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Abstract: The development of hydrocephalus after severe traumatic brain injury (TBI) is an under-
recognized healthcare phenomenon and can increase morbidity. The current study aims to charac-
terize post-traumatic hydrocephalus (PTH) in a large cohort. Patients were prospectively enrolled
age 16–80 years old with Glasgow Coma Scale (GCS) score ≤8. Demographics, GCS, Injury Severity
Score (ISS), surgery, and cerebrospinal fluid (CSF) were analyzed. Outcomes were shunt failure and
Glasgow Outcome Scale (GOS) at 6 and 12-months. Statistical significance was assessed at p < 0.05.
In 402 patients, mean age was 38.0 ± 16.7 years and 315 (78.4%) were male. Forty (10.0%) patients
developed PTH, with predominant injuries being subdural hemorrhage (36.4%) and diffuse axonal
injury (36.4%). Decompressive hemicraniectomy (DHC) was associated with hydrocephalus (OR 3.62,
95% CI (1.62–8.07), p < 0.01). Eighteen (4.5%) patients had shunt failure and proximal obstruction was
most common. Differences in baseline CSF cell count were associated with increased shunt failure.
PTH was not associated with worse outcomes at 6 (p = 0.55) or 12 (p = 0.47) months. Hydrocephalus
is a frequent sequela in 10.0% of patients, particularly after DHC. Shunt placement and revision
procedures are common after severe TBI, within the first 4 months of injury and necessitates early
recognition by the clinician.

Keywords: post-traumatic hydrocephalus; traumatic brain injury; ventriculoperitoneal shunt; de-
compressive hemicraniectomy; shunt failure; cerebrospinal fluid

1. Introduction

Post-traumatic hydrocephalus (PTH) is a serious but treatable sequelae of traumatic
brain injury (TBI), with reports of its incidence ranging from 8% to 36% [1–4]. The patho-
physiology of PTH remains unclear, but it is thought to be related to cerebrospinal fluid
(CSF) outflow resistance and the disruption of drainage dynamics in the setting of neuro-
trauma [5]. Hydrocephalus is frequently described in patients who underwent decompres-
sive hemicraniectomy (DHC) [5,6], however, it is also a complication in patients who did
not undergo decompressive craniectomy for which additional relevant research is needed.

Delayed diagnosis and management of this phenomenon through ventricular shunting
can delay rehabilitation and worsen long-term functional outcomes [7,8]. Prior findings in
patient cohorts who underwent decompressive hemicraniectomy showed that younger age
and the presence of interhemispheric hygroma were associated with PTH [1]. While low
Glasgow Coma Scale (GOS) score, subarachnoid hemorrhage (SAH), and intraventricular
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hemorrhage (IVH) have been proposed by some to be associated with hydrocephalus [9,10],
others did not find these factors to be predictive [1,11]. Thus, the development of hydro-
cephalus in the severe TBI population is further evaluated in the current study utilizing a
longitudinal prospective cohort of patients with severe TBI managed at our institution. The
measurable benefits of CSF diversion have been shown in 11–52% of patients on behavioral
and functional tests [12,13]. On the other hand, shunt malfunction and complications
arising from shunting procedures are well-known neurosurgical challenges that require
repeated hospitalizations and revision operations.

Intracranial hypertension is linked with poor prognosis after TBI [14,15], yet the
potential impact of intracranial pressure (ICP), cerebral perfusion pressure (CPP) and brain
tissue oxygenation (PbtO2) on the development of hydrocephalus has not been closely
studied. To better characterize hydrocephalus after TBI, these clinical variables as well as
demographic, radiographic, and CSF sample content are evaluated. This is followed by
subgroup analysis of patients who underwent surgical decompression, developed shunt-
hydrocephalus, and later on experienced shunt malfunction necessitating revision surgery.
Therefore, the aims of this study are to characterize incidence of PTH in severe TBI patients
with and without DHC, identify possible predictors of hydrocephalus, and investigate
the outcomes of patients who experienced shunt malfunction in order to further guide
physicians on clinical management.

2. Materials and Methods
2.1. Study Design

All patients with severe TBI were prospectively enrolled in the Brain Trauma Research
Center (BTRC) database at a single U.S. Level I trauma center from May 2000 to July
2014. Patients who met inclusion criteria and received treatment at the University of
Pittsburgh Medical Center were (1) age of 16 and 80 years, (2) severe TBI defined as post-
resuscitation Glasgow Coma Scale (GCS) score of ≤8, and (3) signed inform consent from
health care proxies. The exclusion criteria of the study included imminent brain death (GCS
score of 3 with fixed and dilated pupils), patients who were pregnant, and penetrating
trauma. Neuromonitoring per standard of care was performed through the placement
of external ventricular drain (EVD) and multi-modality intraparenchymal monitors (ICP,
temperature, and PbtO2 probes). Elevated ICP was treated in a stepwise approach as
outlined by the Brain Trauma Foundation Guidelines [16]. The study was approved by
the local Institutional Review Board (IRB #PRO17030027) in accordance with the amended
declaration of Helsinki.

