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Abstract 

Background:  Spontaneous intracerebral hemorrhage is a disease with high morbidity and mortality. Extension of 
the hemorrhage into the ventricles is associated with the development of acute hydrocephalus and a poor outcome. 
Although it can be managed by external ventricular drainage (EVD), a subset of these patients require placement of 
permanent ventricular shunts. This study aimed to examine the factors on admission that can predict shunt depend‑
ency after EVD management.

Methods:  Seventy-two patients who underwent EVD were included in this study. Seventeen of these patients 
underwent placement of a ventriculoperitoneal shunt. Variables analyzed included age, intraventricular hemorrhage 
(IVH) score, bicaudate index, acute hydrocephalus, initial Glasgow Coma Scale scores, and blood volume in each 
ventricle.

Results:  In univariate analysis, IVH score (p = 0.020), bicaudate index (p < 0.001), blood volume in lateral ventricles 
(p = 0.025), blood volume in the fourth ventricle (p = 0.038), and the ratio of blood volume in lateral ventricles to that 
in third and fourth ventricles (p = 0.003) were significantly associated with persistent hydrocephalus. The best multiple 
logistic regression model included blood volume parameters and bicaudate index as predictors with the area under 
a receiver operating characteristic curve of 0.849. The variance inflation factor (VIF) showed that collinearity was not 
found among predictors. Patients diagnosed with acute hydrocephalus had less blood volume in the lateral ventricles 
(OR = 0.910) and had more blood volume in the third ventricle (OR = 3.174) and fourth ventricle (OR = 2.126).

Conclusions:  These findings may promote more aggressive monitoring and earlier interventions for persistent 
hydrocephalus after intraventricular hemorrhage in patients at risk.

Keywords:  External ventricular drainage, Intraventricular hemorrhage, Outcome, Stroke, Ventriculoperitoneal shunt

Introduction
Spontaneous intracerebral hemorrhage (sICH) is a dis-
ease with high morbidity and mortality, accounting for 
10–15% of all strokes [1]. Intraventricular hemorrhage 
(IVH) occurs in approximately 30–50% of patients with 
sICH and carries a 30-day mortality rate of 43–68% [2, 3]. 

Additionally, IVH is associated with the development of 
acute hydrocephalus and a poor outcome [4, 5]. In fact, 
acute hydrocephalus is an independent predictor of 30-day 
mortality in sICH patients [6]. Location of the parenchy-
mal origin of ICH, distribution of ventricular blood, and 
IVH volumes predict outcomes in patients with spontane-
ous ICH and intraventricular extension [6, 7].

External ventricular drainage (EVD) is a procedure 
commonly used as a life-saving measure to manage 
intracranial pressure and acute hydrocephalus in patients 
with IVH, which potentially reduces short-term mortality 

*Correspondence:  hylu@yuntech.edu.tw 
2 Department of Industrial Engineering and Management, National Yunlin 
University of Science and Technology, 123 University Road, Section 3, 
Douliou, Yunlin County 640, Taiwan
Full author information is available at the end of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s12028-018-0532-x&domain=pdf


234

[8, 9]. IVH is sometimes responsible for the subsequent 
development of hydrocephalus, which requires perma-
nent cerebrospinal fluid (CSF) diversion by placement 
of a ventriculoperitoneal (VP) shunt during follow-up, 
even with intraventricular clot resolution. The incidence 
of hydrocephalus in EVD-treated IVH with sICH is lower 
than that in patients with aneurysmal subarachnoid hem-
orrhage [10–12]. When persistent hydrocephalus devel-
ops without early detection and management, it presents 
as a deteriorating mental status or other neurological 
symptoms.

In daily practice, an evidence-based protocol for select-
ing patients who might benefit from VPS placement is 
lacking. Prolonged EVD drainage increases the risks of 
infection, length of hospital stays, and costs, but VPS 
placement is associated with the risks of shunt obstruc-
tion, malpositioning, and infection. It is important to 
identify the patients who are likely to benefit from shunt 
placement and to avoid unnecessary shunt surgeries. 
The aim of this single-center, retrospective analysis was 
to examine specific factors on admission and construct 
models that can predict shunt dependency in patients 
with sICH and IVH who underwent EVD.

