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Abstract

Background Hydrocephalus is diagnosed when an accumulating amount of cerebrospinal fluid (CSF) fails to circulate and/or
absorbed in the ventricular system. Based on its etiology, hydrocephalus can be classified into infectious and non-infectious
hydrocephalus. In children, non-infectious hydrocephalus includes congenital hydrocephalus, posthemorrhagic hydrocephalus,
neural tube defect-related hydrocephalus, and tumor-related hydrocephalus. Regardless of the cause, a CSF diversion device is
placed to divert the excess fluid from the ventricles into peritoneal cavity. Among all, ventriculoperitoneal (VP) shunt is arguably
the most commonly used CSF diversion device to date. Until now, the long-term neurodevelopmental impact of VP shunt
placement in non-infectious hydrocephalus patients remained unclear.

Objective This study aims to evaluate the neurodevelopmental outcomes in children with non-infectious hydrocephalus who had
VP shunt placement.

Materials and methods Systematic searches were performed using PubMed, Google Scholar, Scopus databases, and reference
lists. Publications that fulfilled the inclusion criteria were included in the meta-analysis. Calculation of Mantel-Haezel risk ratio
(RR) was applied, and heterogeneity index (I°) test was used to evaluate the existence of heterogeneity in all studies. Risk of bias
was assessed based on the criteria from the Newcastle-Ottawa Scale (NOS).

Results Of the 1929 studies identified, 12 publications were concluded to have fulfilled the inclusion criteria. Results from the
meta-analysis showed that the risks of cerebral palsy, visual and hearing impairment, epilepsy, or seizures are significantly higher
in children with non-infectious hydrocephalus who already had VP shunt placement (shunted non-infectious hydrocephalus, S-
NIH) compared to that of the healthy control. The meta-analysis on intelligent quotient (IQ) and mental development index
(MDI) showed that S-NIH children tend to score lower IQ and acquire risk of having mental development delay. On motoric
development, S-NIH children scored lower motoric score and have significantly higher risk of motor development delay
compared to control. Although normal children tend to have more internalizing behavior compared to S-NIH children, overall
assessment on the risk of behavioral abnormalities showed that the differences between these two groups are insignificant.
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Conclusion S-NIH children have significantly higher risks of disabilities and mental and motoric development delays; thus,
planning on continuous rehabilitation for children with non-infectious hydrocephalus who already had placement of VP shunt is

important to acquire their optimum potentials and quality of life.

Keywords Non-infectious hydrocephalus - Ventriculoperitoneal shunt - Disability - Mental development - Motoric development -

Behavioral abnormalities - Meta-analysis

Introduction

Hydrocephalus is characterized by excessive accumulation
of cerebrospinal fluid (CSF) in the ventricles that might be
caused by CSF overproduction, obstruction of the ventric-
ular structure(s), or impaired CSF absorption [1]. This ab-
normality has been regarded as one of the most common
conditions presented at any neurosurgical practice. The
current study estimated that annually, nearly 400,000
new pediatric hydrocephalus cases will develop globally
[2]. In addition to the commonly known classifications, such
as communicating/non-communicating and obstructive/non-
obstructive [1, 3], based on its etiology, it is logical to classify
hydrocephalus into infectious and non-infectious hydroceph-
alus. As the term implies, infectious hydrocephalus is caused
by infection-related etiology, such as bacterial or serous men-
ingitis and abscess. Meanwhile, hydrocephalus that is caused
by non-infection origin can be classified as non-infectious
hydrocephalus. Based on this classification, non-infectious
hydrocephalus in children includes congenital hydrocephalus,
posthemorrhagic hydrocephalus, neural tube defect-related
hydrocephalus, and tumor-related hydrocephalus.

If untreated, the head circumference of the affected chil-
dren will grow abnormally as the ventricles continue to en-
large. This prevents the brain cortex to grow, causing dysgen-
esis of corpus callosum, and eroding periventricular white
matter [4, 5]. Thus, it seemed logical that the only way to treat
this abnormality is by diverting the CSF. Of all CSF diversion
techniques, ventriculoperitoneal (VP) shunt is arguably the
most common treatment for hydrocephalus patients. In com-
parison to other techniques, such as ventriculoatrial (VA)
shunt and endoscopic third ventriculostomy (ETV), VP shunt
placement offers a relatively easier application, as it neither
needs channeling to structures that are considerably more
fragile like the atrium nor needs any sophisticated endoscopic
instrumentation [6].

