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A neonatal neuroNICU collaborative approach to
neuromonitoring of posthemorrhagic ventricular dilation

in preterm infants

Brett A. Whittemore', Dale M. Swift', Jennifer M. Thomas? and Lina F. Chalak®

Morbidity and mortality in prematurely born infants have significantly improved due to advancement in perinatal care,
development of NeuroNICU collaborative multidisciplinary approaches, and evidence-based management protocols that have
resulted from a better understanding of perinatal risk factors and neuroprotective treatments. In premature infants with
intraventricular hemorrhage (IVH), the detrimental secondary effect of posthemorrhagic ventricular dilation (PHVD) on the
neurodevelopmental outcome can be mitigated by surgical intervention, though management varies considerably across

institutions. Any benefit derived from the use of neuromonitoring to optimize surgical timing and technique stands to improve
neurodevelopmental outcome. In this review, we summarize (1) the approaches to surgical management of PHVD in preterm
infants and outcome data; (2) neuromonitoring modalities and the effect of neurosurgical intervention on this data; (3) our resultant
protocol for the monitoring and management of PHVD. In particular, our protocol incorporates cerebral near-infrared spectroscopy
(NIRS) and transcranial doppler ultrasound (TCD) to better understand cerebral physiology and to enable the hypothesis-driven

study of the management of PHVD.
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IMPACT:

® Review of the published literature concerning the use of near-infrared spectroscopy (NIRS) and a cerebral Doppler ultrasound to
study the effect of cerebrospinal fluid drainage on infants with posthemorrhagic ventricular dilation.

® Presentation of our institution’s evidence-based protocol for the use of NIRS and cerebral Doppler ultrasound to study the
optimal neurosurgical treatment of posthemorrhagic ventricular dilation, an as yet inadequately studied area.

INTRODUCTION

Of the ~500,000 prematurely born infants in the United States per
year, intraventricular hemorrhage (IVH) develops in about 15-30%
of infants weighing <1500 g at birth.'"™ Posthemorrhagic
ventricular dilation (PHVD) occurs in about 30-50% of infants
with severe IVH, progressive PVHD spontaneously arrests in about
40%, and 30-50% of the remainder ultimately undergo ventricu-
loperitoneal (VP) shunt placement.>*™” In infants <1500 g, IVH
incidence has decreased from 40-50% in the 1970s-1980s to
20-25% in the 1990s.” The incidence of cerebral palsy in those
born at gestational age less than 34 weeks has decreased by a
factor of three from the 1990s to the 2000s.' Brain injury
associated with PHVD results from the initial hemorrhagic insult,
toxic metabolic sequelae of the hemorrhage, and progressive
ventricular dilation.®° Therapeutic progress in each of these
categories has resulted in improved outcomes. The hemorrhage
risk, which is highest in the first three postnatal days,"'® has been
mitigated by optimizing perinatal risk factors and neuroprotective
treatments such as steroids, surfactant, antibiotics, cesarean
section, positive pressure and high-frequency ventilation, and
hemodynamic monitoring.* Surgical reduction of toxic blood
products via neuroendoscopic lavage, as well as drainage,

irrigation, and fibrinolytic therapy (DRIFT) have a beneficial effect
on developmental outcomes, though fibrinolytic therapy increases
rehemorrhage risk.''”"* Though CSF diversion via shunt place-
ment is the most common surgical endpoint, surgical practices
and intervention thresholds vary significantly.®'> Criteria for
surgical intervention are mainly based on physical exam and
ventricle measurements on cranial ultrasound (CUS), which
embody the current standard of care and strongest evidence
base, but incompletely measure the pathophysiologic processes
leading to brain injury associated with PHVD.2'> Incorporating
additional noninvasive neuromonitoring modalities into the
management of PHVD, in particular near-infrared spectroscopy
(NIRS) and transcranial doppler ultrasound (TCD) studies, has the
potential to improve understanding of this disease process and to
guide research on its management. In addition, there is growing
support for considering the neurodevelopmental outcome,
instead of shunt dependence, to be the most important surgical
outcome measure.'®

The term posthemorrhagic hydrocephalus (PHH) is often used
in surgical literature because hydrocephalus implies a pathologic
state requiring surgical treatment. The PHH and PHVD classifica-
tions overlap, and the variation in terminology can make direct
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comparisons of management and outcomes more difficult. PHVD
is used in this review as an objective anatomic description that
includes the subset of patients who progress to PHH.

