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evere forms of intraventricular hemorrhage (IVH)
continue to occur in up to 15% of infants born
extremely premature,’ and

by sequential cranial ultrasound (cUS), is a critical
measurement for the consideration of intervention
and is the approach associated with

more than one-half of these infants XYL il oM B R k] the lowest risk for adverse neurode-

develop post-hemorrhagic ventricu-

lar dilatation (PHVD).” PHVD is a term that represents
the progressive ventricular dilatation caused by IVH and
encompasses other terms, such as post-hemorrhagic hy-
drocephalus. PHVD is associated with a high risk for
subsequent adverse motor and cognitive neurodevelop-
mental outcomes. Despite many decades of investiga-
tions, there is no consensus among neonatologists,
pediatric neurologists, and pediatric neurosurgeons as
to the best management of PHVD. The lack of agree-
ment relates in part to difficulty in assessing the relative
contributions to adverse outcomes of (1) the primary
brain injury associated with severe IVH; (2) the presence
of blood products mediating brain injury; and (3)
PHVD with distension causing injury that could be in-
terrupted with cerebrospinal fluid (CSF) drainage.
Over the last 5-10 years, substantial new evidence ac-
quired from both experimental models and human clin-
ical investigations, including randomized trials, has
coalesced to inform the neonatologist, pediatric neurol-
ogist, pediatric neurosurgeon, and pediatrician caring
for these patients.

Our goal is to outline the current evidence support-
ing the premise that PHVD contributes to the brain
injury that underlies adverse neurodevelopmental
outcomes and that this injury may be mitigated or pre-
vented by targeted approaches to management. We will
emphasize that the use of ventricular size, quantified

AHW Anterior horn width

CSF Cerebrospinal fluid
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DRIFT Drainage, irrigation and fibrinolytic therapy
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velopmental outcomes.
Pathophysiology and Neuropathology of PHVD

The relation of PHVD to brain injury and dysmaturation in the
human infant born premature has been supported by a variety
of studies of experimental models and of human infants. These
studies should be placed in the context of the rapid and com-
plex developmental events occurring in the premature brain
in the third trimester. The immature cerebral white matter,
particularly the actively differentiating pre-oligodendrocyte
(pre-OL), is particularly vulnerable to injury. Combined with
a propensity of the immature microglia and astrocytes to
proinflammatory activation, this developmental period is
unique in the neuropathological consequences of PHVD.

Brain Maturation during the Premature Period

Multiple active developmental events occur in the human
brain from 24-40 weeks of gestation.”” The rapidity and
complexity of these cellular events underlie their vulnerability
to perturbation. The principal components involved include
the pre-OL, cerebral white matter axons, subplate neurons,
cerebral cortex (including hippocampus), thalamus, basal
ganglia, and cerebellum. The principal cellular targets in
PHVD appear to be the pre-OL, axon, cerebral cortex (espe-
cially hippocampus), thalamus, and cerebellum.

Microglia and astrocytes are important glial elements in the
development of the white and gray matter structures just
noted. They are involved in axonal development, pre-OL dif-
ferentiation—myelination, vascularization, synaptogenesis,
and neural circuit formation.*” However, these cells, when
“activated,” can have multiple deleterious effects.” Notably,
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alarge population of potentially activatable microglia are pre-
sent in normal developing white matter during the premature
period.” These “activated” cells can impair pre-OL matura-
tion and other maturational events by release of reactive oxy-
gen or nitrogen species or cytokines that act on pre-OLs, and
likely on other cellular elements.” Moreover, proinflamma-
tory microglia have been shown to induce formation of
neurotoxic reactive astrocytes,'” also important in failure of
maturation of pre-OLs and likely other cellular elements."’
The shift in microglial and astroglial phenotypes to proin-
flammatory phenotypes diverts the roles of these glia from
the normal developmental events just noted. As noted later,
abundant activated microglia and reactive astrocytes are pre-
sent in cerebral white matter of neonatal IVH (non-hemor-
rhagic) ventriculomegaly, and PHVD.

Effects of IVH without Hydrocephalus

The vast majority of progressive ventricular dilation in pre-
mature infants occurs as a consequence of severe germinal
matrix—intraventricular hemorrhage (GMH-IVH). A series
of experimental studies, primarily performed in neonatal
rats, demonstrated deleterious effects of intraventricular
blood and blood components on the developing brain.'*"”
The injury scenario begins with hemoglobin release into
the ventricular system. The ependymal injury related to the
IVH likely facilitates penetration of hemoglobin and heme
into brain parenchyma. Heme released from hemoglobin is
taken up by microglial cells. Iron facilitates the formation
of injurious reactive oxygen species, which affect both pre-
OLs and axons. Heme can also be taken up by contiguous
neurons, which are then injured. Such neurons could include
those adjacent to blood in the ventricles (eg, hippocampus,
thalamus) or in the subarachnoid space (eg, external granule
cells of cerebellum). The role of free iron in the scenario lead-
ing to injury is supported by the beneficial effects of system-
ically administered deferoxamine in an animal model of
IVH."” Additional blood products, especially thrombin and
fibrin, are important in contributing to parenchymal injury
after experimental IVH,'® especially by promoting microglial
and astroglial activation. These neuroinflammatory re-
sponses would be expected to injure vulnerable pre-OLs,
axons, and contiguous neurons. The importance of the neu-
roinflammatory response is supported by experimental
studies showing prevention of brain injury and PHVD by
early systemic administration of minocycline, erythropoietin,
melatonin, or mesenchymal stem cells.'®**

