arterial, with subsequent hypoxia due to
increased ICP [68]. Further oxidative stress is caused by free
radicals and inflammatory impact through a number of
cytokines (TNF-«, IL-1f3, IL-6, IL-8, and IFN-8) [7, 63,
101]. The neuropathological consequences affect neurons
(swelling, impaired synaptogenesis), fibers (stretching, dis-
ruption, defective myelination), and neurotransmitters (lower
levels of catecholamines, deficient synthesis) [21, 88, 98].

Clinical presentation

Premature infants are usually treated in the neonatal
intensive care unit. The younger GA they are born, the
more coexisting heath problems they bear. Cardiopulmo-
nary insufficiency, metabolic disorders, and immune
deficiency are the major risk factors and the neonates
are often intubated under sedation. Under those circum-
stances, a smaller hemorrhage can go easily undetected
and a high suspicion index is needed. Possible signs are
hypotonia, seizures (often subclinical), ophthalmoplegia,
irritability, and vomiting. Larger hemorrhages can present
with further muscle tone changes (abnormal posturing),
respiratory and cardiac irregularities (apnea, bradycardia,
hypotension), metabolic acidosis, pupillary dilatation, and
an unexplained drop of hematocrit (>10%). If the
hemorrhage progresses to hydrocephalus, additional signs
are bulging fontanelle, separation of sutures, distended
scalp veins, upward gaze palsy (“sunset” eyes sign), and
a rapidly increasing head circumference that crosses the
centile curves with a rate larger than 1.5-2 cm/week or
2 mm/day. Head growth of the premature infant is
increased during the “catch-up phase” when the infant
is able to be fed adequately, and this has to be
differentiated from abnormal head circumference in-
crease. The time course from the initial hemorrhage to
clinically evident ventriculomegaly and even further to
progressive hydrocephalus varies from days to weeks
[42, 53, 55]. Close evaluation and follow up of those
infants cannot be supported only by clinical data and
diagnostic tools are mandatory.
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Diagnosis

Cranial ultrasonography (US) today has a very important
role on the initial assessment and follow up of premature
infants. Performed through the open anterior fontanelle
(and occasionally posterior fontanelle) [109], it provides
direct and accurate data about ventricular size, exact
location and extension of the hematoma, cortical mantle
thickness, and periventricular white matter condition. It is a
noninvasive, low-cost, and easily available examination in
most neonatal intensive care units. Disadvantages are
diminished imaging of posterior fossa and operator depen-
dency. With today’s advanced hardware, cranial ultrasonog-
raphy has a sensitivity and specificity >91% each [5, 100].
Combined with clinical evidence, it is used to detect initial
hemorrhage, which more often occurs at the first antenatal
week, and further ventricular dilatation, which results in
progressive hydrocephalus usually after the third week.
This time interval is important because ventricular dilata-
tion can occur without clinical evidence and contributes to
an otherwise preventable brain damage. In addition, a
primarily minor hemorrhage (grade I-II) can extend to a
major one (grade IV) with subclinical evidence in an
intubated and sedated infant. For these reasons, many
recommendations have been formulated focusing on the
screening usage of ultrasound [56, 60, 91, 92]. Infants at
greater risk (lower GA, lower BW) should be scanned more
often. An initial US is done before day 5 of life, a second
one during the second week (days 10-14), and a third on
day 28. Generally, at least one US per week should detect
all cases of GM-IVH and delineate the ventricular size
status. If ventricular dilatation is treated with surgical
interventions (ventricular taps, reservoirs, drains, lumbar
punctures [LP]), more frequent US should be considered.
Ventricular parameters used in clinical practice are the
ventricular index (VI), anterior horn width (AHW), frontal
horn ratio (FHR), ventricular axis (VA), ventricular height
(VH), and thalamo-occipital distance (TOD) [11]. These
measurements are applied in the coronal and sagittal plane.
The most widely used is the VI, the distance between the
falx and the lateral wall of the anterior horn in the coronal
plane at the level of the third ventricle (foramen of Monro).
Many studies provide reference ranges of such parameters
on US in an attempt to distinguish normal from abnormal
and to help clinicians to improve diagnostic and therapeutic
evaluation [18, 59, 64, 105]. Ratios (e.g., FHR) are
considered to be less useful for monitoring ventricular size
compared to VI [92]. Progressive ventricular enlargement as
measured by the VI that exceeds 4 mm above the 97th centile
for GA is a strong indicator for therapeutic intervention by
means of CSF drainage [59, 115, 116]. VI is also superior to
other measurements as a reflection of ICP in neonates with
PHVD. Interpretation of ventricular measurements should
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combine clinical evidence because, when these apply in very
premature infants, considerable variation exists, asymmetry
between the lateral ventricles is a common phenomenon, and
operator dependency always concurs [11].