To certain extents, CSF diversion by ventriculoperitoneal
shunt seemed to have worked as expected. This can be con-
cluded when CSF accumulation in the ventricles subsides, and
in the case of very young children, the growth rates of head
circumference decline [7]. However, the answer to the ever-
important question of whether this treatment does actually re-
solve the main problem of non-infectious hydrocephalus can
only be addressed by evaluating the long-term outcomes in
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children with non-infectious hydrocephalus who already
underwent shunt placement surgery. If the only problem of
non-infectious hydrocephalus is the progressive accumulation
of CSF, once CSF is efficiently diverted, then logically, patients
could be expected to acquire optimum long-term outcomes.
Outcomes that are far from ideal indicate possible existences
of other problem(s) apart from CSF overaccumulation. In cases
of infectious hydrocephalus, the infection characteristics, such
as the types of virus or bacteria, and the general conditions of
the patients could be suspected as the possible causes of unde-
sirable outcomes. In other types of non-infectious hydroceph-
alus, particularly in non-syndromic cases, other confounding
factors are unclear. Any efforts to broaden our understanding
on the pathophysiology of non-infectious hydrocephalus and
improving its current management should be based on the con-
sensual view of the long-term neurodevelopmental outcomes in
treated non-infectious hydrocephalus patients. Hence, this
study aims to investigate the neurodevelopmental outcomes
in patients with non-infectious hydrocephalus who had
ventriculoperitoneal shunt placement surgery by meta-analysis.
Since in tumor-related hydrocephalus, patients’ outcomes rely
heavily on several other factors than the success of CSF diver-
sion by the VP shunt itself, including tumor characteristics,
success of tumor removal and any additional adjunct thera-
py(-ies), patients with tumor-related hydrocephalus were not
included in this study.

Methods
Literature search and identification

This systematic review and meta-analysis were conducted ac-
cording to the Preferred Reporting Items for Systematic
Reviews and Meta-analysis (PRISMA) reporting guidelines
[8]. Searches on PubMed, Scopus, and Google Scholars’ da-
tabases were performed to collect publications up to May 31,
2020, by using the following terms: hydrocephalus OR con-
genital hydrocephalus OR fetal hydrocephalus OR neonatal
hydrocephalus OR post-hemorrhagic hydrocephalus OR
spina bifida hydrocephalus OR neural tube defect-related hy-
drocephalus OR non-infectious hydrocephalus AND VP
shunt AND neurodevelopmental OR long term outcome.
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Inclusion and exclusion criteria

We specified the criteria for inclusion of studies in meta-
analysis which are as follows: (1) reported
neurodevelopmental outcome in children with non-infectious
hydrocephalus, (2) reported surgical treatment, (3) reported
control from children without CNS anomalies with the same
baseline condition (i.e., very preterm birth). Studies were ex-
cluded if (1) information were insufficient, particularly in re-
lation to the subjects and parameters of the study; (2) it did not
included original data, such as reviews, systematic reviews,
comments, or editorial letters; (3) it did not include control
group (e.g., case reports, case series); (4) it only included
patients with infection-related hydrocephalus and/or patients
with tumor-related hydrocephalus; and (5) it was not written
in English.

Data collection and analysis

The titles and abstracts were independently reviewed by 3
authors (MS, DH, JKA). If they met the inclusion criteria,
the full-text article was then thoroughly reviewed. Reference
lists on the identified publications were checked for previous-
ly unidentified but relevant studies. The data on following
items were retrieved: author, country, publication year, num-
ber of patients, control group, cause of hydrocephalus, history
of VP shunt placement, age at assessment, and outcomes.

Data synthesis

The data were retrieved from a group of children aged 0-18
years with hydrocephalus that was detected during prenatal
period or anytime between 0 and 18 years old by ultrasound
imaging or MRI, then requiring shunt surgery, thus classified
as S-NIH (shunted non-infectious hydrocephalus) group. The
control group was defined as children with matching baseline
characteristics (age, sex, birth term, birthweight) as S-NIH,
whom (1) evaluated as normal by clinical neuroradiologist,
with normal findings on MRI, no clinical or radiographic his-
tory of neurological or psychological disorders, or (2) healthy
individuals recruited from general population. The data that
were retrieved included neurological functions and neurobe-
havioral index. Neurological functions were measured as in-
cidence of cerebral palsy as defined by Hagberg et al. (2001)
[9], visual impairment, hearing impairment, epilepsy, or sei-
zure. Visual impairment is defined as the need for corrective
lenses or blindness in 1 or both eyes. Hearing impairment is
defined as abnormal audiometry results or history of using
hearing aid in one or both ears. Epilepsy or seizure is defined
as two or more convulsive episodes, thus requiring anticon-
vulsant treatment. Neurobehavioral index was indicated by
mental development, motoric development, and behavioral
problems.