The few studies of IVH in the human premature brain post-
mortem and in vivo appear consistent with the experimental
data. The principal findings include (1) disruption of the ven-
tricular zone with reactive astrogliosis in areas of ependymal
loss; (2) impairment of proliferation of oligodendroglial pre-
cursor cells and neuronal precursor cells in the subventricular
zone of the ganglionic eminence, and in the cerebral white
matter; (3) impairment of pre-OL maturation; (4) axonal
injury; and (5) microglial activation.””*” Concerning
pathophysiology, large amounts of non—protein-bound iron
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are present in the CSF of infants after large GMH-IVH
(with PHVD),”® and quantitative susceptibility map analysis
by magnetic resonance imaging (MRI) with severe GMH-
IVH shows changes consistent with accumulation of hemo-
siderin/ferritin iron throughout cerebral white matter.”” The
latter observations suggest that intraparenchymal diffusion
of extracellular hemoglobin, and ultimately iron, is wide-
spread after severe IVH. The mechanistic implications are
clear and likely involve the free radical-mediated disturbances
identified in experimental models, as described earlier.

Effects of Neonatal/Infantile Hydrocephalus
without IVH

To assess the impact of neonatal PHVD on the developing
brain, we must consider the effects of hydrocephalus per se,
without previous IVH. Experimental studies based largely on
the study of kaolin-induced hydrocephalus suggest that the
principal initiating events leading to parenchymal injury are
periventricular and cerebral white matter vascular impairment
resulting initially in tissue hypoxia—ischemia.”®”" A well-
documented prominent inflammatory response with activated
microglia and reactive astrocytes in cerebral white matter is
likely involved in the elevation of free radicals and associated
white matter injury.””’>”” The morphologic consequences
involve, specifically, oligodendroglial precursors (presumably
pre-OLs) and axons. In a well-characterized animal model,
shunting at 1 week, but not at 4 weeks when axonal loss had
occurred, allowed recovery of myelination.’”’35 Moreover,
studies in rat models of PHVD also support particular value
for early intervention.”” The experimental data thus suggest
that earlier rather than later intervention can prevent the pre-
OL and axonal dysmaturational disturbances.

Effects of Neonatal PHVD

The previous sections concerning the effects on brain struc-
ture and pathophysiology of (1) IVH alone and (2) hydro-
cephalus alone set the stage for addressing the central issue
of the effects of PHVD in the infant born preterm. Multiple
experimental studies in developing animals have documented
the occurrence of hydrocephalus after intraventricular injec-
tion of blood, hemoglobin, or iron into CSF.18:20-22:36 1pygpq_
ventricular injection of hemoglobin or iron in neonatal rats
led acutely to hydrocephalus, pronounced gliosis with
increased inflammatory cytokines in cerebral white matter,
impaired myelination, and “cell death” in the hippocampus
and “cortex.” The importance of iron in the deleterious effects
was shown by the lack of effect of intraventricular injection of
iron-deficient protoporphyrin, the correlation of injury to
hippocampus and cortex with the enhanced levels of heme
oxygenase in those structures (heme oxygenase releases iron
from heme), and the amelioration of hydrocephalus, inflam-
mation, and tissue injury by the iron chelator deferoxamine.’

Studies of the deleterious effects of PHVD in infants born
premature suggest disturbances in cerebral hemodynamics
and neurophysiologic function. These disturbances and their
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amelioration by CSF removal have been reviewed else-
where.”" Existing (although limited) studies of the morpho-
logic consequences of PHVD in human infants at the cellular
level indicate (1) ependymal disruption, (2) axonal injury,
(3) microglial infiltration, and (4) impaired myelina-
tion.”»**?~Y Overall, the findings suggest a disturbance in
development of cerebral white matter, deep nuclear struc-
tures (especially the thalamus), cerebral cortex (especially
the hippocampus), and cerebellum, ie, structures contiguous
to intraventricular and subarachnoid blood.

In summary, the mechanisms of the deleterious effects on
the brain of the human infant with PHVD are likely multifac-
torial. In addition to cerebral ischemia, mechanical distor-
tion and neuroinflammation, factors related to the presence
of blood (leading ultimately to iron release and free radical
formation) are pathogenic. Because the hydrocephalic state
would be expected to enhance the intraparenchymal move-
ment of blood products, the early institution of interventions
that involve CSF drainage seems important. Optimal timing
clearly needs further clarification.

Timing of Interventions—Relationship of
Ventricular Size to Outcome

Infants born very preterm who develop a severe IVH (a grade
III hemorrhage filling the lateral ventricle >50%, and result-
ing acutely in ventricular dilatation), or a periventricular
hemorrhagic infarction (PVHI, a hemorrhagic lesion in the
brain parenchyma associated with an ipsilateral grade II, or
grade III hemorrhage) are prone to develop PHVD. Due to
an imbalance in CSF production and reabsorption, the ven-
tricles may dilate around 7-14 days following the onset of the
IVH. PHVD can progress slowly or rapidly. In infants with
slow progression, stabilization or regression occurs in 65%.
In 30%-35% of infants, there is rapid progression in ventric-
ular size over days to weeks.”