MRI has been employed in recent years in infants with
GM-IVH. Although a critically ill preterm infant is difficult
to transfer, maintain temperature, and endure the whole
examination, valuable information can be extracted. The exact
condition of periventricular white matter can be clarified
(Fig. 1). On MRI, PVL is demonstrated early by restricted
diffusion in affected areas Diffusion Weighted Imaging (DWI)
and later by periventricular volume loss, ventriculomegaly,
and gliosis [85]. Neurodevelopmental outcome is grossly
affected by such findings and early consultation of parents
can be more accurate. Furthermore, MRI can contribute to
distinguishing ventricular enlargement due to atrophy from
ventricular dilatation due to CSF accumulation. Round
“ballooned” horns (Fig. 1), periventricular high signal on
T,, and effaced subarachnoid spaces are typical findings of
active hydrocephalus. More evidence can be elicited by more
sophisticated techniques such as CBF measurement and
apparent diffusion coefficient (ADC) values registration
[57]. Distinction between progressive and compensated
hydrocephalus is crucial in premature infants and it has been
found that normal CBF and low ADC values (measured by
MRI) are associated with a compensated—arrested state and
could support a conservative treatment approach. The
Doppler ultrasound measurement of cerebral arterial flow
used mostly in the past was based on a similar theory. Arterial
flow normalization after CSF drainage favored ventricular
distention against “ex vacuo” ventriculomegaly [50].

Although CT scanning assisted the diagnostic workup of
infants with GM-IVH when first applied, it is nowadays
replaced by US and MRI. All the information that CT can
provide is more easily and accurately obtained by the latest
US devices, especially when combined with MRI. The major
drawback of CT is ionizing radiation which is more hazardous
when performed on the newborn. The role of CT is limited in
cases of relevant emergency and lack of US assistance.

Prevention

Many trials and prevention strategies were based on the
general theory that GM-IVH incidence would decrease

Fig. 1 Tl-weighted (T1w) axial MR scans of a girl born at 24 weeks P>

gestation who developed grade III IVH and eventually required
shunting. A small clot can be seen at the medial (ventricular) surface
of the thalamus (a), presumably the site of the original hemorrhage. A
clot is also seen in the occipital horn of the right lateral ventricle (a, b)
and the occipital horn of the left lateral ventricle (¢). A low signal
indicating possible early cystic change is seen in the periventricular
white matter surrounding the left occipital horn (a, b)
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when optimal resuscitation of the infant could minimize
CBF fluctuations, hypoxia, hypercapnia, and increased
venous pressure. The perinatal period is the most significant
in the prevention of GMH and has been divided into
prenatal and postnatal [23]. Prenatal strategies are focusing
on the elimination of any stress condition by optimal
obstetric management and smooth delivery, judicious usage
of cesarean section, and administration of steroids and
vitamin K. Postnatal approaches are almost exclusively
pharmacological prevention strategies. Agents designed to
modulate CBF to the preterm brain may alter other
developing organs or impair neurogenesis [70] and cautious
administration of these agents is mandatory.

—  Phenobarbital was believed to have neuroprotective
effect by decreasing the metabolic rate of cerebral
tissue, inhibiting seizures, and stabilizing blood pres-
sure and production of free radicals. Antenatal admin-
istration failed to reduce GM-IVH, while postnatal
administration could not be recommended for the
prevention of GMH. Additionally, it was found to
increase the risk for requiring mechanical ventilation
[103, 127, 133].

—  Steroids are used routinely before delivery of premature
infants. The main reason is to support respiratory
function of the newborn, but it was found that the
incidence and severity of GM-IVH were also
decreased. Further studies demonstrated that this
was not only due to the reduction of perinatal
respiratory distress but directly due to potential
stabilization of GM microvasculature [28, 62, 72].

— Indomethacin is an anti-inflammatory agent used in
preterm infants to close patent ductus arteriosus and
prevent GM-IVH. Trials have shown that it decreases
the rate and severity of hemorrhage in the newborn by
inhibition of COX-1 and COX-2 isoforms and further
decrease in prostaglandin synthesis, which possibly
result in basement membrane maturation, improvement
of autoregulation, and stabilization of the blood—brain
barrier. It is associated with increased risk of intestinal
perforation, and controversy exists about the long-term
effects on neurodevelopmental outcome. Indomethacin
protection against GM-IVH has been found more
profound in male infants and that finding suggested
that gender is an important issue in infantile GMH [40,
74-76, 114].