2.2. Data Acquisition and Clinical Outcomes

Patient and clinical information (age, gender, admission GCS score, mechanism of
injury), as well as hourly measurements of ICP, CPP, and PbtO2 were collected. Com-
puted tomography (CT) imaging was reviewed to characterize the types of intracranial
injury (epidural, subdural, intraparenchymal, ventricular). Diffuse axonal injury (DAI) was
identified on magnetic resonance imaging (MRI) after initial stabilization from injury. Cere-
brospinal fluid (CSF) diversion via shunting through placement of a ventriculoperitoneal
or subdural-peritoneal shunt was performed. The clinical decision for ventriculoperitoneal
shunt (VPS) placement included failure to wean off of EVD, decline in neurological exam,
findings of progressive ventriculomegaly, increased extra-axial hygroma and elevated
opening pressure (>20 cm H2O). CSF samples were collected by research assistants and
stored at the biospecimens repository at the UPMC Department of Neurological Surgery.

In patients with evidence of persistent elevated ICP that correlate with significant
radiographic midline shift, and/or focal mass effect that were refractory to medical therapy,
operative criteria were met and DHC was performed. Technical aspects of DHC can vary
by institutional practice, however, in the present study, a unilateral frontotemporoparietal
bone flap (12 × 15 cm) was performed, as previously described [4]. Outcomes from
long term follow-up included variables pertaining to patients who experienced shunt
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malfunction. VPS failure was defined as the need for surgical revision. Glasgow Outcome
Scale (GOS; 1 = death; 2 = persistent vegetative state; 3 = severe disability; 4 = moderate
disability; 5 = low disability) was assessed at 6- and 12-months after trauma through
structured follow-up evaluations by trained neuropsychologists at the BTRC.

2.3. Statistical Analysis

Descriptive statistics are presented as means, standard deviations (SDs) and standard
errors (SEs) for continuous variables and proportions for categorical variables, interquartile
range (IQR) depending on the data distribution. Categorical variables are presented using
proportions. Differences in baseline characteristics between patients with and without post-
traumatic hydrocephalus were assessed by Pearson’s chi-squared test (X2) and analysis
of variance (ANOVA) for continuous variables. Fisher’s exact test was used to assess for
differences in categorical variables when expected counts ≤5. For multivariable analysis,
an inverse probability weighted logistic regression model was performed. Statistical
significance was assessed at p = 0.05. All statistical analyses were conducted using a
standard software package (Stata version 14.0, Stata Corp, College Station, TX, USA).

3. Results

From May 2000 to July 2014, a total of 402 patients with severe blunt TBI were enrolled
in the prospective study (Figure 1). The mean age was 38.0 ± 16.7 years old, and 78.4% of
patients were male. Median (IQR) GCS score was 6 (1.0) on admission, median ISS was
30.0 (13.0), and median Marshall classification score on CT scan was 3.0 (4.0) (Table 1). The
predominant types of intracranial hemorrhage were the following: subdural hematoma
(SDH, 57.1%), intraparenchymal hemorrhage (IPH, 22.9%), epidural hematoma (EDH,
12.4%), and subarachnoid hemorrhage (SAH, 7.6%). DAI was identified in 16.2% of patients
on MRI. Neuromonitoring showed that the initial ICP was 10.1 ± 8.6 mmHg, CPP was
78.9 ± 14.3 mmHg, and PbtO2 was 22.6 ± 14.4 mmHg in our cohort of patients.
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Table 1. Baseline demographics and clinical characteristics of severe TBI patients.

Parameters Total (n = 402) No Shunt
(n = 362)

Shunt for PTH
(n = 40) p Value

Age, years (mean, SD) 38.0 (16.7) 38.4 (16.8) 34.5 (16.2) 0.16
Male gender, % 78.4 77.9 82.5 0.69

Marshall score, median
(IQR) 3.0 (4.0) 3.0 (4.0) 3.0 (1.0) 0.31

ISS, median (IQR) 30.0 (13.0) 30.0 (13.0) 35.0 (12.0) 0.32
GCS, median (IQR) 6.0 (1.0) 6.0 (2.0) 6.0 (2.0) 0.29