There is as yet no agreement when best to intervene, with
some centers starting intervention based on sequential cUS
measurements and others basing decisions on clinical symp-
toms (apneas, vomiting, full fontanel, sunsetting, splaying su-
tures, rapid increase in head circumference).*”"' In the infant
born preterm, there are 2 factors that reduce the sensitivity of
fontanel pressure or head circumference changes for evalu-
ating the degree of significant ventricular dilatation. The first
factor is that compliance is greater in the infant born preterm
and lower pressures are sufficient to cause progressive ventric-
ular distension resulting in compression of the cortical mantle
before an effect is apparent on the sutures or head circumfer-
ence. The second factor relates to the larger extracerebral
space in infants born very preterm requiring considerable
ventricular dilatation before changes in fontanel pressure
and a rapid increase in head circumference occur. Consistent
with this notion, a poor correlation was found between the
Evans ratio (the ratio of bifrontal horn diameter to the bipar-
ietal bone diameter) and the head circumference.*” Therefore,
sequential cUS in infants born preterm with IVH is required
to diagnose and follow the progression of PHVD.
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cUS Measurements

The “ventricular index” (VI), defined by Levene and Starte,*’
is the most commonly used measurement and is assessed in
the coronal view. The VI is the distance between the midline
(falx) and the lateral border of the lateral ventricle at the level
of foramen of Monro (Figure 1, A). Another commonly used
measurement is the “anterior horn width” (AHW), also
measured in the coronal view just anterior to the thalamic
notch.** (Figure 1, A) For both measurements, normal
values and cut-off values for PHVD have been reported.*”*
The “thalamo-occipital distance” (TOD) measures the
occipital horn in the parasagittal plane and is of additional
value because there can be a discrepancy in size between
the anterior and occipital horns of the lateral ventricle
(Figure 1, B). The AHW and TOD measures can indicate
the “ballooning” shape of the lateral ventricles, and these
measures correlate best with 3- dimensional volumetric
ultrasound measurements.” The morphology of the
ventricles can assist in the differentiation between
dilatation due to PHVD or ventricular dilatation due to
cerebral atrophy, because ventricular dilatation due to
PHVD is typically associated with ballooning of the
ventricles. In addition, assessing the extracellular space will
assist in differentiating the 2 causes of dilatation. The
absence of any extra-axial space supports the conclusion
that the dilatation relates to CSF accumulation, whereas the
presence of extra-axial space suggests cerebral atrophy."’

Other measures are derived mainly from axial MRI and
computed tomography scans and include the Evans ratio
(described previously) (F/BP; Figure 1, C) and the frontal
and occipital horn ratio (FOHR), which is the average of the
frontal and occipital horn dimensions divided by the
biparietal diameter [(F+0O)/2)/BP] (Figure 1, C) The FOHR
has shown high interobserver reliability (especially when
compared with the Evans ratio, only reflecting the anterior
horns) and correlation with ventricular volumes."™*’ cUS
measurements of the FOHR, as well as the frontal and
temporal horn ratio, were significantly correlated with the
same measures derived from MRI’" (Figure 1, C-F).

Other Measurements

Use of the Doppler ultrasound resistive index, the difference
between peak systolic flow velocity and lowest diastolic flow
velocity divided by the peak systolic flow velocity, provides
information about cerebral hemodynamics, especially cere-
brovascular resistance. With progressive PHVD, initially a
rise in systolic flow is seen, followed by a decrease, absent
or even inverted diastolic flow.”" Significant changes in the
resistive index following application of pressure to the ante-
rior fontanel (a measure of cerebral compliance) have been
correlated with intracranial pressure and future need for
shunt placement.’” In addition, near-infrared spectroscopy
studies have shown that regional cerebral oxygen saturation
is progressively impaired with increasing dilatation and
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Figure 1. Demonstration of different ventricular measures
and ratios. Images from cUS and brain MRI of 1-week old
male infant born at 30 weeks of gestation. A and F, Coronal
cUS at level of foramen of Monro; B, Parasagittal cUS; C, Axial
view of T2 MRI; D, Coronal cUS at level of occipital horn; E,
Coronal view of T2 MRI. MRI dimensions are in capital letters:
BP, biparietal, F, bifrontal horn, O, bioccipital horn; T, bitem-
poral horn. cUS dimensions are in small letters: bp, biparietal;
f, bifrontal horn; o, bioccipital horn; t, bitemporal horn. Evans
ratio = F/BP by MRl or f/bp by US. Frontal and temporal horn
ratio = (F+T/2)/BP by MRl or (f+t/2)/bp by cUS. FOHR = (F+0O/
2)/BP by MRI or (f+o/2)/bp by cUS.

gradually improves following CSF drainage.””* As these
changes occur when PHVD is severe, intervention is best
started before the presence of these changes.

Intervention Studies
Intervention typically starts with temporizing lumbar punc-

tures (LPs) to decompress the ventricle on an urgent basis
while neurosurgical evaluation and surgical planning occur.

MEDICAL PROGRESS

LPs also may prevent the need for further neurosurgical inter-
vention, as was demonstrated in the ELVIS study, in which
one-quarter of all cases just required 2-3 LPs and did not
need any surgery.”” Thus, the use of LPs in the immediate
period after identification of significant ventricular dilatation
can be helpful in temporizing or avoiding surgical
intervention.