Statistical analysis

The RevMan version 5.3 software (Cochrane
Collaboration) was used when performing meta-analysis.
Mantel-Haezel Risk Ratio (RR) with 95% confidence in-
terval for dichotomous data was applied. Inconsistency
index (12) test, ranges from 0 to 100%, was performed
to evaluate heterogeneity across all studies. Values above
50% or p value < 0.10 indicate a significant heterogene-
ity. Small study effect and the risk of publication bias
were evaluated using regression-based Egger’s test, while
Habord’s test and Peter’s test were used to assess dichot-
omous outcome. p values of less than 0.05 were consid-
ered significant bias. Then, we applied the risk of bias
criteria that was specified in the Newcastle-Ottawa Scale
(NOS) [10].

Results

From a total of 1929 identified studies, 527 studies with
relevant titles and abstracts were screened, yielded 314
studies after duplications were removed. Then, 272 full-
text articles were evaluated further for eligibility. Forty-
three of the articles were excluded as they were case re-
ports, commentaries, editorials, study design registries, or
reviews. From 75 studies that reported neurodevelopmental
outcomes, 12 studies fulfilled all the inclusion criteria, thus
included in the meta-analysis (Fig. 1). Risk of bias in all of
the included studies was assessed using the 8 criteria from
Newcastle-Ottawa Scale (NOS), and the results showed
that only 1 study [11] was highly representative of the pop-
ulation, while 7 studies [12—22] did not show the adequacy
of follow-up of cohort (Fig. 2). Nonetheless, almost all
studies satisfied the other 6 NOS criteria, thus concluded
to have enough qualities to be included in the meta-
analysis.

Neurological functions
(A) Cerebral palsy

The prevalence of cerebral palsy in shunted non-infectious
hydrocephalus children (S-NIH) compared to control was re-
ported in 6 studies [11, 12, 14, 16, 17, 21].The risk of cerebral
palsy is significantly higher in S-NIH compared to that of
control (RR 8.08 (6.87, 9.50), z = 25.22, p = 0.000; I* =
58%, p = 0.04) (Fig. 3a). No publication bias or small study
effect was detected (p Habord = 0.804, p Peter = 0.206)
(Supplemental Table 3).
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Fig. 1 Study selection flow
diagram
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B. Visual impairment

The prevalence of visual impairment was reported in 4 studies
[11, 12, 16, 21]. The risk of visual impairment is significantly
higher in S-NIH in comparison to control (RR 3.89 (3.09,
491), z = 11.49, p = 0.000; I* = 54%, p = 0.09) (Fig. 3b).
Publication bias or small study effect was identified (p Habord
=0.772, p Peter = 0.020) (Supplemental Table 3).
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43 of full-text articles exc uded, with reasons:
- 25 casc rcports or casc scrics

- 1 commentary

- 1 editorial

- 1 study design reqgistry

- 15 reviews

|- 2 of studies reported infectious caused hydrocephalus

63 of studies were exclded with reasons:

- 43 of studies not reporting control group or control groups not
from normal population

- 4 of studies not reportng separate outcomes for shunted
hydrocephalus

- 8 of studies reporting cases that didn't require shunt surgery

- 4 of studies not reportng outcome of interest

- 2 of studies reported tumor caused hydrocephalus

C. Hearing impairment

The prevalence of hearing impairment was reported in 5 stud-
ies [11, 12, 14, 16, 21]. Risk of hearing impairment is signif-
icantly higher in S-NIH than in control (RR 4.08 (2.50, 6.67),
7=15.62, p=0.000; = 39%, p = 0.16) (Fig. 3c). Publication
bias or small study effect was detected due to many of the
studies which reported significantly higher results of hearing
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Fig. 2 Summary of risk of bias based on Newcastle-Ottawa Scale in the
included studies

impairment in S-NIH (p Habord = 0.005, p Peter = 0.037)
(Supplemental Table 3).

D. Epilepsy or seizures

The prevalence of epilepsy or neonatal seizures was reported
in 4 studies [12, 15, 16, 21]. The risk of epilepsy and seizures
is significantly higher in S-NIH (RR 15.75 (5.08, 48.77), z =
4.78, p =0.000; P= 39%, p = 0.18) (Fig. 3d). Publication bias
or small study effect was identified as many of the studies

reported significantly higher results of epilepsy and seizures
in S-NIH (p Habord = 0.684, p Peter = 0.002) (Supplemental
Table 3).