Primary intracranial bleed,
%

EDH 7.2 6.9 10.0 0.32
SDH 32.6 31.8 40.0 0.19
SAH 18.2 19.3 7.5 0.04
ICH 31.3 30.9 35.0 0.36
IVH 2.7 2.8 2.5 1.00

Diffuse axonal injury, % 36.4 35.7 42.3 0.33
Neurosurgical intervention,

%
EVD 58.5 57.7 65.0 0.24
DHC 27.6 24.6 55.0 <0.01

Neuromonitoring, mean
(SD)

ICP, mmHg 10.1 (8.6) 9.9 (7.9) 10.1 (8.8) 0.90
PbtO2, mmHg 22.6 (14.4) 22.8 (14.4) 21.6 (14.7) 0.69
CPP, mmHg 78.9 (14.3) 78.6 (14.1) 80.7 (15.4) 0.51

TBI = traumatic brain injury; PTH = posttraumatic hydrocephalus; IQR = interquartile range; ISS = injury severity
score; GCS = Glasgow coma scale; EDH = epidural hematoma; SDH = subdural hematoma; SAH = subarachnoid
hemorrhage; ICH = intracerebral hemorrhage; IVH = intraventricular hemorrhage; EVD = external ventric-
ular drain; DHC = decompressive hemicraniectomy; SD = standard deviation; ICP = intracranial pressure;
PbtO2 = brain tissue oxygenation; CPP = cerebral perfusion pressure. Bold is used for significance p = 0.05.

The univariate analysis demonstrated that gender, GCS score, intracranial bleeding
pattern, and the presence of DAI were not significantly associated with developing hy-
drocephalus (Table 1). There were less patients with SAH who needed VPS placement
compared to those who did not need a shunt (7.5% versus 19.3%, p = 0.04). There were no
differences in ICP recording or PbtO2 between patients with and without hydrocephalus.
Decompressive craniectomy was associated with the development of hydrocephalus. There
were 297 (73.9%) patients who did not undergo decompressive hemicraniectomy, compared
to 105 (26.1%) patients who needed decompression for cerebral edema and/or refractory
intracranial hypertension. Eighteen (6.1%) patients who did not need DHC developed
hydrocephalus, while 22 (21.0%) patients who underwent DHC developed hydrocephalus
and needed VPS placement (p < 0.01).

Multivariate logistic regression with inverse probability weight analysis to adjust
for mortality showed that patients undergoing a DHC was the only significant predictor
of need for CSF diversion (Table 2). While age was not associated with overall risk of
PTH in the current study, subgroup analysis found that compared to patients without
hydrocephalus after DHC, those who developed hydrocephalus after DHC were younger
(35.5 ± 17.7 versus 46.0 ± 17.7 years old, p < 0.01). In addition, patients who developed
hydrocephalus after DHC had higher indexes of polytrauma (median ISS 35 versus 26,
p = 0.04). Compared to those without DHC, patients who had DHC were associated with
increased odds of VPS placement in the future (unadjusted OR 3.75, 95%CI (1.92–7.31),
p < 0.01; adjusted OR 3.62, 95%CI (1.62–8.07), p < 0.01). Patients who developed post-
traumatic hydrocephalus following decompressive craniectomy achieved equivalent neu-
rologic outcomes compared to those who did not develop PTH (6-month GOS of 3 IQR [1]
versus GOS 1 IQR [2], p = 0.18; 12-month GOS of 3 IQR [2] versus 1 IQR [3], p = 0.24).
Table 3 illustrates that the differences in baseline CSF cell count, from sampling prior to
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shunt placement, were not associated with increased risk of shunt failure requiring revision
surgery in the future.

Table 2. Severe TBI patients who developed shunt-dependent hydrocephalus.

Parameters Total with
Shunt (n = 40)

Shunt Failure
(n = 18)

No Shunt
Failure (n = 22) p Value

Age, years mean (SD) 34.5 (16.2) 29.7 (23.2) 36.9 (14.4) 0.14
Male gender, % 82.5 83.3 87.5 0.56

ISS, median (IQR) 35.0 (12.0) 30.0 (10.0) 38.0 (15.0) 0.06
GCS, median (IQR) 6.0 (2.0) 6.0 (1.0) 6.5 (2.0) 0.26

Trauma to shunt, days
median (IQR) 35.0 (53.5) 32.0 (16.0) 33.5 (1163) 0.29

Follow up, days median
(IQR) 1814 (2803) 1871 (2047) 1819 (3510) 0.82

Primary bleed, % 0.17
EDH 10.0 22.2 0.0
SDH 40.0 33.3 50.0
SAH 7.5 11.1 0.0
ICH 35.0 27.8 43.8

Diffuse axonal injury, % 42.3 54.5 30.0 0.25
Programmable valve, % 75.0 88.9 68.8 0.15

GOS, median (IQR)
6 months 3.0 (1.5) 3.0 (1.0) 3.0 (0.5) 0.55

12 months 3.0 (2.0) 3.0 (1.0) 3.0 (1.5) 0.47
TBI = traumatic brain injury; PTH = posttraumatic hydrocephalus; SD = standard deviation; ISS = injury severity
score; IQR = interquartile range; GCS = Glasgow coma scale; EDH = epidural hematoma; SDH = subdural
hematoma; SAH = subarachnoid hemorrhage; ICH = intracerebral hemorrhage; IVH = intraventricular hem-
orrhage; EVD = external ventricular drain; DHC = decompressive hemicraniectomy; SD = standard deviation;
GOS = Glasgow outcome score.