—  Recombinant activated factor VII (rFVII) is a hemo-
static agent used in hemophiliac patients and other
bleeding disorders such as major trauma, oral anti-
coagulation, and liver dysfunction. When administered,
it binds to activated platelets and promotes a generous
thrombin formation and further hemostasis. Small case
series involving the administration of rFVII in neonates
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showed relevant safety and effectiveness and this
deserves further investigation [9, 32, 78].

— Other agents that were investigated are ethamsylate,
ibuprofen, vitamin E, and pancuronium with results
inadequate to support convincing evidence for the
prevention of IVH in neonates and have limited use
in current practice.

Management

Therapeutic approaches on a premature infant suffering from
GM-IVH should focus on two objectives: (a) to protect the
brain tissue from damage secondary to raised ICP and (b) to
avoid the placement of a permanent shunt with the long-term
complications and undesirable shunt dependency that this
leads to [136]. Not all the cases of GM-IVH will evolve to
progressive hydrocephalus. Eventually, 20% to 50% of them
will develop ventricular dilatation, either transient or
progressive, with the higher grades of hemorrhage having a
greater risk and 50% of them will spontaneously arrest or
resolve [120]. Ventricular enlargement is accommodated by
cerebral tissue compliance [137], but if dilatation progresses,
irrecoverable brain damage may occur. The clinician has to
find the golden median between the two objectives during
the first weeks of the infant’s life. The criteria for the first-tier
interventions when ventricular dilatation is noticed are
straightforward. VI measurements that gradually cross
the 97th centile+4 mm for the corrected GA are widely
accepted as an indication for intervention. Other clinical
data are taken into consideration such as tension of the
anterior fontanelle, head circumference increase, squa-
mosal suture diastasis >5 mm, and neurological status
(irritability, tendon reflexes, ocular movement).

Interventions

When progressive ventricular dilatation is verified, first-tier
interventions aim at CSF removal, which results in
lowering intraventricular pressure. Blood and degradation
products are also withdrawn, together with inflammatory
cytokines and TGF-f31. Several options are available:

— Serial LP are, in many neonatal ICUs, the first
treatment option for rapid and direct CSF removal. As
a prerequisite, the hydrocephalus has to be communi-
cating without congenital anomalies affecting the area
of the lumbar spine. Many infants cannot tolerate the
longstanding lateral decubitus position required for the
procedure. A minimum of 10 to 20 ml of CSF must be
removed at each tap to be effective, daily for up to 3
consecutive weeks and initiated as soon as possible
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[23]. This makes serial LP rather strenuous both for the
premature baby and the treating doctor. In clinical
practice, after the first or second week of repeat LPs,
these become less efficient because CSF is more difficult
to emerge. Strong evidence has shown that this interven-
tion fails to decrease numbers of shunt operations,
disabled infants, and deaths. A trend towards increased
CSF infection has been noticed in addition to the
discomfort of the procedure. Routine use cannot be
recommended but in selected cases could be useful in
temporizing progressive hydrocephalus [128].

— Jentricular taps offer direct access to the ventricles and
are easily performed free handed or with ultrasound
guidance. Serial taps are avoided in most centers
because of the repeated brain trauma and the risk of
porencephaly [44]. In addition, overall impact on the
prevention of shunt operations and favorable outcome
is not significant [125]. Their use is limited as a short-
term option in infants with rapid ventriculomegaly and
contraindicated LP.

—  External ventricular drainage (EVD) is an accepted
option to rapidly relieve the raised intraventricular
pressure and eliminate blood-filled CSE It resembles
the constant physiological drainage of CSF unlike the
intermittent drainage offered by the serial taps. In most
centers, placement of EVD requires transfer to the
operating theaters and that is not always feasible. Shunt
dependency remains high, up to 65% [17], and serious
disadvantages are catheter dislodgment and high
infection rates, which can reach 50% at 3 weeks of
continuous usage. Such infections additionally increase
shunt dependency and progression to multiloculated
hydrocephalus [34].