Mental development
A. Intelligence quotient or mental development index

IQ or MDI outcomes were reported in 6 studies [11, 13, 17,
20-22]. S-NIH children scored lower in the Bayley-II Mental
Development Index (Bayley-II MDI), Bayley-1II Cognitive
and Language Test (Bayley-III CLC), Weschler Preschool
and Primary Scale of Intelligence-III (WPPSI-III), or
Weschler Intelligence Scale for Children (WISC) (mean dif-
ference of — 16.15([— 17.98, — 14.33), z = 17.36, p = 0.000; P
= 0%, p = 0.51) (Fig. 4a). Publication bias or small study
effect was detected as many of the included studies reported
significantly lower test results in S-NIH (p Egger = 0.000)
(Supplemental Table 3).

B. Mental development delay

Mental development delay was reported in 5 studies [11,
17-19, 21]. 1Q score < 70 is classified as delayed mental
development/intellectually disable. S-NIH children have
higher risk of mental development delay in comparison to
normal children (RR2.37 (2.13, 2.64), z = 15.82, p = 0.000;
P =35%, p = 0.19) (Fig. 4b). No publication bias or small
study effect was detected (p Habord = 0.908, p Peter = 0.350)
(Supplemental Table 3).

Motoric development
A. Motoric score

The evaluation of motoric score was reported in 4 studies
[11, 18,20, 22]. S-NIH children scored lower than the con-
trol in the Bayley-II Psychomotoric Development Index
(Bayley-1I PDI), Bayley-III Motoric Test (Bayley-III
Motor), or Vineland Adaptive Behavior motor score
(Mean-diff-25.10 (- 41.53, — 8.66), z = 2.99, p = 0.003; I
=99%, p = 0.000) (Fig. 5a). Publication bias or small study
effect was identified as many of the studies reported signif-
icantly lower test results in S-NIH (p Egger = 0.000)
(Supplemental Table 3).

B. Motoric development delay
Motoric development delay was reported in 5 studies [11,

17-19, 21]. Children were assessed using Bayley-II Motoric
Development Index (Bayley-1I MDI) or Bayley-III motoric

@ Springer
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a
S-NIH Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Holwerda etal. 2016 7 25 3 25 6.2% 2.33(0.68,8.01) T
Roth et al. 2008 3 26 3 12 2.4% 4.31[0.92,20.14) 1
Adams-Chapman et al. (2008) 158 227 492 5125 86.8% 7.25(6.43,8.18) .
Costello et al. (2008) 6 34 3 137 25% 8.06 [2.12, 30.59)
Agajany et al. (2019) N 38 0 38 1.0% 63.00[3.99, 993.64]

Gigi et al. (2008) 32 40 0 40 1.0% 65.00([4.12,1026.27]
Total (95% Cl) 390 5477 100.0% 8.08 [6.87, 9.50] ¢
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Heterogeneity: Chi*= 11.94, df= 5 (P = 0.04); F= 58% :U 0 051 110 100‘

Test for overall effect: Z=25.22 (P < 0.00001) Higher in control Higherin S-NIH

S-NH Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% CI
Adams-Chapman et al. (2008) 65 223 465 5115 85.8% 3.21[2.57, 4.00]
Roth et al. 2008 1 26 2 206 1.0% 3.96([0.37,4219)
Agajany et al. (2019) 24 38 3 38 6.6% 8.00[2.63,24.34] I —
Gigi et al. (2008) 26 40 3 40 6.6% 8.67([2.85, 26.35)
Total (95% Cl) 327 5399 100.0%  3.89[3.09,4.91] L )
Total events 116 473

ity: Chi*= = = R= ; + + ]
Heterogeneity: Chi*= 6.53, df= 3 (P = 0.09); F= 54% 001 01 10 100

Test for overall effect: Z=11.498 (P < 0.00001) Higher in control Higherin S-NIH

Cc
S-NIH Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Adams-Chapman et al. (2008) 8 220 73 5091 48.4% 2.54[1.24,5.20] ——

Roth et al. 2008 7 26 21 206 37.7% 2.64[1.25,5.60] ——

Costello et al. {(2008) 4 14 4 137 5.9% 9.79[2.74,34.92) e —
Agajany et al. (2019) 7 38 0 38 4.0% 15.00(0.89, 253.70) >
Gigi et al. (2008) g 40 0 40  4.0% 17.00([1.01,284.96] —_—
Total (95% Cl) 338 5512 100.0% 4.08 [2.50, 6.67] ’
Total events 34 98