Table 3. CSF content prior to shunt placement in patients with PTH.

CSF Content Shunt Failure No Shunt Failure p Value

RBC, cells/mm3 2376 ± 9312 840.9 ± 1883 0.48
WBC, cells/mm3 3.9 ± 11.1 1.7 ± 1.6 0.40
Glucose, mg/dL 66.5 ± 9.9 62.1 ± 19.7 0.41
Protein, mg/dL 57.4 ± 83.3 51.0 ± 38.28 0.76

CSF = cerebrospinal fluid; PTH = posttraumatic hydrocephalus; RBC = red blood cell; WBC = white blood cell.

4. Discussion

Our institutional experience from 2000 to 2014 of a prospective cohort of 402 patients
demonstrates that the overall rate of hydrocephalus following severe TBI is 10.0%. The risk
of developing hydrocephalus was notably greater in patients who required DHC at a rate
of 21.0%, and for this reason, DHC was the strongest predictor of post-traumatic hydro-
cephalus. PTH is an important sequela that can develop in TBI patients, and if untreated
results in increased morbidity, mortality, and healthcare burden [17,18]. Landmark random-
ized trials in the past decade, including the DECRA and RESCUEicp investigations [19,20],
showed that DHC reduces intracranial hypertension, mortality, and outcomes of severe
disability in severe TBI patients at 6 months, but its use necessitates understanding of the
associated postsurgical risks [21].

The pathophysiology for hydrocephalus after decompression remains unclear, which
may be due to impaired CSF pulsatility, increased CPP, disruption of drainage pathways,
and inflammation of arachnoid granulations [5,22]. Findings from prior studies have been
equivocal on possible factors that could be associated with hydrocephalus, including low
GCS score, presence of SAH and IVH, interhemispheric hygromas, and younger age [1,9,23].
Recently, it has been shown that genetic factors could also play a role in ICP variability
after TBI [24,25]. To minimize risk of interhemispheric subdural hygromas, Bonis et al.
recommended performing the craniectomy with the superior margin at least 2.5 cm lateral
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to the midline [26]. In the present study, we examined a spectrum of demographic and
clinical characteristics for possible risk factors of hydrocephalus utilizing a large prospective
severe TBI cohort, and we found that the most important predictor for hydrocephalus was
the need for DHC.

Surgical decompression may be a life-saving procedure, but it is not without secondary
risks [27,28]. The common surgical morbidities associated with decompressive craniectomy
and also with the subsequent cranioplasty include cortical herniation, subdural effusion,
hydrocephalus, seizure, and infection. The etiology for hydrocephalus after DHC is
likely multifactorial and not fully understood. Experimental models have found that
after craniectomy, the effects of the skull and dura on CSF hydrodynamics are altered to
induce a two-fold increase in CSF outflow resistance, as well as greater brain compliance
as measured by the pressure-volume index [29,30]. In the present study, while the factor
of age did not play a role in the non-DHC cohort, notably, we demonstrate that younger
patients who had DHC were more likely to develop shunt-dependent hydrocephalus.
This is likely because the cerebral physiology in younger patients, i.e., greater cerebral
volume and compliance in contrast to older adults with cerebral atrophy, are more prone
to perturbations to CSF circulation [1].

Ventriculoperitoneal shunt procedures are common neurosurgical procedures with
reported overall rate of shunt failure ranging from 15% to 32% [31–33]. The prevalence of
intracranial hemorrhage and wound contamination in TBI makes neurotrauma patients
at greater risk for shunt failure and requiring revision surgery. In our patients, the rate of
shunt failure was 45.0%, with median insertion-to-failure time of 4 months. We did not
identify any predictors for shunt failure despite increased need for shunt revision surgery
in the TBI population, including the primary type of hemorrhage, time to shunt insertion
or the use of a programmable valve. While programmable valve designs may be able
reduce the number of revisions in specific sub-population of patients with normal pressure
hydrocephalus [34], programmable valves, placed in 75% of our patients, did not reduce
the incidence of shunt failure requiring revision.