The neurosurgical management of PHVD and NICU neuromo-
nitoring modalities have been reviewed extensively. Our objec-
tives are to review (1) current approaches to surgical management
of PHVD in preterm infants and outcome data, in particular,
neurodevelopmental outcome; (2) neuromonitoring modalities
and the effect of neurosurgical intervention for PHVD on
neuromonitoring data; (3) our neuroNICU evidence-based proto-
col for the management of PHVD. The overall goals of our protocol
are to detect and treat PHVD early in order to minimize secondary
brain injury and to better understand the effects of surgical
treatments on neurodevelopmental outcomes and the pathophy-
siology of PHVD.

SURGICAL MANAGEMENT OF PHVD IN PREMATURELY BORN
INFANTS AND OUTCOMES

PHVD is usually detected by head ultrasound screening protocols
in premature infants. The risk of PHVD increases with the severity
of IVH (Papile grade),'” though ex vacuo ventricular dilation can
have a larger contribution to PHVD with grade IV IVH (periven-
tricular hemorrhagic infarction) due to cystic evolution resulting
from the parenchymal injury. The rate of PHVD is lower in grade IV
than grade Ill IVH, though the rate of cerebral palsy is higher in
patients with grade IV than grade IIl IVH.'® Untreated progressive
PHVD in infants causes progressive head growth across percentile
lines and worsened cognitive and motor function, often resulting
in severe disability or death.'®?° Treatments of PHVD conceptually
fall into three categories: (1) Reduction of cerebrospinal fluid (CSF)
production: diuretics (Lasix, acetazolamide), choroid plexus
cauterization; (2) Diversion of CSF: lumbar puncture (LP), serial
taps of an implanted ventricular reservoir, external ventricular
drain, ventriculosubgaleal shunt, endoscopic third ventriculost-
omy (ETV); (3) Restoration of CSF absorption: clearance of blood
and inflammatory products using intraventricular thrombolytics,
neuroendoscopic lavage, or drainage of CSF via serial LP or
reservoir taps.

Evidence-based guidelines for the management of posthemor-
rhagic hydrocephalus in premature infants were published in 2014
in the Journal of Neurosurgery Pediatrics,®’ and one Level III
recommendation regarding neuroendoscopic lavage (NEL) was
added to the updated 2020 guidelines:*?

1. Level | evidence:

a. Routine serial lumbar puncture is not recommended to
reduce the need for VP shunt placement or to prevent
the progression of hydrocephalus.

b. Intraventricular thrombolytics are not recommended to
reduce the need for shunt placement.

c. Acetazolamide and furosemide are not recommended to
reduce the need for shunt placement.

2. Level Il

a. Ventricular access device (VAD), external ventricular
drain, ventriculosubgaleal shunt, and lumbar puncture
are treatment options but require clinical judgment.
(Ventricular reservoir is a type of VAD.)

b. Ventriculosubgaleal shunts reduce the need for daily CSF
aspiration compared with VADs.

3. Level lli:

a. Evidence is insufficient to recommend a specific weight or
CSF parameter to guide the timing of shunt placement.
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b. Evidence is insufficient to recommend endoscopic third
ventriculostomy.

¢. Neuroendoscopic lavage is a feasible and safe option for
the removal of intraventricular blood products and may
lower the rate of shunt placement.>

The lack of strong evidence for a particular surgical strategy
has resulted in wide variability in management between
institutions, from the choice of surgical temporization proce-
dure, to shunt conversion rate, length of stay, and imaging
modalities.'> Complications such as loculated hydrocephalus
and shunt failure are more likely in children with PHVD than
other congenital causes of hydrocephalus, with the complica-
tion risk (including infection) increasing with decreased gesta-
tional age and lower body weight at the time of VP shunt
placement."?*?> Low birth weight infants with IVH who develop
PHVD are usually treated with a temporary CSF diversion
technique, such as serial taps of a ventricular reservoir,227
until they are large enough to receive a shunt (1.5-2.5 kg).24%°
The reported conversion rate of the ventricular reservoir to VP
shunt ranges from 55 to 90%, without an increased infection
rate with reservoirs relative to other temporization meth-
ods.'>?78 Shunt revision rate may be lower in patients initially
treated with reservoirs prior to shunt placement.>® Endoscopic
third ventriculostomy (ETV) is another surgical approach
designed to avoid shunt placement altogether, though its
success rate is lower in PHVD than other hydrocephalus
etiologies.®'3? A recent Cochrane Library systematic review
found no proven reduction of death, disability, or permanent
shunt placement with serial CSF removal via lumbar puncture or
ventricular reservoir/ventricular tap.>*