—  Subcutaneous reservoirs (or ventricular access devices—
VAD) connected to a ventricular catheter is a reliable
option. New, low-profile devices allow placement even
in VLBW infants and early commencement of CSF
removal. It is preferable to drain smaller quantities of
CSF (e.g., 10 ml/kg) daily rather than drain larger
quantities less often. The frequency can be guided by
clinical data (tension of anterior fontanelle, head
circumference) and ultrasound measurements (VI).
Generous drainage of CSF can lead to electrolyte
abnormalities [69]. Repeated penetration of brain
parenchyma or lumbar dura is avoided, compared to
ventricular taps and LP Infusion of intraventricular
medication can be provided if needed. On the other
hand, transfer to the operating room, skin erosion over
the device (Fig. 2), and intermittent control of ICP are
disadvantages. Infection rates are 8-12% and remain an
issue [20, 34, 45, 81].

—  lentricular—subgaleal shunt is an alternative option to
VAD and centers with experience in this specific

Fig. 2 Complication of VAD. A subcutaneous reservoir connected to
a ventricular catheter was surgically placed in the right frontal region
of a premature neonate with PHH who required repeat tapping to
control ventricular enlargement. The skin overlying the reservoir
suffered pressure necrosis which necessitated the removal of the
reservoir. Eventually, the child required permanent shunting

treatment option report minimal complications but
temporary benefit of about a month. At the time of
surgery, a generous subgaleal pocket is created to allow
free drainage of CSFE. Large fluid collection can lead to
scalp expansion which later resolves. Infection rate
may be smaller than VAD (6%) [49, 112].

—  Endoscopic third ventriculostomy (ETV) is thought to
be ineffective in the treatment of neonatal PHH due to
immaturity or blockage of CSF reabsorption sites by
blood breakdown products [13, 22, 83].

—  Endoscopic coagulation of the choroid plexus has been
tried in infants with slowly progressing, communicat-
ing hydrocephalus [94]. Two thirds of infants have been
reported to have stabilized. In a recent small cohort, a
combination of ETVand coagulation of choroid plexus
in infants with PHH, previously shunted or not, showed
promising evidence but only in cases where the
prepontine cistern was unobstructed [123].

A different group of interventions combines medical and
surgical treatment options and is based on the theory that
lowering the intraventricular CSF accumulation is not the
definite management to prevent PHH. Blood and blood
degradation products have to be removed by means of
fibrinolysis and draining. Animal experimental studies have
shown that infusion of urokinase or tissue plasminogen
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activator (t-PA) in blood-containing ventricles prevented
hydrocephalus [10, 87]. Clinical studies in adults have
shown also effectiveness and safety in IVH caused by basal
ganglia hypertensive extension. In premature infants, the
purpose is to remove early and effectively the blood clot
and decrease the rate of PHH, shunt requirement, and
potential risk of venous infarction [23]. Several studies in
infants have shown different results [35, 38, 46]. Upon
randomization, two studies using streptokinase found
similar results in both groups regarding shunt requirement
and significant risk of infection. The treatment in these
studies initiated after hydrocephalus was evident, several
days after the GMH. In addition, t-PA administration has
been shown to increase TGF-31 concentration in CSE, an
important factor in PHH pathogenesis [136]. On the basis
of these results, intraventricular fibrinolytic therapy with
streptokinase in preterm neonates, when PHH is estab-
lished, cannot be recommended and this practice has been
abandoned [131, 134].

An interesting intervention, which has been developed in
Bristol, aims at removing intraventricular blood, removing
TGF-f31, lowering intraventricular pressure, and removing
nonprotein-bound iron and inflammatory cytokines [130,
135]. Drainage, irrigation, and fibrinolytic treatment
(DRIFT) uses standard inclusion criteria (GM-IVH plus
VI 4 mm above the 97th centile and age <28 days) and is
performed using two ventricular catheters: one right frontal
for the infusion of t-PA, artificial CSE, and antimicrobial
agents and one left occipital for draining at a rate that keeps
ICP below 7 mmHg. The procedure lasts usually 3 days,
until clear CSF is drained. Short-term evidence, at hospital
discharge and at 6 months, have shown equal results in the
DRIFT group and control group regarding shunt require-
ment, but a significant reduction in severe cognitive
disability was noticed in the DRIFT group at 2 years follow
up [132]. Doubts about overall safety of the intervention
and small numbers of patients restrict this treatment option
into specialized centers only and has not found widespread
use yet.