Lastly, high CSF protein concentration or RBC level has been postulated as a concern
for shunt failure due to increased viscosity and obstruction risk. The pediatric literature
is equivocal regarding the association between high CSF cell concentration, viscosity
and shunt complications [35–37]. Similarly, in a predominantly adult severe TBI patient
population, we find that differences in CSF cell concentration are not predictors of future
shunt failure. Thus, shunt placement should not be delayed and be performed at the
earliest clinical indication in order to facilitate neurological recovery.

Limitations

This study is not without limitations. The data are analyzed retrospectively from a
prospectively collected cohort of patients treated over fourteen years. As such, there is
inherent variability in medical management protocols and in surgical techniques between
surgeons with respect to the size of the craniectomy and approach to expansile duroplasty.
The sample size of VPS shunt failure over the years has been small. Because our 2-year
follow-up rate in our severe TBI database is over 80%, we do not believe that the risk of
missing data meaningfully impacts our analysis. The impact of choice of shunt design and
cranioplasties performed also could not be further elucidated. In spite of this, results from
the present investigation add to the existing knowledge on hydrocephalus in the severe
TBI population and shunt failure at follow-up necessitating reoperation surgery.

5. Conclusions

Shunt-dependent hydrocephalus is a serious complication after neurotrauma, with
an overall incidence of 10.0% in severe TBI patients. Hydrocephalus commonly occurs in
those who underwent decompressive hemicraniectomy at 21.0% and with younger patients.
Timely diagnosis of PTH and appropriate shunt surgery can help patients achieve similar
functional outcomes relative to their counterparts who did not have PTH.



Neurol. Int. 2021, 13 533

Author Contributions: E.G., H.D., A.M.P. and D.O.O. were involved in the design and conception of
this manuscript; E.N., N.A., Z.W., and J.K.Y. performed the literature search; E.G., H.D., E.N., N.A.
and J.K.Y. compiled the primary manuscript; F.A. compiled the tables and figures; E.G., H.D., Z.W.,
A.M.P. and D.O.O. critically revised the manuscript. All authors have approved the manuscript as it
is written. All authors have read and agreed to the published version of the manuscript.

Funding: This work had funding support provided by the federally funded grants of National
Institutes of Health, National Institute of Nursing Research, and National Institute of Neurological
Disorders and Stroke NIH/NINR R00 NR13176 and NIH/NINDS K23 NS101036.

Institutional Review Board Statement: All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki declaration and its later amendments or comparable
ethical standards. The study protocol was approved by the local Institutional Review Board (IRB
#PRO17030027) and was conducted in accordance with the amended declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects and/or their proxies
involved in the study. Written informed consent has been obtained to publish this paper.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are not publicly available but could be acquired from the corresponding author on reasonable
request.

Conflicts of Interest: All authors certify that they have no affiliations with or involvement in any
organization or entity with any financial interest in the subject matter or materials discussed in this
manuscript.

References
1. Vedantam, A.; Yamal, J.-M.; Hwang, H.; Robertson, C.S.; Gopinath, S.P. Factors associated with shunt-dependent hydrocephalus

after decompressive craniectomy for traumatic brain injury. J. Neurosurg. 2018, 128, 1547–1552. [CrossRef] [PubMed]
2. Di, G.; Hu, Q.; Liu, D.; Jiang, X.; Chen, J.; Liu, H. Risk Factors Predicting Posttraumatic Hydrocephalus After Decompressive

Craniectomy in Traumatic Brain Injury. World Neurosurg. 2018, 116, e406–e413. [CrossRef] [PubMed]
3. Weintraub, A.H.; Gerber, D.J.; Kowalski, R.G. Posttraumatic Hydrocephalus as a Confounding Influence on Brain Injury Rehabili-

tation: Incidence, Clinical Characteristics, and Outcomes. Arch. Phys. Med. Rehabil. 2017, 98, 312–319. [CrossRef] [PubMed]
4. Goldschmidt, E.; Deng, H.; Puccio, A.M.; Okonkwo, D.O. Post-traumatic hydrocephalus following decompressive hemicraniec-

tomy: Incidence and risk factors in a prospective cohort of severe TBI patients. J. Clin. Neurosci. 2020, 73, 85–88. [CrossRef]
5. Aarabi, B.; Chesler, D.; Maulucci, C.; Blacklock, T.; Alexander, M. Dynamics of subdural hygroma following decompressive

craniectomy: A comparative study. Neurosurg. Focus 2009, 26, E8. [CrossRef]
6. Nasi, D.; Gladi, M.; Di Rienzo, A.; di Somma, L.; Moriconi, E.; Iacoangeli, M.; Dobran, M. Risk factors for post-traumatic

hydrocephalus following decompressive craniectomy. Acta Neurochir. 2018, 160, 1691–1698. [CrossRef] [PubMed]
7. Kowalski, R.G.; Weintraub, A.H.; Rubin, B.A.; Gerber, D.J.; Olsen, A.J. Impact of timing of ventriculoperitoneal shunt placement

on outcome in posttraumatic hydrocephalus. J. Neurosurg. 2018, 130, 406–417. [CrossRef] [PubMed]
8. Marmarou, A.; Abd-Elfattah Foda, M.A.; Bandoh, K.; Yoshihara, M.; Yamamoto, T.; Tsuji, O.; Zasler, N.; Ward, J.D.; Young, H.F.

