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Abstract

Post-traumatic hydrocephalus (PTH) is a potentially morbid sequela of decompressive craniectomy for traumatic brain injury
(TBI). Subdural hygromas are commonly identified following decompressive craniectomy, but the clinical relevance and pre-
dictive relationship with PTH in this patient cohort is not completely understood. Survey of seven electronic databases from
inception to June 2019 was conducted following PRISMA guidelines. Articles were screened against pre-specified criteria.
Multivariate hazard ratios (HRs) for PTH by the presence of subdural hygroma were extracted and pooled by meta-analysis of
proportions with random effects modeling. We systematically identified nine pertinent studies describing outcomes of 1010 TBI
patients managed by decompressive craniectomy. Of the overall cohort, there were 211 (21%) females and median age was
37.5 years (range 33-53). On presentation, median Glasgow Coma Scale was 7 (range, 5-8). In sum, PTH was reported in 228/
840 (27%) cases, and subdural hygroma was reported in 449/1010 (44%) cases across all studies. Pooling multivariate-derived
HRs indicated that subdural hygroma was a significant, independent predictor of PTH (HR, 7.1; 95% CI, 3.3—15.1). The certainty
of this association was deemed low due to heterogeneity concerns. The presence of subdural hygroma is associated with
increased risk of PTH after decompressive craniectomy among TBI patients based on the current literature and may mandate
closer clinical surveillance when detected. Prospective studies, including those of intracranial hydrodynamics following decom-
pressive craniectomy in the setting of TBI, will better validate the certainty of these findings.

Keywords Subdural hygroma - post-traumatic hydrocephalus - decompressive craniectomy - traumatic brain injury -
interhemispheric

Introduction

Raised intracranial pressure following traumatic brain injury
(TBI) often mandates the need for neurosurgical intervention,
particularly where pressure elevations are severe or refractory
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to non-operative treatments. Decompressive craniectomy is an
effective procedure to rapidly reduce intracranial pressure in
several randomized, controlled studies. [1-4] Of the two land-
mark randomized trials, the Rescue-ICP study [5] found com-
parable functional outcomes after surgical and conservative
management. Yet, the DECRA (Decompressive
Craniectomy in Patients with Severe Traumatic Brain Injury)
study [6] reported that decompressive craniectomy led to
worse functional outcomes. Therefore, although there remains
debate as to the absolute benefit of surgically intervening in
severe TBI outside the possible reduction in mortality risk,
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there should be high agreement in that the decision to pursue
decompressive craniectomy must be well-informed and justi-
fied based on clinical indications. Correspondingly, any prog-
nostic feature which can assist in further identifying the ideal
candidate to benefit most from decompressive craniectomy is
desirable.

An important and potentially morbid treatment sequela of
TBI is the development of post-traumatic hydrocephalus
(PTH)—typically defined as new neurologic symptoms con-
sistent with hydrocephalus in the setting of radiographic
ventriculomegaly and a history of TBI. [7-10] PTH often
develops insidiously and is challenging to diagnose due to
injury-related neurologic deficits. Furthermore, it is often dif-
ficult to treat given that it is associated with significantly in-
creased morbidity and mortality, as compared to TBI patients
who do not develop PTH. [11-16] Correspondingly, early
diagnosis and treatment of PTH are an important translational
goal with the potential to significantly improve patient
outcomes.

Subdural hygromas are extra-axial cerebrospinal fluid
(CSF) collections encountered in a variety of neurosurgical
contexts, including after both elective and emergency opera-
tions. [17, 18] At present, a large volume of level III evidence
describes the evolution of subdural hygroma following de-
compressive craniectomy for TBI, with indirect evidence sug-
gesting that disruption of the CSF hydrodynamic equilibrium
may precipitate subdural hygroma formation in the post-TBI
setting. [8, 19-21] However, the pathophysiology is poorly
understood, and reported incidence rates have varied marked-
ly. Given that PTH is associated with abnormal CSF circula-
tion, it has been hypothesized that post-craniectomy develop-
ment of subdural hygroma predicts development of PTH, ei-
ther as a clinical/radiographic marker or a pathophysiologic
element in the chain of causality. [8, 18, 22, 23] However, the
relationship between subdural hygroma and development of
PTH remains poorly characterized, with data limited to case
series or reports, with no higher-quality evidence available.
Correspondingly, the goal of the current study was to critically
assess and statistically pool systematically identified studies
describing subdural hygroma and PTH in the setting of TBI
managed by decompressive craniectomy.