Studies comparing the relationship between specific surgical
interventions, the timing of intervention, cerebral physiology, and
neurodevelopmental outcomes are limited. A multi-institutional
retrospective review of 127 preterm infants (<30 weeks) with
PHVD classified management as “early approach” (procedural
intervention with LP, ventricular reservoir, or VP shunt based on
cranial ultrasound ventricular index > +2 SD and/or anterior horn
width >6 mm) vs “late approach” (intervention based on clinical
signs of increased ICP, most often shunt placement). The rates of
shunt complication and infection were higher in the late approach
cohort and neurodevelopmental outcomes were better in the
early group. Early approach patients had similar neurocognitive
outcomes independent of the need for intervention, and late
approach patients had worse cognitive and motor outcomes than
those without intervention,” suggesting that early intervention
based on ventricular measurements rather than clinical signs of
increased ICP may lead to improved outcomes. This multi-
institutional group then conducted a randomized controlled trial
(ELVIS) of procedural intervention at low threshold (VI>97
percentile and AHW >6 mm and/or thalamo-occipital distance
>25mm) vs high threshold (VI>97p +4 mm and AHW > 10 mm).
The study accrued 126 preterm infants (<34 weeks) with PHVD
after Grades IlI-IV IVH, and found no difference in the rate of death
or shunt placement between the two groups.3* The ELVIS trial
composite outcome of death, cerebral palsy, or Bayley composite
cognitive/motor scores < —2SD at 24 months corrected age
occurred in 35% of the low threshold group and 51% of the high
threshold group, and this difference was significant after adjusting
for gestational age, IVH severity, and cerebellar hemorrhage.®> A
subanalysis of the ELVIS data found larger ventricular volumes and
more brain injury in the late intervention group.>® These findings
support an early intervention threshold. It is interesting that the
presence of a shunt did not correlate with worse outcomes within
the early treatment group, suggesting that shunt placement is
more likely a marker of disease severity than the cause of worse
outcomes.*®
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When 70 preterm infants (24-34 weeks) with PHVD were
randomized to either surgical drainage, irrigation, and fibrinolytic
therapy (DRIFT) or serial tapping of a ventricular reservoir, there
was no significant difference between the rate of shunt surgery or
death, though DRIFT therapy resulted in a significantly higher rate
of IVH (35% vs 8%).3” At two year follow up, a smaller proportion
of DRIFT recipients had a severe cognitive disability, but
sensorimotor disability was not significantly different,'* and the
improved cognitive outcomes in the DRIFT group were main-
tained at 10 years."" Neuroendoscopic lavage (NEL) for PHVD
without fibrinolytic therapy was retrospectively evaluated in 56
premature infants from two institutions, with a 56.6% shunt rate,
63.5% 12-month shunt survival, and low complication rates (3.6%
infection, 8.9% rehemorrhage).'® Neurodevelopmental outcomes
at 2 years were assessed in 45 of these infants treated with NEL:
30% had normal cognitive development (vs 23% in the DRIFT
study) and 44% had severe cognitive disability (vs 31% in DRIFT),
though the walking ability was more difficult to directly compare
and shunt rates were much different (60% NEL, 38% DRIFT)."?

Studies of various surgical techniques and outcomes for the
surgical management of PHVD are summarized in Table 1.