Earlier data related to the role of LPs in the management of
PHVD are summarized in a Cochrane review that reported
no evidence that LPs alone were effective in avoiding shunt
surgery or improving neurologic development.”® This review
included 4 trials performed from 1980 to 1990 with signifi-
cant variation in indication, timing, number, and effective-
ness of LPs. The majority of these studies included infants
with severely dilated ventricles, with LPs starting relatively
late, and high variation in number of LPs (1-40) and volume
drained (Table I; available at www.jpeds.com). Of note, in
the largest study in this Cochrane review, >50% of the early
intervention group eventually received invasive ventricular
taps.”” We hypothesize that the late, variable, and invasive
approaches used in these studies explain the higher rates of
ventriculoperitoneal (VP) shunt placement and worse
neurodevelopmental outcomes when compared with more
recent studies which focused on early effective drainage of
CSF (Table II; available at www.jpeds.com).

In more recent studies, when stabilization or regression of
ventricular size did not occur spontaneously, or 2-3 LPs were
not successful, the insertion of a ventricular reservoir or ven-
tricular subgaleal shunt has been used as a temporizing mea-
sure. Many centers defer such intervention until the VI has
crossed the 97th percentile +4 mm line or clinical symptoms
have developed. Two retrospective, observational studies
showed a reduction in shunt requirement when LPs and
reservoir insertion were performed before the 97th percentile
+4 mm line was crossed.””” In another retrospective study
of 32 infants born preterm, external ventricular drainage (us-
ing bedside insertion of an intravenous catheter connected to
a closed drainage plastic container) performed early (defined
as <25 days after birth) was associated with better scores for
adaptive, personal social, communication, and cognitive
functions at 6 years of age compared with those with later
intervention.”” A more recent observational study has shown
results favoring earlier therapeutic intervention for PHVD
using cUS measures.”’ In the study by Leijser et al, neurode-
velopmental outcomes at 18-24 months were compared be-
tween infants born preterm with and without intervention
within cohorts undergoing either an early cUS-based
approach in 2 Dutch centers or late intervention following
onset of clinical signs in a Canadian center. Infants undergo-
ing early cUS-based intervention had 2-year outcomes indis-
tinguishable from infants not requiring CSF drainage
(cognitive test score of 100 vs 95; P = .6; motor score of 97
vs 97; P = .6), even when they eventually needed insertion
of a VP shunt (20%). In contrast, intervention initiated
once clinical signs had occurred was associated with an
increased risk of unfavorable outcome (cognitive score of
90 vs 68; P = .002; motor score of 90 vs 60; P = .03) and
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intervention-related complications, with the need for a VP
shunt in 92%, compared with infants not needing interven-
tion. There were important confounders in this study, how-
ever, including a differing referral pattern between the Dutch
and Canadian centers.

The most recent randomized controlled trial was the
ELVIS trial (Early versus Late Ventricular Intervention
Study), which enrolled 126 infants born preterm at <34 weeks
of gestation with progressive PHVD following severe IVH.
Treatment was either started at a low threshold (LT) (VI
>97th percentile and AHW >6 mm and/or TOD >25 mm),
or at a greater threshold (high threshold [HT]) (VI >97th
percentile +4 mm and AHW >10 mm). There was no signif-
icant difference between the 2 groups for the primary
outcome of death and or VP-shunt placement (30% infants
in the LT group and 37% for infants in the HT group). A
VP shunt was inserted in 12 of 64 (19%) infants in the LT
and in 14 of 62 (23%) infants in the HT group, the lowest
rates reported thus far in the literature. More neurosurgical
interventions were required in the LT group.” In a nested
substudy, brain injury was assessed by the Kidokoro score
on MRI performed at term-equivalent age.”' The total Kido-
koro score was lower in the infants in the LT group (n = 44)
than in the HT group (n = 44; median, 8 [IQR, 5-12] vs me-
dian 12 [IQR, 9-17], respectively; P < .001). Ventricular vol-
umes could be calculated in 47 infants and were smaller in the
LT group (P = .03). At 2 years of age, the risk of develop-
mental impairment was low among both study groups,
with 75% of all infants tested achieving a cognitive composite
score of 285. There was no significant difference for adverse
outcome (composite outcome: death/cerebral palsy/develop-
mental test score <70) between the 2 groups.®” However, in
the post-hoc multivariable analysis, children in the LT group
had a decreased risk of composite adverse outcome, after cor-
recting for gestational age and hemorrhage severity (aOR
0.24, 95% CI 0.07-0.87, P = .03). Furthermore, a significant
relationship was established between the maximal FOHR
and cognitive and motor outcome for all infants combined.
These findings support the conclusion that timely interven-
tion with reduction of the extent of ventricular dilatation
may mitigate brain injury associated with ventricular dilata-
tion and lead to improved neurodevelopmental outcomes.

Relation of Maximal Ventricular Size to
Neurodevelopmental Outcome

To justify the need for therapeutic reduction in ventricular
size, an association with improved outcomes should be
demonstrable. In contrast to data derived from postnatal
post-inflammatory hydrocephalus in term born infants and
children,®” the association between the maximal size of ven-
tricular measurements in PHVD in infants born preterm and
neurodevelopmental outcomes has been supported by more
than one study.”*>** This association is additionally
demonstrated in Figure 2, where the relationship of
maximal AHW during the neonatal intensive care unit
period in infants born preterm with PHVD is shown to be
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Figure 2. AHW in relation to neurodevelopmental outcomes
at 18-24 months in 39 infants born preterm with PHVD. The
maximal size of the AHW in the North American group of the
study by Leijser et al (yellow bar) and the corresponding
neurodevelopmental impairments with performance at 60-70
points, contrasts with the results in the ELVIS study with early
(red) and late (blue), demonstrating less significant differences
in outcomes. It is noteworthy that timing of the “late” inter-
vention arm in ELVIS is much earlier than in the North Amer-
ican sites.