Posttraumatic ventriculomegaly: Hydrocephalus or atrophy? A new approach for diagnosis using CSF dynamics. J. Neurosurg.
1996, 85, 1026–1035. [CrossRef] [PubMed]

9. Honeybul, S.; Ho, K.M. Incidence and Risk Factors for Post-Traumatic Hydrocephalus following Decompressive Craniectomy for
Intractable Intracranial Hypertension and Evacuation of Mass Lesions. J. Neurotrauma 2012, 29, 1872–1878. [CrossRef] [PubMed]

10. Tian, H.-L.; Xu, T.; Hu, J.; Cui, Y.H.; Chen, H.; Zhou, L.F. Risk factors related to hydrocephalus after traumatic subarachnoid
hemorrhage. Surg. Neurol. 2008, 69, 241–246. [CrossRef] [PubMed]

11. Poca, M.A.; Sahuquillo, J.; Mataró, M.; Benejam, B.; Arikan, F.; Báguena, M. Ventricular enlargement after moderate or severe
head injury: A frequent and neglected problem. J. Neurotrauma 2005, 22, 1303–1310. [CrossRef]

12. Mazzini, L.; Campini, R.; Angelino, E.; Rognone, F.; Pastore, I.; Oliveri, G. Posttraumatic hydrocephalus: A clinical, neuroradio-
logic, and neuropsychologic assessment of long-term outcome 11No commercial party having a direct financial interest in the
results of the research supporting this article has or will confer a benefit upon the author(s) or upon any organization with which
the author(s) is/are associated. Arch. Phys. Med. Rehabilit. 2003, 84, 1637–1641.

13. Tribl, G.; Oder, W. Outcome after shunt implantation in severe head injury with post-traumatic hydrocephalus. Brain Inj. 2000, 14,
345–354. [PubMed]

14. Stocchetti, N.; Maas, A.I.R. Traumatic intracranial hypertension. N. Engl. J. Med. 2014, 371, 972. [CrossRef] [PubMed]
15. Güiza, F.; Depreitere, B.; Piper, I.; Citerio, G.; Chambers, I.; Jones, P.A.; Lo, T.-Y.M.; Enblad, P.; Nillson, P.; Feyen, B.; et al.

Visualizing the pressure and time burden of intracranial hypertension in adult and paediatric traumatic brain injury. Intensive
Care Med. 2015, 41, 1067–1076. [CrossRef]

http://doi.org/10.3171/2017.1.JNS162721
http://www.ncbi.nlm.nih.gov/pubmed/28621627
http://doi.org/10.1016/j.wneu.2018.04.216
http://www.ncbi.nlm.nih.gov/pubmed/29751189
http://doi.org/10.1016/j.apmr.2016.08.478
http://www.ncbi.nlm.nih.gov/pubmed/27670926
http://doi.org/10.1016/j.jocn.2020.01.027
http://doi.org/10.3171/2009.3.FOCUS0947
http://doi.org/10.1007/s00701-018-3639-0
http://www.ncbi.nlm.nih.gov/pubmed/30054725
http://doi.org/10.3171/2017.7.JNS17555
http://www.ncbi.nlm.nih.gov/pubmed/29473779
http://doi.org/10.3171/jns.1996.85.6.1026
http://www.ncbi.nlm.nih.gov/pubmed/8929491
http://doi.org/10.1089/neu.2012.2356
http://www.ncbi.nlm.nih.gov/pubmed/22583391
http://doi.org/10.1016/j.surneu.2007.02.032
http://www.ncbi.nlm.nih.gov/pubmed/17707493
http://doi.org/10.1089/neu.2005.22.1303
http://www.ncbi.nlm.nih.gov/pubmed/10815842
http://doi.org/10.1056/NEJMra1208708
http://www.ncbi.nlm.nih.gov/pubmed/25184881
http://doi.org/10.1007/s00134-015-3806-1