Perinatal CNS infection is so devastating to neurologic function
that avoidance of post-surgical infection should be considered a
primary surgical outcome measure. A study of the outcomes of
neonatal meningitis in very low birth weight infants (<1.5kg)
found a 41% rate of major neurologic abnormality in meningitis
survivors compared to 11% in those without meningitis after
controlling for birth weight, IVH, chronic lung disease, and social
risk factors.® A series of children with myelomeningocele found a
mean 1Q of 104 for the 18 not-shunted children, 91 for the 41
children shunted without complications, and 70 for the 16 with
shunts who had complications; one-half of the shunt complica-
tions were ventriculitis.>®

A thorough review of PHVD pathophysiology and management
was recently published by EI-Dib, et al, with recommendations for
risk-stratifying infants based on standardized ventricular measure-
ments on cranial ultrasound and clinical signs. A strong case was
made for early procedural intervention (LP, ventricular reservoir,
ventriculosubgaleal shunt, or VP shunt) depending on risk
category and patient characteristics. Pooled data showed a trend
towards later treatment (larger ventricle size) and worse
neurodevelopmental outcomes in North American vs European
infants. Detailed comparisons of the cognitive, motor, and surgical
outcomes of the prospective studies of PHVD management were
tabulated.®

NEUROMONITORING OF PREMATURELY BORN INFANTS
Neuromonitoring covers a broad range of tools for evaluating
brain growth and physiology. Below is a summary of monitoring
modalities with relevant references.

1. Physical exam: Though not quantitative, interrater reliability
for the parameters "bulging fontanelle” and “split sutures”
may be very accurate.”® However, physical exam findings
occur late in the course of PHVD, and head circumference
does not directly correlate with ventricle size.*'

2. Cranial ultrasound (CUS): A rapid, noninvasive, bedside test
to visualize hemorrhage, measure ventricle size, and per-
form serial comparisons. Common measurements include:
Ventricular Index (VI: distance from the lateral wall of the
lateral ventricle to the midline, the coronal plane at the level
of the foramen of Monro),** Evans Ratio (ER: transverse
bifrontal horn diameter:transverse internal diameter of the
skull),** and Anterior Horn Width (AHW). Thalamo-occipital
distance (TOD) is measured in the parasagittal plane. Normal
ranges for CUS measurements are published.***® Frontal
and Temporal Horn Ratio (FTHR), and Frontal and Occipital
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Horn Ratio (FOHR) correlate well with ventricular volume
and have good interobserver reliability.*’*® Multiple mea-
surement types are useful because ventricle morphology
can vary. CUS has a lower sensitivity for cerebellar
hemorrhage, which is correlated with poorer outcomes."*’
Though CUS is the most important diagnostic test for
managing PHVD, ventricle size and head circumference do
not correlate consistently, and surgical decisions ultimately
depend on both clinical and imaging factors.*’

3. Transcranial doppler (TCD) ultrasound: Systolic and diastolic
flow velocities, and the resistive index (Rl = (V_peak.systole
- V_end.diastole) / V_peak.systole), are commonly-used
cerebral hemodynamic parameters. In theory, PHVD causes
relatively higher ICP and decreased intracranial compliance,
resulting in increased systolic velocity and lower end-
diastolic velocity, thereby increasing RI.>° In general, TCDs
are not a reliable noninvasive indicator of elevated ICP in
infants with hydrocephalus,®® though changes in TCDs over
time can be useful for detecting changes in cerebral
hemodynamics due to ICP or other causes.”' Consistent
changes in Rl with temporary fontanelle compression and
CSF drainage have been observed, and Rl changes may be
useful in measuring hemodynamic compensatory reserve
when hydrocephalus is present.” The time to normalization
of TCD parameters after shunt placement may vary
depending on the rapidity of hydrocephalus onset.>?

4. Magnetic resonance imaging (MRI): The most sensitive
modality for detecting hemorrhage and prognosticating
neurodevelopmental outcome. The developmental predic-
tive yield of MRI at term estimated age (TEA) is increased in
high-risk preterm infants (<29 weeks, <1000 g), and MRI is
superior to CUS in detecting white matter injury, micro-
hemorrhage (<3 mm), and cerebellar hemorrhage (1-3
mm).** A methodology described by Kidokoro et al. for
grading MRI findings based on white matter, ventricular,
and anatomic findings correlates with worse memory and
learning function at 7 years.>*>*