related to neurodevelopmental outcomes at 18-24 months
on assessment using the Bayley Scales of Infant
Development (2nd edition) assessment.®® The bars overlaid
on this graph represent the data reported from a single-
center observational study of a North American population
(yellow bar), with concordant mean cognitive scores of 68
and motor scores of 60."” These values contrast with those
from the earlier intervention study (the ELVIS trial) with
early (red) and late (blue) interventions both having
smaller ventricular measures than the North American
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cohort. The outcomes in the ELVIS study of early
intervention (mean cognitive score 95) and later
intervention (mean cognitive 91)%? are consistent with the
relatively small differences between study arms in the
measurements used as threshold to treat. However, when
the ventricular size is much larger, as is typical in the North
American cohort, the associated developmental outcomes
are much worse, supporting the need to avoid such large
degrees of ventricular dilatation, if possible.

Alternative Intervention

Drainage, irrigation, and fibrinolytic therapy (DRIFT) was
conceived due to evidence that (1) blood and its breakdown
products persist for months and contribute to free radical
injury and inflammation and (2) earlier reduction in ventric-
ular enlargement may improve outcome. The intervention is
intended to wash out the ventricles and reduce ventricular
size. The DRIFT randomized trial recruited 77 infants with
PHVD and minimum VI 97th percentile +4 mm, but there
was no upper limit for ventricular size at entry. Trial recruit-
ment was stopped early because of excess secondary hemor-
rhage (35%). Most of these hemorrhages were small, and
drainage and irrigation continued until clearance of CSF.”
Of the infants randomized to DRIFT, 21 of 39 (54%) died
or were severely disabled vs 27 of 38 (71%) in the standard
treatment group (aOR 0.25; 95% CI 0.08-0.82). Among the
survivors, 11 of 35 (31%) in the DRIFT group had severe
cognitive impairments (Bayley cognitive scores <55) vs 19
of 32 (59%) in the standard treatment group (aOR 0.17;
95% CI 0.05-0.57).°° At 10 years of age, 52 children (28
from the DRIFT group and 24 with standard treatment)
were assessed again.’” The mean cognitive quotient score
was 15.7 points greater (95% CI -2.9 to 34.2 points;
P =.096) in the DRIFT group (69.3 & 30.1 SD) compared
with the standard treatment group (53.7 + 35.7 SD).
Following adjustment for sex, birth weight, and grade of
IVH, significantly more children in the DRIFT group were
alive without severe cognitive disability, with a difference of
23.5 points. Similarly, in another preliminary clinical study,
a combination of ventricular lavage therapy using external
ventricular drainage and intermittent urokinase slow intra-
ventricular injections was associated with less VP-shunt
placements and better functional outcomes at 36 weeks of
age.””

Although the DRIFT trial provides support for the hypoth-
esis that washing out harmful substances from the ventricles
reduces overall brain injury after PHVD, DRIFT is a compli-
cated procedure requiring highly skilled clinical monitoring
and intervention over 72 hours. A simpler intervention that
is easier to teach and disseminate is needed.

Considerations for Neurosurgical
Interventions

Renewed interest in optimizing the neurosurgical treatment
of infants with PVHD stems from (1) recognition that

MEDICAL PROGRESS

PHVD is the most common etiology of hydrocephalus in Eu-
rope and North America®’; (2) increasing trends in the inci-
dence and prevalence of PHVD’"; (3) the severe neurologic
morbidity and lifelong, complex neurosurgical care required;
(4) data suggesting potential benefit to standardized inter-
vention in PHVD; and (5) basic and translational science
providing a scientific rationale for earlier intervention.”"’
Despite this interest, however, the data concerning neurosur-
gical interventions for PHVD remain limited. Recent
evidence-based guidelines under the auspices of the Joint
American Association of Neurological Surgeons and
Congress of Neurological Surgeons Pediatric Section failed
to identify sufficient data to support strong recommenda-
tions in the neurosurgical treatment of PHVD.””

Because of the lack of strong evidence, there is great vari-
ation in practices between centers with respect to neurosur-
gical interventions for PHVD. This variation relates to 2
main treatment decision considerations: the timing of inter-
vention and the type of intervention. Concerning the former,
the HCRN (Hydrocephalus Clinical Research Network), a
multi-institutional North American research group, identi-
fied the single most significant factor driving the timing of
neurosurgical intervention of infants with PHVD to be the
center at which they were treated.*"”> As a result, the
HCRN standardized the clinical assessment of these infants
and developed standard definitions for reliable assessment
of a bulging fontanel or split cranial sutures.”* However,
the presence of adequate inter-rater reliability did not address
whether this assessment correlates well with increased ICP,
in contrast to previous reports which did not show such
correlation,”” or if such “late” signs should be the target for
intervention.