Methods
Search strategy

Our search strategy was designed using the Population,
Intervention, Comparison, Outcome, Study type (PICOS)
question format: Do TBI patients treated with decompressive
craniectomy for refractory intracranial pressure elevation
(Population), in whom subdural hygroma is detected
(Intervention), when compared to those patients in whom
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subdural hygroma is not detected (Comparator), differ in in-
cidence of PTH (Outcome), based on studies reporting out-
comes by multivariate regression (Study Type)? We conducted
the review in compliance with the Preferred Reporting Items
for Systematic reviews and Meta-Analyses (PRISMA) guide-
lines and recommendations. [24] Electronic searches were
performed using Ovid Embase, PubMed, SCOPUS,
Cochrane Central Register of Controlled Trials (CCTR),
Cochrane Database of Systematic Reviews (CDSR),
American College of Physicians (ACP) Journal Club and
Database of Abstracts of Review of Effectiveness (DARE),
from their dates-of-inception to June 2019. Database searches
were completed using the following string: (hydrocephalus)
AND (decompressive OR craniectomy) AND (hygroma). An
example of MeSH translations of terms used in PubMed is
provided (Supplementary Table 1).

Selection criteria

All retrieved articles were screened against predetermined se-
lection criteria independently by two investigators (V.M.L.
and R.D.) for identification of relevant studies, as per the
PRISMA guidelines. Discrepancy was resolved by discus-
sion. Inclusion criteria for all articles were (1) TBI patients
managed by decompressive craniectomy, (2) directly
reporting a comparative hazard ratio (HR) for PTH confirmed
by radiography and symptoms, (3) accompanied by estima-
tion of error (e.g., 95% confidence interval, CI), (4) measuring
the effect of subdural hygroma presence, (5) derived from
adjusted multivariate regression analysis, and (6) in patients
aged > 18 years. Definitions of PTH and subdural hygroma
were study-specific; however, all included computed tomog-
raphy (CT) imaging criteria. The definitions for PTH utilized
in this study were the two prevailing definitions of PTH
throughout the literature provided by two seminal works:
Evans et al. [13] defined PTH as radiological evidence of
progressive ventricular dilatation with trans-ependymal ede-
ma, together with (1) the presence of either clinical deteriora-
tion or failure to make neurological progress over time and (2)
some evidence of clinical improvement after
ventriculoperitoneal (VP) shunt insertion; Huh et al. [14] de-
fined PTH radiographically as modified frontal horn index >
0.33 based on CT imaging with accompanying symptoms
and/or response. Consensus features of PTH included radio-
logical evidence of progressive ventriculomegaly, trans-
ependymal edema, and clinical deterioration or failure of neu-
rologic improvement over time, with ambiguous diagnoses
supported by clinical improvement after CSF diversion. [8]
Subdural hygroma was defined as hypodense, localized,
extra-axial regions of subdural CSF accumulation, without
laterality restrictions. [7]

Exclusion criteria were (1) decompressive craniectomy for
a non-traumatic indication and (2) no HR or comparable
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metric of effect size with error estimation reported. Where
duplicate studies with overlapping cohorts were reported from
individual institutions, only the most complete report was in-
cluded. Studies were limited to English language publications;
database studies, review articles, conference abstracts or pre-
sentations, and editorials or expert opinions were excluded.

Data extraction

All HR and covariate data from multivariate analyses were
abstracted from article texts, tables, and figures. The HRs
and their corresponding error estimates included in our anal-
ysis were obtained from results of multivariable Cox models
directly reported by component studies only. The presence of
subdural hygroma was the primary independent variable of
interest, analyzed as a predictor of the dependent variable
PTH, assessed using measures of effect size and precision.