5. Electrophysiologic monitoring: Amplitude-integrated elec-
troencephalography (aEEG) allows easier interpretation of
general brain activity and continuous monitoring of
neonatal encephalopathy by reducing the number of scalp
electrodes and simplifying the output waveform relative to
conventional EEG.>® The technique is not as sensitive as
conventional EEG for detecting seizures,®” but is useful in
the early management of hypoxic—ischemic encephalopathy
and in predicting neurologic outcomes.®® Visual evoked
potentials (VEP) monitor the electrical activity of the visual
(occipital) cortex in response to a visual stimulus. In 17
infants with PHVD, 100% of VEP latencies were increased
above the normal range, aEEG suppression was increased in
76%, and the patterns usually normalized within a week of
external ventricular drain placement and continuous drai-
nage,”® though these electrophysiologic changes were not
consistently seen in another PHVD population.®® VEPs and
brainstem auditory evoked potentials may be predictive of
neurodevelopmental outcome in preterm infants, and can
identify infants for early therapy and hearing interven-
tions.®"

6. Noninvasive ICP measurement with a noninvasive anterior
fontanelle pressure transducer: Elevated ICP is a late
derangement in progressive PHVD. Tapping a ventricular
reservoir reduced non-invasively-measured ICP in a series of
6 premature infants with PHVD with frank signs of
hydrocephalus who eventually underwent shunt surgery,
but ICP measurements varied widely despite open fonta-
nelles and sutures.®> Anterior fontanelle pressure did not
directly correlate with clinical signs of raised ICP in another
study of 37 hydrocephalic infants.®®
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Table 1.

Contemporary studies of surgical management of PHVD.

Study

Type

Intervention Outcome

Wellons et al. (HCRN)'®

de Vries et al. (ELVIS)**

Whitelaw et al.
(DRIFT)*”

Ventriculomegaly Trial
Group'®

Warf et al.’®?

Chamiraju et al.3?

Brouwer et al.?°

Srinivasakumar et al."®

Christian et al.?’

Prospective multicenter cohort; 6
centers, n = 145

Prospective, randomized controlled
trial, 14 centers, 6 countries, n =126

Prospective randomized trial, 70
preterm infants

Prospective, randomized, controlled,
n = 157 infants with PHVD, 15 centers

Pilot study, 10 premature infants with
posthemorrhagic hydrocephalus

Retrospective review, 27 premature
infants with IVH and hydrocephalus

Retrospective, n =23, GA < 30 wks,
PHVD requiring neurosurgical
intervention and long term follow up

Retrospective, GA < 34 wks, n=173
with severe IVH, n = 139 with PHVD, n
= 54 received neurosurgical
temporization procedure

Retrospective, n =91 preterm infants
with posthemorrhagic hydrocephalus

Temporization with ventriculosubgaleal
shunt vs ventricular reservoir

- 180-day conversion to ventricular
shunt (64% vs 74%): no difference

- Infection rate (14% vs 17%): no
difference

LPs and/or taps of a ventricular reservoir at - VP shunt placement or death: No
low vs high ventricle size threshold difference
- Positive benefit of low threshold on
neurodev outcome at 2 years®

- Death or VP shunt: no difference

- Secondary intraventricular
hemorrhage more frequent in DRIFT
group (35% vs 8%)

- Reduced severe cognitive impairment
in DRIFT group at 2'* and 10 years'

- No difference: death (16% vs 22%), VP
shunt (52% vs 54%), infection
(9% vs 5%)

- No benefit at 12 or 30 months of early
treatment for neuromotor, Griffiths (<
70: 49% vs 47%), seizures, vision'%%101

DRIFT vs serial ventricular reservoir taps

Serial LPs for VI 97%-+4 mm vs no CSF
drainage unless rapid head growth or
symptomatic raised ICP; permanent shunt
in both groups for failure to control head
size and no contraindication to shunt

Endoscopic third ventriculostomy and
choroid plexus cauterization (ETV/CPC)

- Further operations required: 40%
none, 50% VP shunt

- Scarring in prepontine cistern less
favorable

ETV/CPC - No further operations (37%),
shunt (63%)