Methods
Patients
The population consisted of consecutive patients admit-
ted to the neurosurgical intensive care unit, who under-
went surgery for EVD insertion with a diagnosis of sICH 
with IVH, at the National Taiwan University Hospital, 
Yun-Lin Branch. Inclusion criteria were: (1) age ≥ 18; (2) 
spontaneous primary IVH with supratentorial origin or 
spontaneous intracerebral hemorrhage with extension 
into ventricles; (3) admittance to Emergency Services 
within 12  h after onset and EVD performed. Patients 
with brainstem hemorrhage, cerebellar hemorrhage, 
intracranial aneurysm, or arteriovenous malformation 
complicated with hemorrhage were excluded. Patients 
with a history of preexisting brain diseases such as brain 
tumor, stroke, meningitis, or substance abuse were 
excluded. During the entire hospital stay, CSF infection 
or radiographic IVH growth after EVD placement were 
also excluded. Patients with a plan for palliative care or 
those who did not survive to discharge after EVD place-
ment were excluded, as were patients who underwent 
endoscopic hematoma evacuation or intraventricu-
lar fibrinolysis using urokinase or tPA. This study was 
approved by National Taiwan University Hospital’s Insti-
tutional Review Board. Informed consent was specifically 
waived because this was a retrospective study in which 
patients’ information was de-identified before analy-
sis by the researchers. On admission, patients’ Glasgow 
Coma Scale (GCS) scores were evaluated by emergency 

physicians. Patients were managed according to the cur-
rent ICH guidelines by the American Heart Associa-
tion and the American Stroke Association. All patients 
received initial imaging diagnostics of cerebral computed 
tomography (CT) scans with 5-mm slices. Demographic 
information collected at admission included age and 
sex. Head CT imaging at admission was used for assess-
ment of radiographic characteristics including ICH loca-
tion and IVH volume in each of the ventricles, and for 
calculation of IVH scores and the bicaudate index for 
hydrocephalus assessment [13]. The bicaudate index was 
considered abnormal if it was above the age-adjusted 
95th percentile [14]. Location of ICH was classified into 
categories of thalamic and other supratentorial locations. 
In the presence of acute or impending hydrocephalus 
combined with neurological deterioration, EVD catheters 
were placed. The EVD insertion was preferentially per-
formed at the Kocher point on the right side, unless there 
were relative contraindications such as hematoma in the 
planned path of the EVD or a completely blood-filled 
right lateral ventricle. Ventricular catheters are tunneled 
some distance from the insertion site to prevent infec-
tion. Intracranial pressure (ICP) was recorded hourly, 
and prophylactic antibiotics were used intravenously for 
the period that the EVD catheter remained in place.

External Ventricular Drain Challenge Protocol
After EVD catheter insertion, the drain is kept open at 
10  cm above the external auditory canal (EAC), unless 
the patient fails to improve clinically with persistent dila-
tion of the ventricular system. Weaning from the EVD 
was performed based on the patient’s neurological sta-
tus, radiographic criteria including ventricular size and 
resolution of IVH, and daily CSF output. The EVD chal-
lenge was initiated 7–14 days after the first surgery, when 
there is no diagnosed CSF infection and no evidence of 
hydrocephalus. After a CT scan to confirm the absence of 
new bleeding, the EVD level above the EAC was adjusted 
to 15  cm. When the daily CSF drainage was less than 
100 ml, the drain was clamped. ICP was monitored con-
tinuously, and the neurological status of the patient was 
checked hourly for 24 h. The EVD challenge test was con-
sidered unsuccessful if patients presented with a decline 
in the level of consciousness, sustained ICP > 20 mmHg 
for at least 1  h, CSF leakage from the incision site, or 
increased ventricular size after clamping the drain. When 
the challenge was passed, the EVD catheter was removed. 
When patients could not pass the challenge test, they 
received a VPS. For the patients who passed the EVD 
challenge test, either another routine CT scan was per-
formed 30  days after the EVD insertion or additional 
imaging studies were conducted at a later point if new 
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symptoms occurred. If chronic hydrocephalus was diag-
nosed, a VPS was implanted.