Heterogeneity: Chi*= 6.59, df= 4 (P = 0.16); IF= 39% =0 o1 051 1=0 1005

Testfor overall effect: Z=5.62 (P < 0.00001) Higher in control Higherin S-NIH

d
S-NH Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Roth et al. 2008 1 26 2 206 15.3% 3.96[0.37,42.19) —
Fletcher et al. 1997 5 17 2 29 50.5% 4.26[0.93,19.63) ——
Agajany et al. (2019) 18 38 0 38 17.1% 37.00([2.31,592.67] S —
Gigi et al. (2008) 19 40 0 40 17.1% 39.00[2.44,624.59) e —
Total (95% CI) 121 313 100.0% 15.75[5.08, 48.77] -
Total events 43 4
Heterogeneity: Chi*= 4.89, df= 3 (P=0.18); F= 39% =0 005 041 150 20[]:

Test for overall effect: Z= 4.78 (P < 0.00001) Higher in control  Higher in S-NIH

Fig. 3 Risk of neurological function disorders in S-NIH children com- palsy compared to the normal population. b S-NIH had 3.89 times higher
pared to normal children. a Children with non-infectious hydrocephalus risk of visual impairment. ¢ S-NIH had 4.08 times higher risk of hearing
that acquired shunt (S-NIH) were 8.08 times at higher risk of cerebral impairment. d S-NIH had 15.75 times more risk of epilepsy or seizures

score or Children Movement ABC in these studies. Children (RR4.21 (3.78,4.68),z=26.37, p = 0.000; P= 23%,p=0.27)
who scored below 70 were classified as having motor devel-  (Fig. 5b). No publication bias or small study effect was de-
opment delay. S-NIH children have significantly higher risk  tected (p Habord = 0.899, p Peter = 0.138) (Supplemental
of motoric development delay compared to normal children  Table 3).
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a S-NH Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, F 95% CI IV,R 95% CI
Adams-Chapman et al. (2008) 633 175 228 806 17.96 5163 61.6% -17.30[-19.62,-14.98] O
Strahle etal. 2019 722 105 27 877 55 85 195% -1550[19.63,-11.37] -
Mangano etal. 2016 839 169 34 988 96 40 8.1% -14.90[-21.31,-8.49] -
Holwerda et al. 2016 81 19 25 95 13 25 41% -14.00[-23.02,-4.98] -
Roth et al. 2008 88 23 26 100 19 206 39% -12.00[-21.21,-2.79] I
Brouwer etal. 2012 90 16 12 98 15 23 28% -8.00[-18.93,2.93] 7
Total (95% CI) 352 5542 100.0% -16.15[-17.98,-14.33] ]
Heterogeneity: Tau?= 0.00; Chi*= 4.31, df= 5 (P = 0.51); F= 0% :-100 _550 3 550 100:

Test for overall effect: Z=17.36 (P < 0.00001)

Higher in control Higher inS-NIH

b

S-NH Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Holwerda etal. 2016 13 25 8 25 57% 1.63[0.82,3.22) T
Leanetal 2019 14 27 18 59  8.0% 1.70[1.00, 2.89] =
LeFlore etal. 2003 26 104 6 46 59% 1.92[0.85, 4.34] L
Adams-Chapman et al. (2008) 146 214 1318 4807 79.8% 2.49[2.25,2.76) .
Roth et al. 2008 4 26 2 112 05% 8.62[1.67, 44.54]
Total (95% Cl) 396 5049 100.0%  2.37[2.13,2.64] [
Total events 203 1352
Heterogeneity: Chi*=6.14, df= 4 (P=0.19), F= 35% :IJ 01 011 150 1t||:|:

Test for overall effect: Z=15.82 (P < 0.00001)

Fig. 4 Mental development in S-NIH children compared to normal chil-
dren. a Children with non-infectious hydrocephalus requiring shunt sur-
gery (S-NIH) scored significantly lower than normal children in IQ or

Behavioral abnormalities

Abnormal behavior in S-NIH children was reported in 2 stud-
ies [13, 17]. Normal children tend to develop more internaliz-
ing behavior compared to those of S-NIH (RR0.52 (0.28,

Higherin control Higherin S-NIH

mental development tests. b S-NIH had 2.37 times higher risk of mental
development delay compared to control