- Higher risk of ETV failure if narrow
prepontine cistern on MRI or
corrected gestational age <0 wks at

time of surgery

Serial LPs (all VI > 97%), ventricular reservoir - Cognitive problems, cerebral palsy, or
if ventricle size progressed, VP shunt if epilepsy: no impairments in 59.4% (Gr
persistent serial CSF drainage was needed  lll: 82% unimpaired, 0% CP; Gr IV: 33%
after 4-6 weeks; treatment timing varied unimpaired, CP 53%)
due to individual circumstances - Mean 1Q 93.4, 29% with 1Q < 85,
independent of CP. No difference in
cognition compared to control group
matched for gestational age, birth
weight, and gender
- Outcome not correlated with the
timing of intervention

Temporization with ventricular reservoir or - Increasing ventricular dilation
ventriculosubgaleal shunt at early (VI > associated with adverse motor,
97%) vs late (VI>97%-+4 mm) intervention  cognitive, language outcomes at 18
threshold and 24 months
- No difference in outcomes between
VR and VSG shunt

Temporization with ventricular reservoir - Shunt infection (6-7%)
then conversion to VP shunt, or VP shunt as - Malfunction and loculated
initial treatment hydrocephalus did not differ
between the group with reservoir vs
shunt as a first procedure
- 90% of reservoirs converted to shunt
- No reservoir infection related to serial

tapping

7. Near-infrared

spectroscopy

(NIRS):

NIRS non-invasively

autoregulation correlates with cerebral hemorrhage,®” and

measures spectrophotometric properties of oxyhemoglobin
and deoxyhemoglobin to calculate cerebral oxygen satura-
tion and fractional cerebral oxygen extraction, and to assess
cerebral autoregulation through analysis of its correlation
with systemic blood pressure.®* Assuming constant oxygen
saturation of afferent cerebral blood and constant global
cerebral metabolic rate over the measurement period,
changes in cerebral blood flow correlate with changes in
oxyhemoglobin and  deoxyhemoglobin.5>%®  Impaired
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delayed cord clamping after birth results in improved
autoregulation and reduced IVH.®® Multiple studies have
found correlations between features of cerebral NIRS data
within the first few days after birth and the development of
IVH.'%%°=7" PDA is associated with a higher risk of IVH,”?
though a PDA can affect NIRS values.”® A study of 185
infants born before 30 weeks found an association between
IVH and persistent cerebral desaturation (68 days), and
between white matter injury and persistently increased

Pediatric Research (2022) 91:27 -34
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No IVH

1. Screening CUS, TCD Ccus
(within first 3 days)
2. NIRS (birth—72 h)

IVH
Grade |, II:
1. CUS, TCD per “No IVH” schedule
Grade Ill, IV:

1. Neurology consult
2.CUS, TCD 2x/wk
3.NIRS x24-72 h

A

PHVD
1. CUS, TCD 2x/wk
2. Nsgy consult if VI increases or
clinical signs of hydrocephalus
3.NIRS x 24-72 h

Fig. 1

P! 1.cus, TCD:
L 3-5d, 10-14d, 28-30d, TEA

a "
Extended follow up
1. Extend CUS interval
2. Nsgy outpt x 2-3 years
3. Neurology outpatient

\ urology outpati )

VI stabilize
<2SDh

VI>2SDor Surgery
Clinical signs See Figure 2
of HCP L )

PHVD monitoring protocol. EGA estimated gestational age, IVH intraventricular hemorrhage, CUS cranial ultrasound, TCD transcranial

doppler ultrasound, NIRS near-infrared spectroscopy, nsgy neurosurgery, VI ventricular index, TEA term-equivalent age.

procedure

2. V-atrial shunt or ETV if
abdomen not hospitable
3. NIRS before procedure

Surgery Welght >2 kg -
1. New CUS, TCD Definitive procedure Surgical follow up
2. NIRS before 1. VP shunt 1. CUS, TCD 1-2x/wk to TEA

2. NIRSx24-72h
3. Nsgy outpatient for life

Weight < 2 kg
Temporizing procedure
1. Place ventricular reservoir
2. Daily taps, 10 mL/kg, titrate
to decreased ventricle size,
improved physical signs