Clinical and Radiographic Variables
In this study, the variables reviewed as potential factors 
associated with shunt dependency were: (1) demograph-
ics including age and sex; (2) laboratory data including 
blood glucose level, platelet count, and white blood cell 
count, with samples collected from emergency room and 
intensive care unit admission; (3) history of hypertension 
and diabetes mellitus; (4) GCS scores, IVH scores, and 
the presence of hydrocephalus. Admission CT scans per-
formed within 12 h of onset were reviewed for IVH loca-
tion and volume. Hemorrhage severity was assessed by 
determining the IVH scores according to the previously 
published criteria [13].

IVH Volume Measurement
IVH volume was extracted from CT images using our 
semiautomated segmentation tool, which was developed 
in MATLAB using Otsu’s method, an automatic cluster-
ing-based image thresholding process [15–17]. The Otsu 
thresholding scheme searches for an optimal threshold to 
reduce a gray level image to a binary image. The optimal 
threshold is determined by maximizing the separability 
between target and background classes. The measure of 
IVH volume starts with a selection of a reader-defined 
region of interest (Fig. 1). The area of the hemorrhage was 
calculated automatically in square centimeters for the 
selected region, and the volume of the region of interest 
was calculated by multiplying the slice thickness (5 mm) 
by the area. The volumes from a stack of CT slices were 
summed for a given section. Because the hemorrhage of 
a specific ventricle usually includes more than one sec-
tion, the region of interest volume for each section was 
summed to obtain the volume of blood in each ventricle.

Image Processing and Reliability
Assessment of IVH volumes was performed indepen-
dently by two investigators blinded to the radiologists’ 
reports and clinical outcomes. Using our assessment tool, 
IVH volume was automatically measured by the inves-
tigator selecting regions of interest around each section 
of intraventricular blood in every slice and in the lateral, 
third, and fourth ventricles separately. Through a pilot 
process, inter-reader reliability between the investigators 
was evaluated to test whether the volume was identified 
accurately. A comprehensive assessment process was 
then performed, and a session with the two investigators 
was called to work on discrepant ventricular volume to 
minimize bias.

Functional Outcome Assessment
The functional outcomes were recorded using the modi-
fied Rankin Scale score (mRS). Follow-up mRS scores at 
3  months after IVH were determined by trained study 
staffs using standardized telephone interviews. A good 
outcome was defined as a mRs score of 0–2, and a poor 
outcome was defined as a mRS score of ≥ 3.

Fig. 1  Measure of IVH volume (a) CT scan with selection box for a 
region of interest. (b) A visual result obtained using Otsu’s method on 
a region of interest



236

Statistical Analysis
In the descriptive analysis, numerical variables were pre-
sented as mean, median, standard deviation, and inter-
quartile range. Categorical variables were presented in 
numbers and percentages. All patients were grouped 
into shunt dependency and no shunt dependency groups. 
Normally and non-normally distributed numerical vari-
ables were analyzed with a two-sided Student’s t test and 
Mann–Whitney U test, respectively. Significant asso-
ciations between categorical variables were analyzed by 
cross-table statistics (Chi-square or Fisher’s exact test). 
Intra-class correlation (ICC) coefficients were used to 
verify the inter-rater reliability of the IVH volume assess-
ment and yield a value between 0 and 1, where a value 
of one represents a perfect agreement between investi-
gators and zero means no agreement [18, 19]. The dis-
crimination ability was determined by performing ROC 
analysis to assess sensitivity, specificity, Younden Index, 
and AUROC (area under ROC curve). The Youden Index 
is the optimal measure at which the combination of sen-
sitivity and specificity is maximal [20]. The AUROC, 
measuring a prediction model’s discriminative utility, is 
commonly used for classification of dichotomous out-
comes in single diagnostic and imaging tests [21]. Its 
value is assessed at all cutoff points and is considered 
excellent for values between 0.9 and 1, good for values 
between 0.8 and 0.9, fair for values between 0.7 and 0.8, 
and poor for values less than 0.7 [22, 23]. Calibration 
ability was determined by using the Hosmer–Lemeshow 
goodness of fit test, and the plot of observed versus pre-
dicted VPS dependency. Univariate and multivariate 
logistic regression analyses were performed to identify 
the independent predictors of VPS dependency after 
stroke. Variance inflation factor (VIF) was calculated to 
estimate multicollinearity for each predictor. A predictor 
of VIF > 10 was considered as an indicative of serious col-
linearity and excluded from the logistic regression model. 
All tests were performed with two tails, with statistical 
significance at an α level of 0.05.