0.95), z = 2.12, p = 0.030; > = 0%, p = 0.88), while there
was no differences in externalizing behavior (RR1.01 (0.36,
2.86),z=0.02,p=0.98; P= 0%, p = 0.67). Overall, there are
no differences in the risk of behavioral abnormalities in S-NIH
children compared to control population (RR0.61 (0.36, 1.04),

a
S-NIH Control Mean Difference Mean Difference

Study or Subgroup Mean __SD Total Mean SD _Total Weight IV, Random, 95% CI IV, Random, 95% CI
Adams-Chapman etal. (2008) 6749 12 228 11135 17.96 5163 25.6% -43.86[-4549,-42.23) u
Strahle etal. 2019 651 904 27 852 42 85 254% -2010[(-23.62,-16.58) -
Mangano et al. 2016 789 181 34 974 87 39 246% -1850[-2517,-11.83) -
Leanetal 2019 6833 118 10 8553 472 59 244% -17.26(-24.67,-9.89) -
Total (95% Cl) 299 5346 100.0% -25.10[-41.53, -8.66] -

it 2 = . 2= - SR = ; + + {
Heterogeneity: Tau®= 274.01; Chi*= 211.44, df= 3 (P < 0.00001); F= 99% Hoo 20 ) a0 100

Test for overall effect: Z=2.99 (P = 0.003)

Higher in control Higherin S-NIH

b

S-NIH Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% CI
Holwerda et al. 2016 7 25 3 25 36% 2.33[0.68, 8.01) ]
LeFlore etal. 2003 22 106 2 26 39% 2.70[0.68,10.75] ]
Leanetal 2019 8 10 17 59  6.0% 2.78[1.67, 4.61) -
Roth et al. 2008 4 26 4 112 1.8% 4.31[1.1516.10]
Adams-Chapman et al. (2008) 163 214 810 4741 B84.7% 4.46[4.04, 4.92) .
Total (95% CI) 381 4963 100.0%  4.21[3.78, 4.68] ‘

Total events 204 836
Heterogeneity: Chi*=5.19, df= 4 (P=0.27); F=23%
Test for averall effect: Z= 26.37 (P < 0.00001)

Fig. 5 Motoric development in S-NIH children with compared to normal
children. a Children with non-infectious hydrocephalus requiring shunt
surgery (S-NIH) scored significantly lower than normal children in

0.01 01 10 100
Higher in control  Higher in S-NIH

motoric evaluation tests. b Meta-analysis on motoric development delay
shows that S-NIH children acquired 4.21 times higher risk of motoric
development delay compared to control
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S-NH Control
Study or Subgroup Events Total Events Total

Weight M-H, Random, 95% CI

2.3.1 Internalizing behavior

Fletcher et al. 1997 0 0 0 0
Holwerda etal. 2016 5 18 9 15 38.4%
Brouwer et al. 2012 3 19 7 22 19.2%
Brouwer et al. 2012 3 20 & 23 16.5%
Subtotal (95% Cl) 57 60 74.1%
Total events 11 21

Heterogeneity: Tau®=0.00; Chi*= 0.26, df= 2 (P = 0.88), F= 0%
Test for overall effect. Z= 212 (P =0.03)

2.3.2 Externalizing behavior

Fletcher et al. 1997 0 0 0 0
Holwerda etal. 2016 3 20 4 20 15.0%
Brouwer et al. 2012 2 19 2 22 8.0%
Brouwer et al. 2012 1 20 0 23 28%
Subtotal (95% CI) 59 65 25.9%
Total events 6 6

Heterogeneity. Tau®=0.00; Chi*=0.79, df= 2 (P = 0.67); F= 0%
Test for overall effect: Z= 0.02 (P = 0.98)

Total (95% Cl) 116

Tntal pvents 17 27
Heterogeneity: Tau*=0.00; Chi*=2.29, df=5 (P =0.81), F= 0%
Test for overall effect. Z=1.81 (P = 0.07)

125 100.0%

Test for subaroup differences: Chi*=1.21, df=1(P=0.27), F=17.2%

Fig. 6 Risk of abnormal behavior in S-NIH children compared to normal
children. Control population tends to develop internalizing behavior more
than children with non-infectious hydrocephalus requiring shunt surgery

z=1.81,p=0.07; P= 0%, p = 0.81) (Fig. 6). Publication bias
and/or small study effect was detected (»p Habord = 0.253, p
Peter = 0.000) (Supplemental Table 3).