Neurol. Int. 2021, 13 534

16. Carney, N.; Totten, A.M.; O’Reilly, C.; Ullman, J.S.; Hawryluk, G.W.; Bell, M.J.; Bratton, S.L.; Chesnut, R.; Harris, O.A.; Kissoon,
N.; et al. Guidelines for the Management of Severe Traumatic Brain Injury, Fourth Edition. Neurosurgery 2017, 80, 6–15. [CrossRef]
[PubMed]

17. Guyot, L.L.; Michael, D.B. Post-traumatic hydrocephalus. Neurol. Res. 2000, 22, 25–28. [CrossRef] [PubMed]
18. De Bonis, P.; Pompucci, A.; Mangiola, A.; Rigante, L.; Anile, C. Post-traumatic hydrocephalus after decompressive craniectomy:

An underestimated risk factor. J. Neurotrauma 2010, 27, 1965–1970. [CrossRef]
19. Cooper, D.J.; Rosenfeld, J.V.; Murray, L.; Arabi, Y.M.; Davies, A.R.; D’Urso, P.; Kossmann, T.; Ponsford, J.; Seppelt, I.; Reilly, P.;

et al. Decompressive craniectomy in diffuse traumatic brain injury. N. Engl. J. Med. 2011, 364, 1493–1502. [CrossRef] [PubMed]
20. Hutchinson, P.J.; Kolias, A.G.; Timofeev, I.S.; Corteen, E.A.; Czosnyka, M.; Timothy, J.; Anderson, I.; Bulters, D.O.; Belli, A.; Eynon,

A.; et al. Trial of Decompressive Craniectomy for Traumatic Intracranial Hypertension. N. Engl. J. Med. 2016, 375, 1119–1130.
[CrossRef]

21. Gopalakrishnan, M.S.; Shanbhag, N.C.; Shukla, D.P.; Konar, S.K.; Bhat, D.I.; Devi, B.I. Complications of Decompressive Craniec-
tomy. Front. Neurol. 2018, 9, 977. [CrossRef] [PubMed]

22. Waziri, A.; Fusco, D.; Mayer, S.A.; McKhann, G.M.; Connolly, E.S., Jr. Postoperative Hydrocephalus in Patients Undergoing
Decompressive Hemicraniectomy For Ischemic or Hemorrhagic Stroke. Neurosurgery 2007, 61, 489–494. [CrossRef]

23. Hu, Q.; Di, G.; Shao, X.; Zhou, W.; Jiang, X. Predictors Associated with Post-Traumatic Hydrocephalus in Patients with Head
Injury Undergoing Unilateral Decompressive Craniectomy. Front. Neurol. 2018, 9, 337. [CrossRef] [PubMed]

24. Deng, H.; Zusman, B.E.; Nwachuku, E.L.; Yue, J.K.; Chang, Y.-F.; Conley, Y.P.; Okonkwo, D.O.; Puccio, A.M. B-Cell Lymphoma 2
(Bcl-2) Gene Is Associated with Intracranial Hypertension after Severe Traumatic Brain Injury. J. Neurotrauma 2021, 38, 291–299.
[PubMed]

25. Deng, H.; Yue, J.K.; Zusman, B.E.; Nwachuku, E.L.; Abou-Al-Shaar, H.; Upadhyayula, P.S.; Okonkwo, D.O.; Puccio, A.M. B-Cell
Lymphoma 2 (Bcl-2) and Regulation of Apoptosis after Traumatic Brain Injury: A Clinical Perspective. Medicina 2020, 56, 300.
[CrossRef]

26. De Bonis, P.; Sturiale, C.L.; Anile, C.; Gaudino, S.; Mangiola, A.; Martucci, M.; Colosimo, C.; Rigante, L.; Pompucci, A.
Decompressive craniectomy, interhemispheric hygroma and hydrocephalus: A timeline of events? Clin. Neurol. Neurosurg. 2013,
115, 1308–1312. [CrossRef]

27. Stiver, S.I. Complications of decompressive craniectomy for traumatic brain injury. Neurosurg Focus 2009, 26, E7. [CrossRef]
[PubMed]

28. Honeybul, S.; Ho, K.M. Decompressive craniectomy for severe traumatic brain injury: The relationship between surgical
complications and the prediction of an unfavourable outcome. Injury 2014, 45, 1332–1339. [CrossRef] [PubMed]

29. Shapiro, K.; Fried, A.; Takei, F.; Kohn, I. Effect of the skull and dura on neural axis pressure-volume relationships and CSF
hydrodynamics. J. Neurosurg. 1985, 63, 76–81. [CrossRef] [PubMed]

30. Czosnyka, M.; Whitehouse, H.; Smielewski, P.; Gaudino, S.; Mangiola, A.; Martucci, M.; Colosimo, C.; Rigante, L.; Pompucci,
A. Testing of cerebrospinal compensatory reserve in shunted and non-shunted patients: A guide to interpretation based on an
observational study. J. Neurol. Neurosurg. Psychiatry 1996, 60, 549–558. [CrossRef] [PubMed]