Results
During the study period, 108 consecutive patients under-
went surgery for EVD insertion with a diagnosis of sICH 
with IVH. Five patients were excluded from our analy-
sis due to incomplete data. Twenty-one patients were 
excluded due to the diagnosis of hematoma expansion at 
24  h, which is defined as an increase in hematoma vol-
ume of > 33% or an absolute increase of hematoma vol-
ume of > 10  ml. Two patients with CSF infection after 
EVD placement and 8 patients who underwent endo-
scopic hematoma evacuation or intraventricular fibrinol-
ysis using urokinase or tissue plasminogen activator 
(tPA) were also excluded. The baseline demographic and 

admission clinic variables of the 72 patients enrolled are 
outlined in Table 1. Hemorrhagic lesions were present in 
the thalamus, putamen, and other locations in 82.0, 12.4, 
and 5.6% of patients, respectively. The mean period of 
external ventricular drainage before VP shunt placement 
was 16.1  days (range 8–36  days). In the shunt depend-
ency group, poor outcomes (mRS score ≥ 3) were noted 
in 14 patients (82.3%) at 3 months after IVH. In patients 
without shunt dependency, 42 (76.4%) had poor out-
comes. There was no significant difference in terms of the 
functional outcomes between these two study groups.

Radiographic Characteristics
The mean IVH scores were 13.1 in all patients. Of patients 
included, 68.1% were diagnosed with acute hydrocepha-
lus using radiographic evidence by neurosurgeons, and 
22 (30.6%) patients had an abnormal bicaudate index. 
ICC (3, 1) was used to verify inter-rater reliability, where 
each CT image was measured by two investigators [18, 
19]. The ICC (3, 1) coefficients for the blood volume in 
the lateral, third, and fourth ventricles were 0.97, 0.93, 
and 0.95, respectively (Table  2), demonstrating excel-
lent reliability among investigators. The mean IVH vol-
umes were 8.1, 0.75, and 1.1 mm3 in the lateral, third, and 
fourth ventricles, respectively. The mean natural loga-
rithm of the ratio of blood volume in lateral ventricles to 
the blood volume in third and fourth ventricles was 2.1, 
which was calculated for predictive purposes.

Univariate Analysis
Overall, 17 patients (23.6%) required shunt placement 
after removal of the EVD catheter (Table 1). The age, sex 
proportion, and GCS scores on arrival to the hospital 
were not statistically significant between patients without 
and with VPS placement. Patients in the shunt depend-
ency group had significantly higher IVH scores (15.7 vs. 
12.4) and a greater proportion of abnormal bicaudate 
index (64.7 vs. 20.0%) than the patients without shunt 
dependency. Some parameters of blood volume analysis 
in the ventricles were significantly associated with shunt 
dependency in the univariate analysis, including blood 
volume in lateral ventricles (p = 0.025), blood volume in 
fourth ventricle (p = 0.038), and the ratio of blood vol-
ume in lateral ventricles to blood volume in third and 
fourth ventricles (p = 0.003). The total volume of blood 
volume in all ventricles was not associated with shunt 
dependency.

Prediction of VPS Dependency
To predict the dependency on VPS after IVH, we con-
structed three multiple logistic regression models to 
compare their prediction ability between the predictors 
of IVH score and IVH volume (Table 3). The first model 
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included IVH score and bicaudate index, while the sec-
ond model included the blood volume in the lateral, 
third, and fourth ventricles, as well as a bicaudate index. 
The third model included blood volume in the third and 
fourth ventricles, the ratio of blood volume in the lat-
eral ventricles to the sum of blood volume in the third 
and fourth ventricles, and bicaudate index. Since other 
clinical variables such as age, sex, or GCS score were not 
found to be significant for shunt placement in our uni-
variate analysis, and additionally have not been reported 
to be associated with shunt dependency in prior stud-
ies, those variables were not included in our prediction 
models. The average VIFs were 1.29 for bicaudate index 
(max = 1.31), 1.73 for IVH score (max = 1.90), 1.80 for 
lateral IVH (max = 2.11), 1.73 for 3rd IVH (max = 1.85), 
1.78 for 4th IVH (max = 1.90), and 2.25 for lateral IVH/
(3rd IVH + 4th IVH) (max = 2.70). The VIFs suggested 
that collinearity was not found among predictors. The 
Hosmer–Lemeshow goodness of fit test suggested that 
three prediction models had good calibrations, where 
Cox and Snell R2 were 0.178, 0.235, and 0.241, and Nagel-
kerke R2 were 0.276, 0.360, and 0.374 for the first, second, 
and third models, respectively (Table  3). Three predic-
tion models also showed excellent discrimination perfor-
mances. The values of the AUROC were 0.808, 0.843, and 
0.849 for the first, second, and third models, respectively. 
The sensitivity, specificity, and Youden index for each 
model are listed in Table  3. The values of R2, sensitiv-
ity, Younden index, and AUROC were notably increased 
through the first model to the second and third ones. 
The results are noteworthy in that the second and third 
models using IVH volume as predictors were superior in 
terms of calibration and discrimination indicators to the 
first one, using IVH score and bicaudate index to predict 
shunt dependency.