Pharmaceutical agents used in the past in the manage-
ment of PHH are diuretics, mostly acetazolamide and
furosemide and less often isosorbide and glycerol. Acet-
azolamide and furosemide manage to reduce CSF produc-
tion by almost a half [77] in some cases, but side effects
(electrolyte disorders) and long-term administration (up to
6 months) make their use problematic. Further investigation
by large trials has shown that the combination of the two
agents significantly increased the risk of impairment or
disability at 1 year with no decrease in death or ventricu-
loperitoneal (VP) shunt requirement [47, 132]. They cannot
be recommended as an option for the management of PHH.

The first-tier interventions aim to stabilize the progres-
sive ventricular dilatation and, by that, the ongoing brain
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damage. They offer also time for the infant to gain weight
and the clinician to deal with concomitant health problems
and help the immature immune system to gain strength. If
the mentioned interventions fail to control the progressive
ventricular dilatation, then the next and well-established
treatment option is VP shunting [43]. During the last
decades, different VP systems have been developed in an
attempt to simulate as much as possible the normal CSF
absorption rate. Although considerable progress has been
achieved, placing a VP shunt in an infant is a form of
conviction in long-term medical follow up and possible
surgical operations. Shunt dependency, infection (localized,
meningitis, ventriculitis), skin erosion, shunt malfunction
(migration, disconnection, obstruction), ventricular isola-
tion, overdrainage syndromes, and intra-abdominal compli-
cations are important issues that can affect shunted patients
[23]. In this group of premature infants with PHH, the
complication rate is even higher and shunt revisions are
increased (20-50%) [34]. Furthermore, the infection rate is
higher as the age decreases (younger than 35 days) [110]
and complications relevant to poor wound healing, CSF
leakage, and necrotizing enterocolitis are more frequent as
the infant’s weight at the time of operation is lower [34, 52,
113]. Most authors provide as minimum acceptable weight
for VP shunt insertion >2,000 g. Other criteria for VP
placement are CSF protein levels ideally <100 mg/dl and
no evidence of infection and abdominal impairment [12].
Regarding the VP shunt type and specific valve mechanism
that is more suitable to infants with PHH, no convincing
evidence exists [19, 97]. As a general rule, a low profile
valve with an antisiphoning mechanism, low pressure
setting, and minimal interconnections (two-piece shunt
system) is sufficient.

In our institution, a typical approach for a preterm infant
suffering from GM-IVH (e.g., grade III) begins with serial
LP performed by the neonatologists. Usually, they are
performed two to three times weekly and the CSF amount
removed is about 10 ml/kg. These are effective for a week
or two and are accompanied by close clinical and
ultrasound investigations (US every 2 or 3 days). The next
step is insertion of a low-profile subcutaneous reservoir.
Reservoir tapping is performed by a neurosurgeon with the
aseptic technique. We prefer more frequent taps (once a day
or day after day) and draining of smaller amounts of CSF
(maximum of 10 ml/kg). Again, clinical (fontanelle tension,
head circumference) and ultrasound monitoring (usually
twice a week) are paramount in order to decide if
ventriculomegaly persists and further intervention is neces-
sary. This period can last up to 3 to 4 weeks, until the infant
reaches term. At this point, an MRI scan is performed so
that a more detailed imaging of the parenchyma, white
matter, and posterior fossa can be assessed. Persistent or
progressive hydrocephalus after this period is treated with
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Fig. 3 Assessment of brain damage following neonatal IVH with MR
scan late after the event. a T1w axial MR scan of a 5-year-old boy
who suffered grade IV IVH at birth. A large area of porencephaly is
seen in the left frontal lobe, as the parenchyma surrounding the left
frontal horn was destroyed following the initial hemorrhage, which

VP shunting. Commonly, VP shunt insertion is performed
after the infant has grown to term, the infant’s weight is
over 2,000 g, there is no other concurrent morbidity, and
CSF cell count is normal. CSF protein levels were
previously regarded as essential to be normal to avoid
shunt obstruction, but this view has not been substantiated.

Fig. 4 Multiloculated hydrocephalus secondary to protracted EVD
drainage of PHH, with several episodes of infection of the drain. CT
scan of a 4-year-old girl who at birth developed grade IV IVH. She
was treated with placement of EVD. Eventually, the drain became
infected and required several replacements and antibiotic treatment.
The child gradually developed multiloculated hydrocephalus and
required endoscopic fenestration of the cystic areas in order to
manage the hydrocephalus with one shunt only

had as its epicenter probably the head of the caudate nucleus, and the
area was filled with ventricular CSE b T1w axial MR scan of a 2-year-
old girl who suffered a grade IV IVH at birth. The area surrounding
the left occipital horn has suffered necrosis and cystic change,
secondary to the initial insult. The child required shunting