The HCRN also showed that the assessment and timing of
intervention in these infants can be standardized with high
compliance across multiple centers and developed standard-
ized operative protocols to decrease VP-shunt infection in
these high-risk infants.””’” The HCRN study titled “Shunt-
ing Outcomes in Post-hemorrhagic Hydrocephalus
(SOPHH)” compared the impact of ventricular reservoir vs
ventricular subgaleal shunt (Figure 3; available at www.
jpeds.com) as a temporizing measure on death or
requirement for shunt in a prospective, multicenter
observational study.78 In SOPHH, FOHR was used with an
intervention threshold >0.55, which would exceed the HT
group of the ELVIS trial or the threshold for the DRIFT
trial. This threshold was based on previously established
practice patterns and consensus agreement among the
participating centers. Of note, despite agreement to
intervene at FOHR >0.55, at the time of intervention the
FOHR exceeded the intervention threshold (0.68 & 0.07 for
the ventricular subgaleal shunt group and 0.67 £ 0.06 for
the ventricular reservoir group). Also notable is that the
treatment threshold required a combination of a
progressive increase in head circumference, full fontanel or
splaying of the sagittal suture 22 mm in the mid-parietal
region. SOPHH enrollment occurred at 6 sites over
39 months and included placement of 66 ventricular
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reservoirs and 36 ventricular subgaleal shunts. Overall, 65%
of infants with temporizing measures were converted to
permanent shunts. Developmental follow-up in this cohort
with Bayley-III cognitive, language, and motor outcomes is
forthcoming.

Complications reported with temporizing measures
include obstruction, infection, need for revision, and other
rare complications including CSF leak, porencephalic cysts,
and intracranial hemorrhage’”®' (Table III; available at
www.jpeds.com). In the SOPHH study, there was no
difference between ventricular reservoir and ventricular
subgaleal shunt in rates of infection, CSF leak, death, or VP
shunt rate. Although the ventricular reservoir entails more
frequent skin breaks than ventricular subgaleal shunt,
minimizing complications from reservoir drainage can be
obtained by systematic care, including strict sterile
precautions, using a trained provider for removal of the
CSF, removing the fluid slowly at not >1 mL/min, and
carefully considering skin care over the site of the reservoir.”

In the absence of strong evidence about timing and types of
neurosurgical interventions, neurosurgical groups have
focused on standardizing the assessment and management
protocols. Although helpful, such strategies have tended to
result in late interventions and with an unclear benefit on
neurodevelopmental outcomes.

Future Opportunities

On the horizon are potentially promising new diagnostic and
therapeutic approaches that might be of further benefit to in-
fants with PHVD. Although none are yet in clinical use,
quantitative neuroimaging and analysis of CSF and blood-
based analytes’>*”*° show promise as potential diagnostic
biomarkers of PHVD that could guide treatment and predic-
tion of outcome. In addition, studies in animals have demon-
strated the potential protective effect of mesenchymal stem
cells by intraventricular’’ as well as intravenous” infusion
following severe IVH. Mesenchymal stem cells attenuated
the degree of PHVD as well as degree of brain injury in a se-
vere IVH rat model, especially when given at 2 days rather
than 7 days after induction of IVH.”” The same group also
published the results of a phase I trial using intraventricular
transplantation of mesenchymal stem cells in 9 premature in-
fants.*” Other studies suggest benefit from erythropoietin/
melatonin, "’ minocycline,18 potentially  via  anti-
inflammatory mechanisms, and deferoxamine, via iron che-
lation.” In addition, several centers now apply the principle
of “washing out PHVD” by using endoscopic ventricular
lavage in the operating room. Schulz et al reported on the
feasibility and safety of this technique in 19 infants.* In addi-
tion, d’Arcangues et al reported 56 infants with PHVD
treated with endoscopic ventricular lavage and concluded
that the procedure may reduce the need for shunt surgery
and subsequent shunt revisions.” Another approach, which
could potentially reduce the long-term shunt-related
morbidity in these infants, is endoscopic third ventriculos-
tomy without or with choroid plexus cauterization. This
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intervention could serve as an alternative to CSF shunting
in PHVD, although reported success rates are variable, at
least early in infancy in this population.®>”""’

Management Approach

Combining the evidence from preclinical data, supporting
the ability of early interventions to reverse brain injury, and
from clinical data, indicating that the best neurodevelopmen-
tal outcomes have been reported in centers and trials using
ventricular measurements as criteria for interventions
(Table II), it appears prudent to adopt this evidence into
clinical practice. The authors of this manuscript agree on
the following approach to be considered for overall
management of PHVD.

The recognition of increased intracranial pressure using
clinical signs as rapid head growth, separated sutures, or
bulging fontanelles is important. However, waiting for late
signs can lead to late interventions and the potential for wors-
ening brain injury. Nonetheless, the development of such
signs should be concerning enough to initiate interventions
even with modest increases in ventricular measurements.
Doppler ultrasound and near-infrared spectroscopy may
aid with the decision, given the alterations described
previously.

Based on these principles, we are proposing that a frame-
work that relies on standardized ventricular measurements,
clinical signs, and supplementary tests can be used to assign
risk categories for infants with PHVD. Based on this risk
assessment, providers can determine the frequency and types
of assessments, the timing of temporizing measures, neuro-
surgical referral, and neurosurgical interventions. Recogni-
tion of the risk category is facilitated by the use of
standardized ventricular measurements (namely VI, AHW,
and TOD) in every cUS done in infants with PHVD. A simple
tool was developed from data from the study by Brouwer et al
to help the clinician plot ventricular measurements over time
to assess risk progress (Figure 4).*” An electronic spreadsheet
is available to be downloaded, stored in secure servers, and
used for individual patients in 2 formats: one is for
postmenstrual age 24-42 weeks (https://tinyurl.com/
PHVD-Measures-1) and another for postmenstrual age 24-
29 weeks (https://tinyurl.com/PHVD-Measures-2). This
spreadsheet categorizes infants with PHVD into 3 risk
groups, ie, low, moderate, or high risk (Figure 5).