3. CUS, TCD 2-3x/wk

4. NIRS x24-72h

v

Weight = 2 kg
Test for progression
1. Stop taps

2. CUS, TCD 2-3x/wk
3. NIRS x24-72h

A

Progression of
Vlor
clinical signs

Nonsurgical follow up
1. CUS, TCD 1-2x/wk to TEA

2. NIRS x 24-72 h

3. Nsgy outpatient x 2-3 years if
no progression

No progression
x 2 wks

Fig. 2 Surgical management of PHVD. CUS cranial ultrasound, TCD transcranial doppler ultrasound, NIRS near-infrared spectroscopy,
VP ventriculoperitoneal, ETV endoscopic third ventriculostomy, nsgy neurosurgery, VI ventricular index, TEA term-equivalent age.

cerebral oxygen extraction (45 days).”* Necrotizing enter-
ocolitis is associated with worse neurodevelopmental out-
comes, independent of cerebral hemorrhage, and a study of
48 infants (<30 weeks) followed with weekly NIRS measure-
ments until 36 weeks postconceptual age found lower tissue
oxygenation index in the 6 infants who developed NEC and
had no cerebral hemorrhage.” Cerebral NIRS monitored in
congenital heart surgery suggests a correlation with
neurologic outcomes.”® There are multiple recent (and
ongoing) prospective studies evaluating cerebral NIRS for
prognostication in premature infants.””~"°

8. Standardized neurologic exams: The Hammersmith Neona-
tal (and infant) Neurological Exams2%®' the Neonatal
Intensive Care Unit Network Neurobehavioral Scale,®* and
Prechtl’s General Movements Assessment®® track nervous
system development, are associated with long term motor,
cognitive, and behavioral outcomes, and have generated
normative data.®* Serial neurodevelopmental assessments
such as the Bayley Scales of Infant and Toddler Develop-
ment (BSID-IIl, 1V)®> the British Ability Scales,® Griffiths

Pediatric Research (2022) 91:27 - 34

Mental Development Scales®” and Wechsler scales®® are

commonly-used measures of cognitive development. The
Child Behavior Checklist-parent report (CBCL) profiles
behavior and social functioning relative to age and sex.®®

Effects of neurosurgical intervention on neuromonitoring data in
PHVD

A limited number of recent studies exist that directly assess the
effects of neurosurgical intervention for PHVD on cerebral
physiology, and neurodevelopmental correlations have not yet
been evaluated. Following are some representative examples that
study the effects of CSF removal on NIRS and TCD data.

In a comparison of 20 premature infants (birth weight < 15009
and grades Il or IV IVH) with 12 infants with normal or mild IVH
(Grade I or ll), lower cerebral oxygen saturation and higher oxygen
extraction were associated with progressive PHVD.?® Nine prema-
turely born infants with PHVD who underwent EVD placement for
signs of increased ICP were monitored with combinations of TCD,
regional cerebral oxygen saturation (rc502), aEEG, and VEP. The
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rcO2, aEEG, and VEP improved significantly after ventricular
decompression, though the resistive index did not change.’’ In
7 prematurely born infants with PHVD and ventricular reservoirs,
CSF removal resulted in durable improvement in cerebral
oxygenation and hemodynamics after reservoir taps at post-
operative days 1, 3-4, and 7-9.°2 Improvement in CBF was seen in
another study of 9 infants with PHVD managed with ventricular
taps, but cerebral oxygen metabolism was not affected.”® A device
combining NIRS and diffuse correlation spectroscopy to measure
CBF, tissue oxygen saturation, and the oxidation state of
cytochrome ¢ oxidase (oxCCO) was applied to four patients with
PHVD and found small improvements in CBF and oxCCO after
ventricular taps.>* Though NIRS and TCD data usually become
deranged relatively late in the course of PHVD, the references in
the NIRS neuromonitoring section above suggest that there may
be measurable, relevant differences in NIRS data outside of late-
stage PHVD that could ultimately correlate with developmental
outcomes, but this requires further study.

PROPOSED EVIDENCE-BASED NICU NEUROMONITORING
ALGORITHM

Our monitoring protocol for infants born before 32 weeks is
shown in Fig. 1, and our protocol for surgically treated PHVD is
shown in Fig. 2. The goal of the protocol is to identify PHVD and
intervene early, while prospectively and non-invasively collecting
physiologic data to correlate with the effect of interventions on
neurodevelopmental outcome. The neonatal neurology team is
consulted when severe IVH (grade lll or IV) is detected, and follows
these neonates throughout their admission to monitor the
neurological exam, to monitor for signs of seizures (EEG if there
are clinical signs), and to maintain an ongoing discussion with
families regarding neurodevelopmental prognosis, continuing
with outpatient follow up.