Meta-analysis

For the outcome of interest, logarithmic HRs and their corre-
sponding standard errors were pooled by meta-analysis of
proportions using the generic inverse-variance method to pro-
vide the overall summary statistic. 7 was used to estimate
heterogeneity across included studies. [25] A random-effects
model was tested to account for clinical diversity and meth-
odological variation. Statistical tests were two-sided, signifi-
cance was defined using the alpha threshold of 0.05, and all
analyses were conducted using STATA 14.1 (StataCorp,
College Station, Texas).

Certainty, quality, and bias assessments

To evaluate the certainty of the pooled results based on the
characteristics of included studies, the strength of evidence
was evaluated using the Grading of Recommendations,
Assessment, Development and Evaluations (GRADE)
criteria. [26] To satisfy concerns regarding quality scoring in
meta-analyses of observational studies, each included article
was appraised using a modified set criteria deriving from the
Meta-analysis Of Observational Studies in Epidemiology
(MOOSE) and Dutch Cochrane Group Strengthening the
reporting of observational studies in epidemiology
(STROBE) checklists, to determine the quality of the original
study design to answer the PICOS question in light of possible
intra-study bias. [27-29] If the number of variables pooled for
an outcome was at least 10, publication bias was assessed
through the generation of a funnel plot, and small study biases
were assessed by Egger’s linear regression test and Begg’s
correlation tests. [30, 31] A trim-and-fill method was
prespecified for recalculation of pooled effect size if bias
was suspected, irrespective of sample size. [32]

Results
Search results

Following a primary search result of 127 articles and the re-
moval of 48 duplicate citations, the titles and abstracts of 79
articles were evaluated against the selection criteria to screen
out studies that did not evaluate the hazard of PTH after decom-
pressive craniectomy with mention of subdural hygroma
(Fig. 1). Full-text analysis was performed for 19 articles, of
which 9 retrospective cohort studies [7-9, 18, 22, 23, 33-35]
published between 2010 and 2019 satisfied all selection criteria
(Table 1). All included studies were considered good quality
based on a modified set of criteria based on MOOSE and
STROBE checklists, when evaluated with respect to the origi-
nal study design and our PICOS question (Supplementary
Table 2).

Demographics and presentation

Collectively, the included studies reported outcomes in 1010 TBI
adult patients managed by decompressive craniectomy (Table 1).
There were 211 (21%) females; overall median age was
37.5 years (range 33-53). On TBI presentation, median GCS
was 7 (range, 5-8), while subarachnoid or intraventricular hem-
orrhage was reported in 61-94% or 5-29% of patients, respec-
tively. Across three studies [9, 18, 23] that reported mechanism
of trauma, incidence of motor vehicle accidents ranged from 44
to 80%, and mechanical fall ranged from 17 to 40%. The number
of patients in each study undergoing unilateral (versus bilateral)
decompressive craniectomy for management ranged from 49 to
100%. Radiographic CT imaging was obtained for all cases with-
in the first 24 h after craniectomy as standard postoperative pro-
tocol and throughout hospitalization. Overall, the median

Records identified through database Records identified through
searching (n=126) reference lists (n=1)

Total records screened (n=127) }4—1
%% Duplicates removed (48) |

Records after duplicates removed
for title and abstract screening
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Records excluded (n=60) |

y

Full-text articles assessed for
eligibility (n=19)

Full-text articles excluded,
with reasons (n=10)

»| 6 Hydrocephalus not modeled

2 Hygroma not quantified

1 Commentary

1 Abstract

v

Studies included in quantitative
analysis (n=9)

[ Included ][ Eligibility ][ Screening ][Identiﬁcation]

Fig. 1 Search results according to PRISMA guidelines
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Table 1 Characteristics of studies and demographics of their cohorts

Study Location Study Design Overall cohort

period
Size Females  Meanage Mean  SAH/IVH Unilateral Minimum FU
(n) (n, %) (year) GCS (%) DC (%) (month)