In our opinion, the low-risk group (green zone) should be
monitored closely and evaluated by cUS at least twice weekly
until the ventricles are stable for 2 weeks and then every 1-
2 weeks until 34 weeks postmenstrual age. A term-
equivalent MRI can be useful to delineate the degree of brain
injury as well as any alterations in brain maturation.

Infants in the moderate-risk group (yellow zone) may
benefit from neurosurgical consultation and 2-3 LPs, aiming
for removal of 10 mL/kg of CSF. LPs can be started as soon as
infants fulfill criteria for measurements of ventricular size,
without any restriction on gestation or birth weight. cUS
should be performed before and preferably also following
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Figure 4. A practical clinical tool to monitor commonly used ventricular measures. Individual measures can be plotted in
millimeters in the table as well as on the corresponding postmenstrual age in the graph to identify risk zone.
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Green Zone
Key Criteria:
Ventricular size with the following
o VI<97" percentile
3
e AHW <6 mm

And
Absence of the following clinical
criteria:
e HC growth >2 cm per week
e Separated sutures

e Bulging fontanelles

Management:
Observation in NICU

cUS twice a week until stable for
2 weeks then every 1-2 weeks till

34 weeks PMA
MRI at Term Equivalent

Yellow Zone
Key Criteria:
Ventricular size with the following
o VI >97‘hpercentile
&
e AHW >6 mm &/or TOD >25 mm

And
Absence of the following clinical
criteria:
e HC growth >2cm per week
e Separated sutures
e Bulging fontanelles

Management:

o Referral to a regional center for
neurosurgical review

e Consider LP 2-3 times

e cUS 2-3X a week until stable for
2 weeks then every 1-2 weeks till
34 weeks PMA

o Neurosurgical intervention when
no stabilization occurs

e MRI at Term Equivalent

Red Zone
Key Criteria:
Ventricular size with the following
o VI >97th percentile + 4amm
&
e AHW >10 mm &/or TOD >25 mm

o]
Any of the following clinical criteria

e HC growth >2 cm per week
e Separated sutures
e Bulging fontanelles

Management:
Consider LP 2-3 times
Neurosurgical intervention
including either temporizing
measures or VP shunt
MRI at Term Equivalent

Consider alterations in NIRS (ie decrease cerebral oxygenation) or Doppler US (ie Increase in Resistive Index) as additional
information that may suggest impairment in cerebral perfusion and more urgent need for intervention.

Figure 5. Proposed risk stratification and management of infants with PHVD. HC, head circumference; NIRS, near-infrared

spectroscopy; PMA, postmenstrual age.

the LP to assess the effect, and the LP should not be per-
formed more often than once a day. cUS should be per-
formed at least 2-3 times per week until the ventricles are
stable for 2 weeks, and then every 1-2 weeks. A term-
equivalent MRI is also recommended.

Infants who reach the high-risk group (red zone) also may
benefit from 2-3 LPs done acutely, while planning neurosur-
gical interventions. Neurosurgical interventions could
include ventricular reservoir or ventricular subgaleal shunt
(likely after the infant’s weight is 2700 g) based on center
preference. Interventions might also include a VP shunt,
based on such factors as center preferences, age, weight, clin-
ical condition, and CSF protein and red cell count. Success
rates for endoscopic third ventriculostomy without or with
choroid plexus cauterization, performed following tempo-
rizing measures, are enhanced by selecting infants who are
close to or preferably well beyond term equivalent age and
who have no obstruction of the prepontine cistern on preop-
erative MRL.”

Conclusions

PHVD in the infant born preterm continues to be a signifi-
cant problem associated with adverse neurodevelopmental
outcomes. The mechanisms involved in brain injury are
multifactorial and include cerebral ischemia, mechanical
distortion and neuroinflammation secondary to brain expo-
sure to blood products, especially iron. There is growing
evidence that early interventions for CSF removal based on
ventricular measurements can reduce brain injury and
improve neurodevelopmental outcomes. Although advances
are expected in this field, current evidence supports the

24

stepwise approach described here to prevent and or attenuate
the progression of injury and neurodevelopmental
impairment. W
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Figure 3. Anillustration of the commonly used temporizing measures for PHVD: A, Ventricular reservoir; B, ventricular subgaleal

shunt.

Table I. Comparisons of lumber punctures in studies included in the Cochrane Review'

Ventriculomegaly group®®

Aimed volume and end point

Volume, mL

Daily LP till flow stops
e LPs were done every
other day, or less if CSF
removed at tap was

<3 mL

LPs stopped if the
ventricular size
decreased or remained
unchanged for 2
consecutive weeks
Total: 67 (SD 10)

o Daily LP until the CSF was
clear, colorless, and had a
protein concentration
<180

Variables Anwar et al® (n = 24) Mantovani et al® (n = 19) Dykes et al* (n = 22) (n=179)
Indications Infants with grade IlI-IV IVH Infants with grade II-lll IVH Asymptomatic severe VI >97th percentile + 4 mm
progressive
posthemorrhagic
hydrocephalus
Time to start LPs 11.d (SD 5) 19.d (SD 11)
Number of LPs 14 (SD 10) Median (10-90th%)
7(1-37)

o Daily LP for a minimum of
1 wk and a maximum of
3wk

e LP for max 2% of body
weight

o Repeat as many as
possible if increase VI
>2 mm above
measurement before
first tap

e |f LP <2 mL, then shift for
ventricular tap

Median (10-90th%)
116 (14-678)