IVH Volume Associated with Acute Hydrocephalus and IVH 
Score
The multivariate logistic regression analysis using IVH 
volume in ventricles as a dependent variable, and acute 
hydrocephalus (yes/no) as an independent variable, dem-
onstrating that the blood volume in individual ventricles 
was significantly associated with acute hydrocephalus 

Table 1  Demographic, clinical, and radiographic variables 
in  72 patients treated with  and without  ventriculoperito-
neal shunt

Data are presented as mean (SD); median (interquartile range); number (%)

DM diabetes mellitus history, GCS Glasgow Coma Scale, HTN hypertension 
history, IVH intraventricular hemorrhage, VP ventriculoperitoneal
a  Abnormal: when age ≤ 30 and bicaudate index ≥ 0.13 or when 31 ≤ age ≤ 40 
and bicaudate index ≥ 0.15 or when 41 ≤ age ≤ 50 and bicaudate index ≥ 0.19 or 
when age ≥ 51 and bicaudate index ≥ 0.26

Variable Overall
n = 72

No VP shunt
n = 55 
(76.4%)

VP shunt
n = 17 (23.6%)

p value

Age 64.3 (13.5) 63.3 (13.1) 67.5 (14.4) 0.263

Sex (male) 41 (56.9%) 34 (61.8%) 7 (41.2%) 0.133

DM (yes) 24 (33.3%) 17 (30.9%) 7 (41.2%) 0.433

HTN (yes) 50 (69.4%) 36 (65.5%) 25 (82.4%) 0.186

Blood glucose 
level

159.6 (84.6) 164.8 (91.7) 139.1 (44.5) 0.336

White blood 
cell (109/L)

11.7 (4.5) 11.6 (4.6) 11.9 (4.0) 0.807

IVH score 13.1 (4.9) 12.4 (5.1) 15.7 (3.0) 0.020

Hydrocepha‑
lus (yes)

49 (68.1%) 37 (67.3%) 12 (70.6%) 0.798

Bicaudate index 
(abnormal)a

22 (30.6%) 11 (20.0%) 11 (64.7%) 0.000

Admission 
GCS

7 (6–12) 8 (4–13) 6 (6–11) 0.568

IVH, lateral 
ventricles 
(cm3)

8.1 (6.5) 9.0 (6.9) 4.8 (3.9) 0.025

IVH, 3rd ven‑
tricle (cm3)

0.75 (0.75) 0.71 (0.80) 0.87 (0.52) 0.474

IVH, 4th ven‑
tricle (cm3)

1.1 (1.1) 0.96 (1.1) 1.6 (0.97) 0.038

IVH, all ventri‑
cles (cm3)

9.5 (6.5) 9.9 (7.0) 8.0 (4.0) 0.332

lateral/(3rd 
+4th)

2.1 (1.9) 2.5 (1.9) 0.79 (0.79) 0.003

Table 2  Inter-rater reliability

CI confidence interval, ICC intra-class correlation

ICC (3, 1) (95% CI)

IVH, lateral ventricles 0.97** (0.93–0.98)

IVH, 3rd ventricle 0.93** (0.87–0.97)

IVH, 4th ventricle 0.95** (0.89–0.97)

Table 3  Performance of the ventriculoperitoneal shunt dependency prediction

AUROC area under receiver operating characteristic curve, C & S R2 Cox and Snell R2, N R2 Nagelkerke R2, IVH intraventricular hemorrhage, Sen Sensitivity