Kaen et al. Madrid, Spain ~ 2000-2006 R OCS (1) 73 15,21% 36 <8 92%/29%  86% 6
2010

Honeybul Perth, Australia 2004-2010 R OCS (2) 166 25, 15% 33 8 94%/NR  49% 6
etal. 2012

De Bonis et al. Rome, Italy 2007-2011 R OCS (1) 64  13,20% 38 7 NR/19% 100% NR
2013

Kietal. 2015 Daejeon, Korea 20072014 R OCS (1) 92 24,26% 53 84%/15%  88%

Yuan et al. Shanghai, China 2009-2013 R OCS (1) 172 36,21% 48 76%/NR  78%
2015

Nasi et al. Ancona, Italy 2003-2011 R OCS (1) 190 41, 22% NR 5 68%/NR  81% 6
2018

Vedantam Houston, United 2006-2012 P RCT 60 8, 13% 34 6 85%/5%  17% 6
etal. 2018 States (multiple)

Neto et al. Natal, Brazil 2014-2015 R OCS (1) 50  5,10% 37 7 NR/NR  100% 6
2019

Suetal. 2019  Kaohsiung, 2008-2014 R OCS (1) 143 44,31% 47 61%/NR  100% 6

Taiwan Sum/median 1010 37.5 7 84%/17%  86% 6

R retrospective, P prospective, OCS observational cohort study, RCT randomized controlled trial, GCS Glasgow Coma Scale, SAH subarachnoid
hemorrhage, /VH intraventricular hemorrhage, DC decompressive craniectomy, FU follow-up, NR not reported

minimum time for PTH surveillance post-craniectomy was
6 months (range 3-6).

Clinical features

All studies defined PTH using the radiographic ventriculomegaly
criteria described by Evans et al. [13] or Huh et al. [14] (Table 2).
By sum, PTH was reported in 228/840 (27%) cases across all
studies. Subdural hygroma was consistently defined as a subdur-
al CSF collection, but no standardized minimal depth threshold
was identified, with one of the earlier studies by Honeybul et al.
[8] utilizing a 1 cm threshold, whereas three later studies [18, 22,
23] utilized a 0.5 cm threshold (Table 2). Five studies [9, 18, 22,
23, 33] incorporated a mandatory minimum survival threshold
for inclusion of >7 days post-craniectomy. Overall, subdural
hygroma was noted in 449/1010 (44%) cases across all studies.
As lateral and interhemispheric subdural hygroma could co-pres-
ent, the incidences by location in descending order were ipsilat-
eral (214/770, 28%), contralateral (132/770, 17%), interhemi-
spheric (108/672, 16%), and bilateral (23/369, 6%) when
reported.

Time from craniectomy to subdural hygroma detection was
reported by two studies: Yuan et al. [18] reported an average
time of 7 days for ipsilateral hygromas, and Vedantam et al.
[35] reported average times of 7 and 12 days for ipsilateral and
interhemispheric hygromas. Finally, after craniectomy, the
proportion of PTH patients that proceeded to cranioplasty with
concurrent shunting was reported by three studies: 34/37
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(92%) by Nasi et al. [33], 21/24 (88%) by Ki et al. [22], and
10/15 (67%) by Vedantam et al. [35], with only Ki et al. [22]
reported a mean time of 4 months from craniectomy to
cranioplasty.

Predicting post-traumatic hydrocephalus

The presence of post-craniectomy subdural hygroma in any
location was independently and significantly predictive of
PTH in TBI patients treated with decompressive craniectomy,
based on pooled HRs from all studies which ranged from 0.66
to 62.6 (Table 3). All but one [7] of the 11 included studies
individually indicated that subdural hygroma was an indepen-
dent and significant predictor of PTH based on multivariable
Cox regression analyses, with no log-rank values reported.
Overall, the pooled HR was 7.1 (95% CI, 3.3-15.1; P> =
73%; P-heterogeneity < 0.01) (Fig. 2).