Volume per tap, mL Mean 3 (SD 2) 3-5mL 2-21 mL
Duration 20 d (SD 16) 18 d (range 7-34) 1-3 wk
Special description Screening done to all infants Spinal tap only (42%)
using LP at 24 h and 72 h of Ventricular tap (9%)
life. If concerning, CT was Spinal and ventricular tap or
done. reservoir (42%)
Outcomes
VPS NA 4/19 (21%) 9/22 (41%) 41/79 (52%)
Death or disability 14/21 (67%) 61/73 (84%)
\ J
NA, not available.
27.e1 El-Dib et al
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Table II. Comparisons between the criteria, interventions, numbers, and outcomes reported in major studies of management of PHVD
Acetazolamide
Ventriculomegaly Ventriculomegaly trial (standard North
Studies trial Group—early” trial Group—Ilate’ arm)® DRIFT—cases’®  DRIFT—control® HCRN'® ELVIS—early'’ ELVIS—late'"  Two Dutch units'? America'?
Criteria VI >97th VI >97th (1) VI 4 mm over FOHR >0.55 VI >97th VI >97th Based on Based on signs of
percentile + percentile + the 97th centile + 2 of 3 of: percentile +AHW  percentile + ventricular increased
4 mm 4 mm OR (2) all of the —Bradycardia >6 mm and/or the 4mm +AHW measurements VI intracranial
following: —Split suture  TOD >25 mm >10 mm exceeding the 97th  pressure
—AHW >4 mm —Bulging centile and
—TOD >26 mm fontanel increasing
—third ventricle width >3 mm toward the
OR (3) Measurements above p97 +4 mm
(1) or (2) on 1 side line and an AHW
combined with obvious >6 mm
midline shift indicating
a pressure effect.
Intervention Immediate Only CSF The study DRIFT until fluid Standard e Temporize till e LPs (max 3), and followed LPs or reservoir LP, reservoir or VP
CSF drainage drainage if: advised for removal clears (usually 72 h) Intervention 1800-2000 g by insertion and taps from followed by VP shunt (mostly
e LPformax 2% e Increase in head of CSF to be delayed only if (1) Signs of a VR, aiming for VI <p97 shunt in the immediate VP shunt
of body weight circumference  until either head raised intracranial over the next 7-10 d absence of placement)
e Repeat as many of twice the growth pressure (irritability, e 10 mL/kg was removed 1 stabilization
as possible if normal velocity — exceeded apnea, reduced or 2 taps a day, the volume
increase for gestational  twice the normal consciousness, adjusted according to cUS.
VI >2 mm above  age after entry  rate bulging fontanelle, e When taps from a VR were
measurement to the trial or for 2 wk or the or loss of diastolic still needed 28 d after
before firsttap e Symptomatic infant showed velocities on insertion to keep the VI
e IfLP <2 mL,then raised clinical symptoms cerebral well below the p97+4 mm,
shift for intracranial or signs of raised arteries) or 1 or 2 “challenges”
ventricular tap pressure with a  intracranial excessive were performed with
e Shunt if tapping measured CSF  pressure or (2) head discontinuation of taps.
continued for pressure >12 enlargement Reservoir taps were
4 wk and head mm Hg) over time (>2 mm/d) resumed in case of
enlargement Intervention: expanding ventricles,
continues and LP x 2 or failed LP clinical symptoms and/or
other factors then reservoir excessive head growth
Number 79 78 89 39 38 102 Temporize 64 62 78 (48 received 49 (24 received
intervention) intervention)
Parenchymal 46 (58%) 55 (71%) 40 (45%) 20 (51%) 18 (47%) 54 (53%) 24 (38%) 19 (30.6%)
lesions
VP shunt 41 (52%) 42 (54%) 40 (45%) 16 (41%) 15 (39%) 66 (65%) 12 (19%) 14 (23%) 10 (13%) 22 (45%)
Death 14 (18%) 18 (23%) 10 (11%) 3(8%) 5 (13%) 13 (13%) 8 (12.5%) 9 (15%) 11 (14%) 20 (41%)
Numbers 59 53 79 39 38 50 45 62 27
at FU
FU age, CA 30 mo 30 mo 12 mo 24 mo 24 mo 24 mo 24 mo 18-24 mo 18-24 mo
Impairment  Overall Overall Impaired or Severe disability Severe disability ? Combined Combined Combined Combined
Griffiths Griffiths disabled 18/39 (46%) 22/38 (58%) cognitive and cognitive and cognitive and cognitive and
scale <70 scale <70 52/79 (66%) motor scores motor scores motor scores motor scores
29/59 (49%) 25/53 (47%) <70=6(12%) <70 =11 (24%) <70 = 3 (4.8%) <70 = 14 (52%)
.

CA, Corrected Age; FU, Follow up.
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Table ITI. Complications associated with ventricular

reservoir vs subgaleal shunt

Ventricular subgaleal

Complications Ventricular reservoir shunt
Common'®

Obstruction 7.3% (95% Cl 5.0-10.4) 9.6% (95% Cl 5.6-16.0)

Infection 9.5% (95% Cl 7.0-12.8) 9.2% (95% Cl 6.3-13.3

Revision 10.8% (95% Cl 7.4-15.5)  12.2% (95% Cl 8.8-16.5)
Others

CSF leak'*™® 6% 4.7%-6.5%

Porencephalic 8.7%

cysts'

Intracranial 1.1%

hemorrhage'®

J
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