Discussions

Since invented in the 1950s, shunt is arguably the treatment of
choice in majority of hydrocephalus cases. The preference to
apply VP shunt instead of other devices and/or techniques is
based on its simplicity and safety. Despite its success in di-
verting the excess CSF, the long-term success of VP shunt on
optimizing the functional outcomes in non-infectious hydro-
cephalus patients remained unclear. Publication of various
studies failed to produce consensual conclusions as many
were conducted using different methods, different parame-
ters, and limited number of patients. In order to seek for
consensual understanding on the success of shunt place-
ment in non-infectious hydrocephalus patients, we per-
formed meta-analysis on studies of neurodevelopmental
outcomes in children with non-infectious hydrocephalus
who already had shunt placement surgery. Due to the fact
that many other confounding factors are essentials for
tumor-related hydrocephalus patients’ outcomes, this study
only included patients with congenital hydrocephalus, post-
hemorrhagic hydrocephalus, and neural tube defect—related
hydrocephalus.

After rigorous screening process in accordance with
PRISMA reporting guidelines, 12 studies fulfilled the inclu-
sion criteria, thus included in the meta-analysis. The

@ Springer

Risk Ratio Risk Ratio
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(S-NIH). Meanwhile, there are no differences in the externalizing behav-
ior. Overall, there are no differences in the risk of abnormal total behavior

underlying diseases in all of the included studies were varied,
including posthemorrhagic hydrocephalus, aqueduct stenosis,
meningomyelocele, meningoencephalocele, and Dandy
Walker variants. In accordance with the inclusion criteria,
none of the patient was described of having any infectious
or tumor etiology. Based on the characteristics of all of the
evaluated area in the included studies, we grouped the meta-
analysis into 4, including disabilities, mental development,
motoric development, and behavioral abnormalities. The inci-
dence of 4 major disabilities, including cerebral palsy, visual
impairment, hearing impairment, and epilepsy/seizures in
shunted non-infectious hydrocephalus children, was com-
pared to their incidences in normal children. Results from
meta-analysis of the incidence of cerebral palsy showed that
S-NIH children acquire 8.08 times higher risk of acquiring
cerebral palsy compared to normal children. The risks of vi-
sual and hearing impairment in S-NIH children are also 3.89
and 4.08 times higher than normal children, respectively.
Meanwhile, the risk of acquiring seizures/epilepsy in S-
NIHNIH children is 15.75 times higher than normal children.
Based on these, it is safe to conclude that S-NIH children have
higher risks to acquire disabilities compared to normal chil-
dren, despite the intervention by VP shunt. However, when
the actual number of S-NIH children with disabilities com-
pared to the total number of the evaluated S-NIH children,
the percentages of S-NIH children with cerebral palsy, visual
impairment, hearing impairment, and epilepsy/seizures only
constituted 9.1%, 8.7%, 1.8%, and 1.2%, respectively. Thus,
majority of S-NIH children could be expected to live without
any of the 4 major disabilities that were evaluated in this
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study. These data also highlighted the necessity to analyze
individual cases, particularly when disability(-ies) occurs. It
is easy to suspect that the diffuse white matter injury in the
periventricular area due to the enlarged ventricles leads to any
of these disabilities. This hypothesis is supported by the find-
ings in patients with periventricular leukomalacia. This is a
white matter injury that could also lead to cerebral palsy, vi-
sual impairment, hearing impairment, and epilepsy [23, 24].
However, it is also interesting to notice that not all disabled S-
NIH children acquired all of the evaluated 4 disability types.
Therefore, in our opinion, clinical and radiological character-
istics in S-NIH children with disability(-ies) should be one of
the focuses of future research to extend our knowledge on the
pathophysiology of non-infectious hydrocephalus and efforts
to improve the outcomes.

In regard to mental development, the intelligent quotient
(IQ) score and risk of mental development delay were evalu-
ated (Fig. 4). Either one of the 4 scoring systems, including
Bayley-11 MDI, Bayley-IIl CLC, WPPSI-III, or WISC, was
used in the studies. As known earlier, Bayley-II MDI or
Bayley-III CLC is applied for infant and toddler up to 42
months old, while WPPSI-IIT or WISC is intended for older
children. Before the introduction of Bayley-III CLC in 2006,
all studies were performed by using Bayley-II MDI. To ho-
mogenize the data, we converted Bayley-II MDI scores into
Bayley-III CLC scores by using calculation that was previous-
ly described by Yi et al. [25]. Bayley-III has been suggested to
have a strong predictive validity for WPPSI-III, while the
measurements from WPPSI and WISC across revisions and
versions are consistent [26, 27]. In regard to the 1Q scores, 85
is defined as normal 1Q. Results from meta-analysis showed
that the mean difference of IQ score in S-NIH children com-
pared to normal children is — 16.15 IQ points. When
performing meta-analysis on the incidence of mental develop-
ment delay, 1Q score < 70 is classified as delayed mental
development/intellectually disable. Results from meta-
analysis showed that the risk of mental development delay
in S-NIH children is 2.37 times higher than its risk in normal
children. A study by Arrington et al. reported that shunt revi-
sions might be related with the decrease in 1Q scores; howev-
er, the difference is approximately only 3 IQ points [28]. Thus,
we speculate that the shunt revision would not contribute sig-
nificantly to the risk of mental development delay. Further
investigation to reveal whether the mental development delay
in S-NIH is related with brain pathology or extracranial factors
is needed to confirm the precise etiology.