Models Calibration Discrimination

C & S R2 N R2 Sen Specificity Youden AUROC

IVH score, bicaudate index 0.178 0.276 0.667 0.745 0.412 0.808

Lateral, 3rd, 4th IVH, bicaudate index 0.235 0.360 0.857 0.755 0.612 0.843

3rd IVH, 4th IVH, Lateral IVH/(3rd IVH + 4th IVH), bicaudate index 0.241 0.374 0.846 0.779 0.625 0.849



238

(Table  4). The odds ratios indicated that patients diag-
nosed with acute hydrocephalus had less blood volume 
in the lateral ventricles (OR = 0.910) and had more blood 
volume in the third ventricle (OR = 3.174) and fourth 
ventricle (OR = 2.126). There were significant positive 
correlations between IVH score and IVH volume in the 
lateral ventricles (γ = 0.651), third ventricle (γ = 0.396), 
and fourth ventricle (γ = 0.451).

Discussion
The primary findings of this study are that IVH scores, 
bicaudate index, blood volume in the lateral ventricles 
and the fourth ventricle, and the ratio of blood volume 
in the lateral ventricles to that in the third and fourth 
ventricles are associated with permanent shunt depend-
ency after EVD catheter placement in patients with 
IVH. This study is the first to calculate the blood vol-
ume in each ventricle and analyze the predictive value 
of blood distribution in addition to the total volume of 
intraventricular hemorrhage. Herrick et  al. concluded 
that EVD catheter placement in patients with spontane-
ous IVH is an independent predictor of reduced mor-
tality and improved functional status at discharge [24]. 
In the current study, 17 (23.6%) of these patients had a 
permanent VP shunt placed after termination of EVD. 
Generally, the incidence of chronic hydrocephalus in 
patients with IVH is reported to be lower than that in 
patients with aneurysmal subarachnoid hemorrhage 
[11, 12, 25].

In the univariate analysis, IVH score, bicaudate index, 
blood volume in the lateral ventricles, the fourth ven-
tricle, and the third and fourth ventricles, and ratio 
of blood volume in the lateral ventricles to that in the 
third and fourth ventricles were significantly associ-
ated with shunt dependency after EVD placement. We 
excluded those patients who underwent head CT stud-
ies more than 12 h since the onset of symptoms, given 
the time-dependent characteristics of the develop-
ment of acute hydrocephalus. We also excluded IVH 

with infratentorial origin or aneurysm rupture, which 
may lead to acute and chronic hydrocephalus under 
different mechanism from supratentorial IVH. In this 
study, 82% of patients had thalamic ICH, which has 
been demonstrated to be an independent predictor 
of shunt dependency [26]. In previous studies, predic-
tors of shunt dependency also included elevated ICP 
after EVD catheter placement [26, 27]. We found no 
association between shunt dependency with admission 
neurological status, age, or sex, consistent with prior 
investigations [26, 28]. We also excluded patients who 
underwent intraventricular fibrinolysis (IVF) using 
urokinase or tPA or endoscopy-assisted surgery to help 
intraventricular blood removal, since the effects of these 
procedures on chronic hydrocephalus were previously 
found to be inconclusive. None of our patients received 
lumbar drainage during any time of the treatment. A 
recent randomized controlled trial demonstrated that 
in patients with supratentorial ICH and severe IVH, the 
combined IVF with lumbar drainage, as compared to 
IVF alone, significantly reduced the rates of permanent 
shunt dependency [29]. This treatment focuses on the 
rapid removal of the IVH and clot-breakdown products 
over the spinal subarachnoid space.

Herrick et  al. (2014) showed that a larger total IVH 
volume predicted higher mortality in patients with 
acute hydrocephalus, but the value of blood distribution 
in the ventricles was not analyzed [24]. Zacharia et  al. 
found no association between total IVH volume and the 
development of shunt-dependent hydrocephalus [26]. 
In our study, we concluded that the blood distribution 
in ventricles is a significant predictor for shunt depend-
ency. However, the total IVH volume in four ventricles 
was not associated with the development of chronic 
hydrocephalus.