Certainty assessment
The certainty of how predictive subdural hygroma was for

PTH deemed low as per the GRADE criteria primarily due
to anatomical and clinical heterogeneity concerns (Table 4).

Bias assessment

No significant asymmetry was noted on funnel plot analysis
(Supplementary Fig. 1). Begg (P=0.77) and Egger (P=0.19)
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Table 2  Clinical features of all included studies
Study Definitions Survival Incidence (1, %)
exclusion
PTH* SDG PTH SDG Ipsilateral Contra- Bilateral Inter-
overall® lateral hemispheric
Kaenet al. Huh Subdural CSF collection < 7 days 20,27% 36, 29,40% 2,3% 2,3% 17, 22%
2010 et - 49%
al.
Honeybul Evans Low density collection greater than 1 cm in NR 26, 16% 93, 45,27% 48, NR NR
et al. et - maximal depth measured 56% 29%
2012 al.
De Bonis Evans a localized collection of CSF in the subdural NR 19,30% 36, 18,28% 7,11% 1,2% 16, 25%
et al. et- space 56%
2013 al.
Ki et al. Huh Hypodense mass with a thickness >5 mm on CT < 3 months 24,26% 51, 43, 47% 15, NR 7, 7%
2015 et - scan 54% 16%
al.
Yuan et al. Evans Low-density collection 40.5 cm in maximal < 7 days 16/62, 70, 30, 17% 27, 13,8% NR
2015 et- depth measured from the cortical surface to the 26% 41% 16%
al. inner aspect of the scalp or skull
Nasietal. Huh  CSF dynamic disturbances <30 days 37/130, 59, NR NR NR 23, 12%
2018 et - 28% 31%
al.
Vedantam Huh Presence of subdural CSF collections NR 26,43% 38, 26,43% 5,8% 7,12% 19, 32%
et al. et - 63%
2018 al.
Neto et al. Huh CSF accumulation NR 17,34% 14, NR NR NR 2, 4%
2019 et - 28%
al.
Su et al. Evans Hypodense subdural collection > 0.5 cm in < 14 days 43,30% 52, 23,16% 28, NR 24, 17%
2019 et - maximal depth measured from the cortical 36% 20%
al. surface to the inner aspect of the scalp or skull Sum 228/840, 449,
27% 44%

PTH post-traumatic hydrocephalus, SDG subdural hygroma, CSF cerebrospinal fluid, NR not reported

*Evans et al. [17]: radiological evidence of progressive ventricular dilatation with trans-ependymal edema, together with (1) the presence of either
clinical deterioration or failure to make neurological progress over time, and (2) some evidence of clinical improvement after ventriculoperitoneal (VP)
shunt insertion. Huh et al. [9]: modified frontal horn index >0.33 based on CT imaging with accompanying symptoms and/or response

®Lateral and interhemispheric SDG could co-present

regression analyses were similarly non-significant.
Nevertheless, we performed a trim-and-fill analysis of overall
subdural hygroma to address bias concerns related to the wide
95% CI reported by several included studies. This resulted in
five studies being trimmed-and-filled, and an associated
pooled HR of 2.7 (95% CI, 1.2-6.0; P-heterogeneity < 0.01)
(Supplementary Fig. 2).

Discussion

TBI and its sequelae represent a complex network of interre-
lated pathophysiologic processes, many of which remain
poorly understood from a mechanistic perspective. In this
context, there has been an increasing awareness that decom-
pressive craniectomy in the setting of TBI may be associated
with significantly increased incidences of subdural hygroma

and PTH. [8, 18, 22, 23] Indeed, based on our pooled statistic
deriving from multivariate regression, the potential of subdur-
al hygroma to predict PTH occurrence appears to have a
strong effect size even after accounting for major clinical
and demographic parameters, although the certainty of this
association was deemed very low based on current literature
quality.