All preterm infants undergo CUS, TCD, and 72h of NIRS
recording within the first 3 days of birth, 10-14 days, 28-30 days,
and TEA. New IVH, or AHW >6 mm and VI>97th percentile, or
physical signs of increased intracranial pressure, trigger twice-
weekly CUS and doppler studies, NIRS for 24-72h, and
neurosurgical consultation. Infants <2 kg with progressive PHVD
are treated with serial taps of an implanted ventricular reservoir,
with the goal of reducing but not fully collapsing the ventricles. To
minimize infection risk, the reservoir is implanted in the operating
room, a single preoperative dose of prophylactic antibiotics is
administered, and careful technique with a wide sterile field,
masks, and sterile gloves are used during reservoir taps in the
NICU. Taps are stopped when 2 kg is reached. If the ventricle size
increases, the reservoir is replaced with a VP shunt with 24-72 h
NIRS before the procedure and 1-2 weeks later. If there is no
progression over two weeks, CUS frequency is reduced to once
weekly until TEA, and outpatient neurosurgical follow-up con-
tinues for at least 2-3 years in the absence of progression.

CUS reports include a resistive index, maximum and minimum
flow velocities, and ventricular measurements (VI, AHW, TOD), and
the measurements are plotted. NIRS measurements are recorded
weekly over 24-72h periods, and include cerebral oxygen
saturation, CBV, cerebral vasoreactivity (a marker of autoregula-
tion), and fractional O2 extraction. We follow our published
evidence-based CUS and term-equivalent age MRI protocol that
risk-stratifies premature infants according to gestational age
(<29 weeks) and birth weight (<1000 g).*°

NICU graduates with EGA < 30 weeks at birth are followed until
age 5 years in the NICU comprehensive “Thrive” clinic, staffed by a
developmental specialist, dedicated pediatrician, psychologist,
social worker, and dietician, who provide routine well-child care,
acute care, 24-h access to a primary caregiver, and periodic
neurodevelopmental evaluations. Use of the “Thrive” model
significantly reduced life-threatening illnesses for very low birth
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weight infants between nursery discharge and 1 year compared to
routine follow-up care.”® Serial neurologic examinations, biomar-
kers (NIRS, Doppler), and neuroimaging before hospital discharge,
coupled with standardized longitudinal follow-up based on
comprehensive evidence-based neurodevelopmental guidelines,
allows the most accurate prognostication, early identification of
disabilities, and early intervention in order to achieve the best
long term outcomes.”5~%°

CONCLUSION

The optimal neurodevelopmental outcome is the most important
ultimate goal of PHVD management, but surgical management of
this condition and reported outcomes vary considerably. Current
evidence suggests that better outcomes are achieved through
early detection of PHVD and early timing of surgical intervention
based on standardized ventricle measurements with CUS, before
advanced ventricle dilation or physical signs of increased ICP
develop. However, ventricular measurements are the macroscopic
result of a complex physiologic process. The systematic use of
multimodal neuromonitoring including NIRS and TCD in the care
of premature infants with PHVD has the potential to lead to a
better physiologic understanding of the effect of surgical
treatment on cerebral physiology and neurodevelopmental
outcomes.

RECOMMENDATIONS

Due to the heterogeneity of comorbid conditions and initial
treatments at referring institutions, PHVD severity at presentation
and best initial surgical treatment options vary. This makes it
challenging to exactly follow the same protocol for all infants. The
principles of the algorithm should be applied with the goal of
early detection and intervention for PVHD, which the
collaboration of a multidisciplinary team. Surgical treatment
should proceed when the CUS and clinical thresholds for early
intervention are met, rather than waiting for NIRS and TCD
derangements, which may not occur until later in the course of
untreated PHVD. A standardized protocol will allow for the
comparison of neuromonitoring data across a range of PHVD
stages and surgical treatments. Further improvement in the
treatment of PHVD will come from the systematic prospective
study of physiologic monitoring data, and the incorporation of
standardized neurodevelopmental assessments as surgical out-
come measures.
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