31. Anderson, I.A.; Saukila, L.F.; Robins, J.M.W.; Akhunbay-Fudge, C.Y.; Goodden, J.R.; Tyagi, A.K.; Phillips, N.; Chumas, P.D.
Factors Associated With 30-day Ventriculoperitoneal Shunt Failure in Pediatric and Adult Patients. J. Neurosurg. 2018, 130,
145–153. [CrossRef] [PubMed]

32. Khan, F.; Rehman, A.; Shamim, M.S.; Bari, M.E. Factors affecting ventriculoperitoneal shunt survival in adult patients. Surg.
Neurol. Int. 2015, 6, 25.

33. Lund-Johansen, M.; Svendsen, F.; Wester, K. Shunt failures and complications in adults as related to shunt type, diagnosis, and
the experience of the surgeon. Neurosurgery 1994, 35, 839–844. [CrossRef]

34. Giordan, E.; Palandri, G.; Lanzino, G.; Murad, M.H.; Elder, B.D. Outcomes and complications of different surgical treatments for
idiopathic normal pressure hydrocephalus: A systematic review and meta-analysis. J. Neurosurg. 2018, 131, 1024–1036. [CrossRef]

35. Bloomfield, I.G.; Johnston, I.H.; Bilston, L.E. Effects of proteins, blood cells and glucose on the viscosity of cerebrospinal fluid.
Pediatr. Neurosurg. 1998, 28, 246–251. [CrossRef] [PubMed]

36. Fulkerson, D.H.; Vachhrajani, S.; Bohnstedt, B.N.; Patel, N.B.; Patel, A.J.; Fox, B.D.; Jea, A.; Boaz, J.C. Analysis of the risk of
shunt failure or infection related to cerebrospinal fluid cell count, protein level, and glucose levels in low-birth-weight premature
infants with posthemorrhagic hydrocephalus. J. Neurosurg. Pediatr. 2011, 7, 147–151. [CrossRef] [PubMed]

37. Rammos, S.; Klopfenstein, J.; Augspurger, L.; Wang, H.; Wagenbach, A.; Poston, J.; Lanzino, G. Conversion of external ventricular
drains to ventriculoperitoneal shunts after aneurysmal subarachnoid hemorrhage: Effects of site and protein/red blood cell
counts on shunt infection and malfunction. J. Neurosurg. 2008, 109, 1001–1004. [CrossRef]

http://doi.org/10.1227/NEU.0000000000001432
http://www.ncbi.nlm.nih.gov/pubmed/27654000
http://doi.org/10.1080/01616412.2000.11741034
http://www.ncbi.nlm.nih.gov/pubmed/10672577
http://doi.org/10.1089/neu.2010.1425
http://doi.org/10.1056/NEJMoa1102077
http://www.ncbi.nlm.nih.gov/pubmed/21434843
http://doi.org/10.1056/NEJMoa1605215
http://doi.org/10.3389/fneur.2018.00977
http://www.ncbi.nlm.nih.gov/pubmed/30524359
http://doi.org/10.1227/01.NEU.0000290894.85072.37
http://doi.org/10.3389/fneur.2018.00337
http://www.ncbi.nlm.nih.gov/pubmed/29867743
http://www.ncbi.nlm.nih.gov/pubmed/32515262
http://doi.org/10.3390/medicina56060300
http://doi.org/10.1016/j.clineuro.2012.12.011
http://doi.org/10.3171/2009.4.FOCUS0965
http://www.ncbi.nlm.nih.gov/pubmed/19485720
http://doi.org/10.1016/j.injury.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24704150
http://doi.org/10.3171/jns.1985.63.1.0076
http://www.ncbi.nlm.nih.gov/pubmed/4009278
http://doi.org/10.1136/jnnp.60.5.549
http://www.ncbi.nlm.nih.gov/pubmed/8778261
http://doi.org/10.3171/2017.8.JNS17399
http://www.ncbi.nlm.nih.gov/pubmed/29521592
http://doi.org/10.1227/00006123-199411000-00006
http://doi.org/10.3171/2018.5.JNS1875
http://doi.org/10.1159/000028659
http://www.ncbi.nlm.nih.gov/pubmed/9732257
http://doi.org/10.3171/2010.11.PEDS10244
http://www.ncbi.nlm.nih.gov/pubmed/21284459
http://doi.org/10.3171/JNS.2008.109.12.1001

	Introduction 
	Materials and Methods 
	Study Design 
	Data Acquisition and Clinical Outcomes 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