The meaningful clinical impact of monitoring subdural
hygroma is highly dependent on context, particularly given
that a considerable fraction of post-craniectomy, TBI-associ-
ated, subdural hygroma will not progress to PTH—a compan-
ion population to those patients who develop PTH without
preceding hygroma or craniectomy. [1, 10] Although correla-
tions between subdural hygroma and PTH have been reported
in this meta-analysis and its component studies, little in the
way of causative evidence has been reported. Some authors
have suggested that the simplest interpretation is that subdural
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Table 3

Pooled HRs from included studies

Study®

SDG location
group

HR (95% CI)

Significant Other considered variables in multivariate analysis

Kaenetal. 2010  Interhemispheric 28 (5.3-148) Y

Kaenetal. 2010  Ipsilateral 2.03 (0.97-4.3) N

Honeybul et al. All lateralities 42.4 (2.25-80) Y
2012

De Bonis et al. Interhemispheric  0.66 (0.11-3.9) N
2013

Kietal. 2015 Interhemispheric  8.64 (0.72-103.4) N

Kietal. 2015 Contralateral 6.62 (1.56-28.13) Y

Yuan et al. 2015 All lateralities 2.17 (1.36-3.47) Y

Nasi et al. 2018 Interhemispheric  12.4 (1.27-37.5) Y

Vedantam et al. Interhemispheric  62.6 (4.97-816.44) Y
2018

Neto et al. 2019 All lateralities 49.6 (4.1-459) Y

Suetal. 2019 Contralateral 5.6 (2.2-14.1) Y

Bilateral craniectomy, SDG location, herniation
Bilateral craniectomy, SDG location, herniation

GCS, pupil reaction, effacement basal cistern, ICP, bilateral craniectomy,
ventriculitis

IVH, Age, distance of the craniotomy from the midline

Bone flap area, unilateral DC, IVH, SDG locations
Bone flap area, unilateral DC, IVH, SDG locations
Age, sex, GCS, pupillary reaction, radiographic findings
Age, SAH, unilateral DC, postoperative cranioplasty
Age, meningitis, SAH

GCS, herniation, brain swelling, DC size
Age, GCS, HTN, infarction, all SDG locations

SDG subdural hygroma, HR hazard ratio, CI confidence interval, Y'yes, N not, GCS Glasgow Coma Scale, /CP intracranial pressure, /VH intraventricular
hemorrhage, DC decompressive craniectomy, SAH subarachnoid hemorrhage, HTN hypertension

#Studies that reported independent parameters for different SDG locations were included separately

hygroma and PTH are essentially expressions of the same
underlying dysfunction in CSF hydrodynamics, with PTH
representing the more severe form of the disease. [7, 22] A
related theory holds that these hygromas may represent a focal
disruption of CSF homeostasis, whereas PTH indicates a more
global dysfunction, which is more likely to occur in patients

Fig. 2 A forest plot of the pooled
hazard ratios (HRs) using a
random-eftects model and their
corresponding 95% confidence
intervals (95% Cls) of all cohorts
investigating prognostication of
subdural hygroma for post-
traumatic hydrocephalus in trau-
matic brain injury patients man-
aged by decompressive

Study

Kaen et al. 2010 (Ipsilateral)

Kaen et al. 2010 (Interhemispheric)

with established subdural hygroma, but that may also arise
independently. [7]

One proposed mechanism linking decompressive
craniectomy to PTH in the setting of TBI centers on the intra-
cranial dura-arachnoid interface, where shearing forces from
the primary injury may critically interrupt the CSF resorption

Subdural hygroma predicting post-traumatic hydrocephalus

%

craniectomy. All hygroma posi-
tions were considered. The
weighted HR, the 95% CI, and the
relative weightings are represent-
ed by the middle of the square, the
horizontal line, and the relative
size of the square, respectively
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Honeybul et al. 2012

De Bonis et al. 2013

Ki et al. 2015 (Interhemispheric)
Ki et al. 2015 (Contralateral)
Yuan et al. 2015

Nasi et al. 2018

Vedantam et al. 2018

Neto et al. 2019

Su et al. 2019

Overall (I-squared = 73.0%, p = 0.000)

HR (95% Cl) Weight
— 28.00 (5.30, 148.00)8.66
e 2.03(0.97,4.30) 13.11
_— = 42.40 (2.25, 80.00) 8.14