Acute hydrocephalus was not shown to be a signifi-
cant predictor of shunt dependency in either the uni-
variate analysis or multivariate analysis in our study, 
which was consistent with some previous studies [27]. 
Bicaudate index is one of the common tools used to 
define hydrocephalus in daily practice, and a normal 
range for different ages has been previously defined by 
studies, with some variations [30]. We chose to use rela-
tively strict criteria of 0.13 for age under 30 years, 0.15 
for age of 31–40 years, 0.19 for age of 41–50 years, and 
0.25 after the age of 50. We found that analysis using the 
bicaudate index to dichotomize the patients was a use-
ful way to predict shunt dependency in univariate and 
multivariate analyses. IVH score was also selected for 
the analysis, because IVH, Graeb, and LeRoux scores 
are equally useful for assessing IVH severity [31]. IVH 
score was shown to be a significant predictor in the uni-
variate analysis.

Table 4  IVH volume associated with  acute hydrocephalus 
and IVH score

CI confidence interval, OR odds ratio, IVH intraventricular hemorrhage

*p value < 0.05; **p value < 0.01
a  Logistic regression, hydrocephalus as outcome variable (0: no, 1: yes)
b  Pearson’s correlation test

IVH volume Acute hydrocephalusa IVH scoreb

OR 95% CI

Lateral IVH 0.910* 0.834–0.993 0.651**

3rd IVH 3.174** 1.353–7.447 0.396**

4th IVH 2.126* 1.190–3.797 0.451**
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In the current study, the blood volumes in each ven-
tricle, calculated with high inter-rater variability, were 
associated with the incidence of acute hydrocephalus 
and IVH score. This indicates that the distribution pat-
tern of blood in the ventricles may affect the severity of 
the disease and the incidence of acute hydrocephalus. 
The proposed mechanism of acute hydrocephalus is the 
increased resistance of CSF flow caused by blood clots in 
the ventricular system. In contrast, chronic hydrocepha-
lus may be caused by the persistent obstruction of the 
arachnoid granulations by blood-breaking products and 
their inflammatory reactions [32, 33]. Although the deci-
sion to place EVD catheters in this population is multifac-
torial, the EVD catheter placement has been associated 
with IVH volume and reduced mortality [24]. In the cur-
rent study, the mean period of external ventricular drain-
age before VP shunt placement was 16.1 days, which was 
similar to some previous studies [26, 27]. Because there 
is no worldwide consensus of EVD weaning strategy, this 
relatively long duration of EVD drainage may be due to 
our challenge protocol. In addition, 82% of our patients 
had thalamic ICH, which may lead to more IVH in third 
and fourth ventricles with longer time of EVD drainage.

We compared three models composed of different 
parameters and identified a multiple logistic regres-
sion model that includes blood volumes in the third 
and fourth ventricles, the bicaudate index, and the ratio 
of blood volume in the lateral ventricles to that in the 
third and fourth ventricles to predict shunt dependency 
with relatively high AUC. Previously established models 
for prediction of shunt dependency included ICH loca-
tion and ICP after EVD catheter placement as variables 
[27]. Early and accurate prediction of shunt-dependent 
hydrocephalus may help avoid the risky EVD challenge 
procedure and prolonged EVD drainage in patients with 
a high risk of failure, shorten the course of treatment, 
decrease the incidence of EVD-related CSF infections, 
and decrease medical expenses.

This study has some limitations. This was a retrospec-
tive analysis with a relatively small sample size and a low 
average IVH volume for a single institution. Currently, 
there is no consensus for the EVD challenge protocol 
or for the definition of shunt-dependent hydrocephalus, 
which makes it difficult to generalize the results of any 
single study in this field. Some clinical parameters, such 
as headaches or vomiting, were not included for analysis 
because many patients at the acute stage were comatose. 
The daily drainage amount of CSF was not included in 
this study due to different rates of progressive elevation 
of the EVD drip chamber and the variation in duration of 
drainage for individual patients.

In conclusion, shunt-dependent hydrocephalus after 
IVH in our patients was associated with IVH scores, the 

bicaudate index, blood volume in the lateral ventricles 
and the fourth ventricle, and the ratio of blood volume in 
the lateral ventricles to that in the third and fourth ven-
tricles in the univariate analysis. The best multiple logis-
tic regression model included blood volume parameters 
and bicaudate index as predictors with the area under a 
receiver operating characteristic curve of 0.849. These 
findings may promote more aggressive monitoring and 
earlier interventions for shunt dependency after IVH in 
patients at risk.
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