Outcome

Long-term neurodevelopmental outcome of infants suffering
from GM-IVH has been and still is an important topic of
research in pediatric literature. Major issues under investiga-
tion are the extent of hemorrhage (grade), coexistent
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Fig. 5 Encysted fourth ventricle. Sagittal TIw MR scan of the child
of Fig. 1. The fourth ventricle is excessively dilated, as its inlet and
outlets have been occluded by arachnoid scarring and free flow of
CSF is inhibited
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parenchymal injury (Fig. 3), and progression of compensated
ventriculomegaly. The severity of GM-IVH, as determined
by its grade, is an important factor for the mortality rate.
Neurological disabilities are mainly influenced by the
presence and extent of the parenchymal injury [117, 118].
Spasticity and intellectual deficits result from posthem-
orrhagic infarction, while PVL is mainly responsible for
spastic diplegia, typically more severe in the lower than
in the upper limps [68]. Mental retardation, seizures, and
cerebral palsy are the most frequent disabilities. The
timing of GM-IVH seems to affect neurodevelopmental
outcome as infants who develop hemorrhage in <6 h of
life have more chances to suffer from cerebral palsy and
lower 1Q scores [118]. Follow up should extend to
childhood or even adolescence in order to unveil minor
cognitive and neuropsychological deficits.

The impact of progressive ventriculomegaly on neuro-
developmental outcome depends on the need for shunt
insertion and the possible complications of this treatment
option. Infants developing ventriculomegaly without signs
of raised ICP have more favorable outcome than those with
signs of progressive ventricular dilatation and shunt
insertion [25]. A recent study suggests that ELBW children
(<1,000 g) with severe IVH that require shunt insertion are
at greater risk for adverse neurodevelopmental and growth
outcomes compared with children without shunt, with or
without severe IVH [1].

Shunts placed in premature infants have higher rates of
infection and obstruction. An acceptable infection rate in
full-term infants and older children is 5-7%, while in the
preterm—low BW infants group, the infection rate is as high
as 20-30% [95]. The immaturity of the infant’s immune
system is the main reason for this disparity. Shunt infection
and ventriculitis have serious impact on the child’s neuro-
developmental outcome and can reduce IQ scores by 10
points [102]. Furthermore, they contribute to subependymal
inflammatory gliosis and formation of intraventricular
deposits upon which exudates and debris collect. These
are the basis for intraventricular septa formation which can
obstruct CSF outflow routes and cause multiloculated
hydrocephalus [84] (Fig. 4). This entity is very challenging
and difficult to treat. Surgical options are cystoperitoneal
shunting, stereotactic cyst aspiration, craniotomy for open
fenestration of septations, and neuroendoscopic cyst fenes-
tration. The goal is to simplify cystoventricular anatomy,
usually by endoscopic cyst fenestration and then shunt a
single compartment with one catheter. A specific form of
ventricular compartmentalization is the isolated or encysted
fourth ventricle. It can be seen in infants after IVH, but
ventricular infection significantly increases the rate of this
complication. The blockage of the aqueduct and the
foramina of Magendie and Luschka by arachnoid scarring,
subependymal gliosis, and septal formation in combination
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with continuous CSF production by the fourth ventricular
choroid plexus results in the isolation and expansion of
fourth ventricle (Fig. 5). Compression of adjacent brain
stem and vermis can be suspected clinically by signs such
as ataxia, cranial nerve palsies, hemiplegia, vomiting, and
breathing abnormalities. Treatment options are surgical and
aim in restoring communication between the fourth and the
third ventricles or in permanent relief of the fourth
ventricle’s expansion by shunting. The latter can be done
by a ventricular catheter inserted with neuronavigation or
with an open technique and shunted to the peritoneum. The
catheter should float freely into the ventricle but there is a
danger of entering the brain stem after the ventricle’s
shrinkage. Neuroendoscopic techniques can reopen the
occluded aqueduct and restore communication between
the third and fourth ventricles. Cerebral aqueductoplasty
can be performed by a frontal or a suboccipital approach
and placement of a stent into the aqueduct has been found
to be more effective in preventing repeated occlusion,
compared to aqueductoplasty alone [16].

Overall, with modern neonatal treatment and proactive
management of active hydrocephalus, the outcome of
premature infants with PHH has improved in the last two
decades. Nevertheless, prematurity is associated also with
other health problems, including cardiac, respiratory, and
neurodevelopmental defects, which can themselves affect
the long-term development of the child.
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