! 0.66 (0.11,3.90) 8.15
' 8.64 (0.72, 103.40) 5.70
- 6.62 (1.56, 28.13) 9.67
E 217 (1.36,3.47)  14.21
' 12.40 (1.27, 37.50) 8.54
62.60 (4.97, 816.40)5.51
49.60 (4.10, 459.00)6.07
5.60 (2.20, 14.10) 12.23
7.10 (3.34, 15.06) 100.00

T
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Table 4 GRADE assessment for reported outcomes

Certainty assessment

Outcome Summary Pooled statistic by RE  No. of Type of  Quality Consistency Directness Effect Overall Certainty
statistic model (95% CI) variables evidence size  quality
pooled
Subdural hygroma HR 7.1 (3.3-15.1) 11 +2 -1 0 -1 +1 +1 Very low

predicting PTH

GRADE Grading of Recommendations, Assessment, Development and Evaluations, PTH post-traumatic hydrocephalus, RE random-effects, /R hazard
ratio, CI confidence interval

The overall quality score is determined based on the sum of the included domains. Type of evidence is based on design of the included studies (range, + 2
to +4). The study quality reflects the blinding and allocation, follow-up and withdrawals, sparsity of data, and methodological concerns (range, — 3 to 0).
Consistency is graded based on heterogeneity of included population and study end points with respect to one another (range, — 1 to + 1). Directness is
graded based on generalizability of included results (range, — 2 to 0). Effect size is graded based on the how consistent significant summary statistics are
<0.50r>2, orif pooled 95% CI overlaps with < 10% for incidence (range, 0 to 2). The overall quality of results for each outcome can be considered high

(>4 points), moderate (3 points), low (2 points), or very low (< 1 point)

systems. [22] When such a disruption is then followed by the
characteristically large craniectomy required for a trauma
management, the abnormal resulting trans-cerebral and intra-
cranial pressure gradients allow for a marked expansion of all
the subdural spaces, given the pressure-dependent nature of
the proposed mechanism. [36] How exactly subdural hygroma
location modulates these pressures with respect to the PTH
development remain an area for future investigation, as our
study identified multiple different locations at a single-study
level confer risk. Nevertheless, with the empiric observation
that opening the cranial vault alters intracranial pressures, CSF
dynamics, glymphatic drainage, cerebral compliance, and a
number of other physiologic parameters, the most likely real-
ity is that PTH results from a polyfactorial concert of vari-
ables, including those pertinent to the patient, the injury, and
the management strategies—including decompressive
craniectomy. [7—10]

In spite of the lack-of-clarity regarding a truly causal
relationship between subdural hygroma and PTH, the
independent and statistically significant association be-
tween the variables in multiple single institutional stud-
ies as well as the current meta-analysis emphasizes the
potential importance of subdural hygroma as a clinically
relevant risk factor. [8, 9, 18, 22, 23, 33-35] Indeed, the
limited data would imply that hygroma evolution is a
phenomenon that on average occurs within the first
2 weeks following craniectomy. Correspondingly, in-
creased postoperative surveillance for PTH is likely war-
ranted in patients with established subdural hygroma ir-
respective of location, particularly given the apparent
benefit in terms of neurologic outcome following early
detection and treatment of PTH via CSF diversion. [37]
Notwithstanding, this recommendation is cautiously pro-
posed, given the marked degree of between-study het-
erogeneity observed with respect to definitions of

essentially all the critical variables, including subdural
hygroma, PTH, and neurologic status both at baseline
and in follow-up. [15]

There is a paucity in current literature about the possible
clinical impact of proceeding with cranioplasty after decom-
pressive craniectomy upon PTH risk in TBI patients, with
many possible avenues that may confound or augment our
subdural hygroma finding. Timing is one concern, where de-
layed cranioplasty (>3 months) has been associated with in-
creased hazard for PTH. [33] Another concern is that staged
VP shunting after cranioplasty may increase long-term risk of
subdural hygroma when compared to simultaneous proce-
dures. [38] Unfortunately, these post-cranioplasty elements
were not reported in detail among our included studies as their
focus was evaluating acute post-craniectomy subdural
hygromas. Nevertheless, charting the longer-term clinical
course poses a target for upcoming studies to better under-
stand if the prognostic nature of subdural hygromas for PTH
persists after cranioplasty in this particular setting.