Similar to mental development, meta-analysis on motoric
development was performed to seek the mean difference in
motoric evaluation tests’ score and the risk of motoric devel-
opment delay in S-NIH children in comparison to normal
children (Fig. 5). Calculation model from Yi et al. (2018)
was used to convert scores from Bayley-1I PDI into Bayley-
III motoric test score [25]. Meta-analysis results showed that

S-NIH children scored significantly lower motoric evaluation
test scores compared to normal children, approximately 25.10
points. Motoric test score < 70 was classified as motoric de-
velopment delay. Based on the incidence of motoric develop-
ment delay in S-NIH children compared to normal children, it
can be concluded that S-NIH children acquired 4.21 times
higher risk of motoric development delay compared to normal
children. Like in any other abnormalities, the delay in motoric
development in S-NIH children might be due to diffuse white
matter damage resulted from enlarged ventricles. Focus on the
clinical and radiological characteristics in S-NIH children with
delayed motoric development could reveal the exact patho-
genesis in these patients.

To investigate behavioral abnormalities among S-NIH
children, meta-analysis on the levels of internalizing and
externalizing behaviors was performed. Internalizing be-
havior is directed inward and strongly related to depression
and anxiety, while externalizing behavior is directed out-
ward and related with aggressivity and hyperactivity [29,
30]. Results from meta-analysis showed that the risk of
developing internalizing behavior in S-NIH children is sig-
nificantly lower compared to that of normal children, while
the risk of externalizing behavior in S-NIH children is not
significantly different with normal children. In regard to the
lower risk of internalizing behavior in S-NIH children, we
hypothesize that this might be related to the delayed mental
development in S-NIH children, which might lead to insen-
sitivity; thus, S-NIH children might be more resistant to
depression and anxiety. Nonetheless, it is important to ac-
knowledge that participants in studies on both internalizing
and externalizing behaviors in S-NIH children were very
limited; hence, studies in larger number of patients are
needed to confirm any findings.

Lastly, based on all of the abovementioned meta-analysis’
results, it can be concluded that despite shunt application, S-
NIH children remained prone to disabilities and mental and
motoric development delays. In regard to disability and de-
layed development in S-NIH children, we hypothesize that
these might be due to the pre-existing brain damage and injury
related to shunt placement. Evaluation on the clinical effects
of chronic brain injury due to hydrocephalus usually showed
poor clinical improvement after CSF diversion, supporting the
hypothesis that pre-existing hydrocephalus-related brain dam-
age is the cause of existing risks of disability and delayed
development in S-NIH children. A previous study in the ani-
mal model also showed that despite shunt placement, com-
plete reestablishment of cortical efferent pathway was not ac-
quired [31]. On the other hand, possible injuries due to VP
shunt placement seem negligible unless the shunt becomes
infected or malfunctioned. Logically, to evaluate any possible
roles of shunt placement-related injuries in the risks of dis-
ability and delayed development in S-NIH children, compar-
ison should be done between children with non-infectious
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hydrocephalus who are not treated with shunt and their coun-
terparts who underwent shunt placement. However, since in
most cases of non-infectious hydrocephalus, if not all, CSF
diversion is truly indicated, not optional, such comparison is
not doable. Thus, a study in animal model of non-infectious
hydrocephalus is a visible alternative to investigate this
possibility.

Overall, it is safe to say that VP shunt placement has a
limited role in reversing the pre-existing neurological deficits.
Despite confirmation in animal models is still required, we
hypothesize that in majority of cases, the disability and de-
layed development in S-NIH children are pre-existing, not
shunt-related. Regardless, continuous assessment, treatment,
and rehabilitation in S-NIH children are keys to ensure their
optimum quality of life.

Conclusion

S-NIH children have significantly higher risks of disabilities
and mental and motoric development delays; thus, planning
on continuous rehabilitation for children with non-infectious
congenital hydrocephalus who already had placement of VP
shunt is important to acquire their optimum potentials and
quality of life.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00381-021-05051-9.
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