Future studies are required to establish consensus defini-
tions, and to provide more robust evidence regarding the true
benefits of increased surveillance after decompressive
craniectomy and aggressive CSF diversion protocols, with
greater accountability given to co-presenting intracranial com-
plications such as hemorrhages and fractures. [39]
Additionally, whether or not the preceding presence of sub-
dural hygroma affects optimal PTH management strategies
has not been robustly explored. Nasi et al. [33] was the only
study to specify VP shunt insertion in 90% of their PTH cases
preceded by subdural hygroma, which all resulted in satisfac-
tory outcomes. Vedantam et al. [35] did allude to not all their
PTH cases requiring VP shunting, however, did not elaborate
if the precession by subdural hygroma affected their decision-
making. Greater clinical granularity and post-PTH follow-up
will better disclose if PTH preceded by subdural hygroma
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(versus not) does indeed follow a different clinical course
requiring different management sequence.

Strengths and limitations of the literature

This study strictly adhered to the PRIMSA guidelines and
focused solely on the pre-specified association between
subdural hygroma as an independent predictor of PTH.
By only considering outcomes reported by multivariate
analyses, we partially adjusted for selected potential con-
founders of incident PTH that were assessed in the includ-
ed studies. However, the retrospective nature of these
studies precluded controlling for this intrinsic heterogene-
ity beyond our trim-and-fill approach.

There are limitations to the quantitative nature of this
study. First, neurocritical care is a heterogeneous subspe-
cialty, characterized by considerable local variation in pa-
tient population parameters, medical and surgical practice
environments, institutional biases, and follow-up proto-
cols. Tendencies to monitor for hygroma evolution using
CT imaging may vary between studies, resulting in it be-
ing unclear if all possible subdural hygromas were truly
detected across all studies as the typical evolution course
appears to be in the order of weeks, but that itself requires
greater clarity too. The impact of this collective clinical
heterogeneity risk is apparent in the wide confidence in-
tervals reported by the meta-analyses, which emphasize
the degree of caution one must incorporate when
interpreting the results despite our statistical adjustments
and risk-of-bias assessments we have incorporated to op-
timize the present data. Second, the included studies also
adversely impact interpretation of the current study results
due to the lack of clarity or consistency in a number of
critical definitions, more importantly PTH, and to a lesser
degree subdural hygroma, neurologic outcome, and TBI
severity assessments beyond GCS. For example, the PTH
definition by Huh et al. [14] involves a quantitative com-
ponent which is likely more objective and reliable com-
pared to the descriptive definition by Evans et al. [13]—it
is difficult to be sure that presentations defined as PTH by
one definition would also be defined as PTH by the other
across the included studies.

Finally, many of the included studies did not provide
adequately granular, standardized data, essentially obviat-
ing the possibility of meaningfully analyzing anatomic
location of the hygroma and mechanism-of-injury, two
potentially key factors contributing to the development
of PTH. Longer follow-up would have also been ideal to
chart better the longer-term relevance of our subdural
hygroma prognostication both with respect to VP shunt
management and cranioplasty. These concerns emphasize
again the need for standardization in future reporting,

@ Springer

ideally via a prospective multicenter registry, or formal
consensus guidelines for related research endeavors.

Conclusions

Subdural hygroma appears to indicate a markedly in-
creased risk of PTH after decompressive craniectomy in
the treatment of TBI, a finding that we anticipate will
inform improved surveillance protocols and potentially
neurologic outcomes in this critical patient population.
Greater standardization in subdural hygroma and PTH
definitions and treatment protocols, as well as focused
translational investigation into the intracranial hydrody-
namics following decompressive craniectomy in the set-
ting of TBI, are required to improve understanding of this
challenging, complex, and impactful neurosurgical
disease.
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