
Neurocrit Care (2020) 33:152–164
https://doi.org/10.1007/s12028-019-00878-2

ORIGINAL WORK

Association of Cerebrospinal Fluid Volume 
with Cerebral Vasospasm After Aneurysmal 
Subarachnoid Hemorrhage: A Retrospective 
Volumetric Analysis
Moritz Scherer1* , Jin‑On Jung1, Jonas Cordes4, Lars Wessels1, Alexander Younsi1, Silvia Schönenberger2, 
Markus Alfred Möhlenbruch3, Klaus Maier‑Hein4, Andreas Unterberg1 and Klaus Zweckberger1

© 2019 Springer Science+Business Media, LLC, part of Springer Nature and Neurocritical Care Society

Abstract 

Background: In aneurysmal subarachnoid hemorrhage (SAH), clot volume has been shown to correlate with the 
development of radiographic vasospasm (VS), while the role of cerebrospinal fluid (CSF) volume remains largely 
elusive in the literature. We evaluated CSF volume as a potential surrogate for VS in addition to SAH volume in this 
retrospective series.

Patients and Methods: From a consecutive cohort of aneurysmal SAH (n = 320), cases were included when angio‑
graphic evaluation for VS was performed (n = 125). SAH and CSF volumes were volumetrically quantified using an 
algorithm‑assisted segmentation approach on initial computed tomography after ictus. Association with VS was 
analyzed using regression analysis. Receiver operating characteristic (ROC) curves were used to evaluate predictive 
accuracy of volumetric measures for VS and to identify cutoffs for risk stratification.

Results: Among 125 included cases, angiography showed VS in 101 (VS+), while no VS was observed in 24 (VS−) 
cases. In volumetric analysis, mean SAH volume was significantly larger (26.8 ± 21.1 ml vs. 12.6 ± 12.2 ml, p = 0.001), 
while mean CSF volume was significantly smaller (63.0 ± 31.2 ml vs. 85.7 ± 62.8, p = 0.03) in VS+ compared to VS− 
cases, respectively. The absence of correlation for SAH and CSF volumes (Pearson R − 0.05, p = 0.58) indicated inde‑
pendence of both measures of the subarachnoid compartment, which was a prerequisite for CSF to act as a new sur‑
rogate for VS not related to SAH. Regression analysis confirmed an increased risk of VS with increasing SAH (OR 1.06, 
95% CI 1.02–1.11, p = 0.006), while CSF had a protective effect toward VS (OR 0.99, 95% CI 0.98–0.99, p = 0.02). SAH/
CSF ratio was also associated with VS (OR 1.03, 95% CI 1.01–1.05, p = 0.015). ROC curves suggested cutoffs at 120 ml 
CSF and 20 ml SAH for VS stratification. Combination of variables improved stratification accuracy compared to use of 
SAH alone.

Conclusion: This study provides a proof of concept for CSF correlating with angiographic VS after aneurysmal SAH. 
Quantification of CSF in conjunction with SAH might enhance risk stratification and exhibit advantages over tradi‑
tional scores. The association of CSF has to be corroborated for delayed cerebral ischemia to further establish CSF as a 
surrogate parameter.
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Introduction
Subarachnoid hemorrhage (SAH) is a neurological emer-
gency commonly caused by rupture of an intracranial 
aneurysm, which leads to bleeding into the subarach-
noid space usually filled with cerebrospinal fluid (CSF) 
[1]. Although improvements in intensive care medicine 
and diligent aneurysm treatment have led to a decrease 
in overall mortality, SAH remains a highly perilous con-
dition with frequent neurologic disability [2]. In particu-
lar, delayed cerebral ischemia (DCI) is a source of severe 
additional neurologic morbidity and a significant deter-
minator of outcome. Nowadays, DCI is primarily used 
to describe a clinical deterioration of SAH patients with 
a typical timely delay after initial bleeding or aneurysm 
treatment. Critical vessel narrowing, originally referred 
to as vasospasm (VS), is frequently observed as the radio-
graphic correlate of DCI potentially leading to ischemic 
stroke. In contrast, diagnosis of VS without a clinical cor-
relate of DCI has been reported not to correlate with out-
come [3]. While VS can be diagnosed by various imaging 
modalities, angiography is regarded the diagnostic gold 
standard to detect arterial vessel narrowing [4–6].

Although there was progress in understanding the 
pathophysiology of DCI, the frequent clinical dilemma 
of initializing diagnostic measures after signs of DCI or 
potential tissue damage has occurred remained in the 
absence of reliable predictive markers or surrogates for 
DCI or VS.

Since the 1980s, the Fisher grade has been established 
to appraise the risk of VS based on the extent of suba-
rachnoid bleeding based on computed tomography (CT) 
imaging [7]. Including later modifications of the original 
score, the (modified) Fisher grade is in widespread clini-
cal use until today, despite its limitations and inaccura-
cies that have been described in the literature [8, 9].

As a main shortcoming, (modified) Fisher accounts 
for differences in subarachnoid blood by approximation 
of clot diameter while emphasizing intraventricular or 
intracerebral extension. However, modern image pro-
cessing and segmentation can provide more accurate 
estimations of SAH volume, which has been shown to 
correlate well with observation of DCI and VS [10–12].

Until now, the role of CSF volume as a surrogate for the 
development of DCI or VS remains elusive. In hypothe-
sis, larger amounts of physiologic CSF space could trigger 
amounts of SAH on the one hand, but could also pro-
vide larger space for dilution of blood metabolites on the 
other. This could explain a decreased risk of VS in older 

patients and account for toxic pathogenesis for develop-
ment of VS discussed in the literature [13, 14]. Before 
evaluating CSF as a potential surrogate in SAH, however, 
it is a prerequisite to rule out a correlation of CSF space 
and size of blood clot. Only if CSF and SAH volumes act 
as independent measures, CSF volume could hold addi-
tional predictive value for VS compared to Fisher grade 
or blood volume alone.

In this study, we performed volumetric analysis to 
quantify subarachnoid blood and particularly CSF in 
order to evaluate their impact upon the development of 
radiographic vasospasm in a retrospective series of aneu-
rysmal SAH. Moreover, we sought to evaluate whether 
CSF quantification or the SAH/CSF ratio would allow for 
a more accurate prediction of VS compared to blood vol-
ume alone.

Patients and Methods
Patient Selection
Our institutional review board approved this retrospec-
tive study, and the requirement for patient informed con-
sent was waived (S-540/2016).

For this assessment, all consecutive cases treated for 
aneurysmal SAH at departments of neurosurgery and 
neurology at an academic hospital between 2010 and 
2014 were retrospectively reviewed. Eligible cases for 
quantitative analysis were selected according to the fol-
lowing criteria: age above 18 years, evidence for SAH on 
CT within 24 h of symptom onset, detection of an intrac-
ranial aneurysm as the cause of SAH.

Additional conventional angiography was liberally per-
formed at our institution for detection and treatment of 
VS when clinical DCI was observed. Only cases with an 
additional angiography during day 0–21 after ictus were 
included into the analysis. Patients with a preexisting VP 
shunt or an external ventricular drainage (EVD) prior 
to the initial CT scan were excluded to prevent bias for 
CSF quantification. See Fig.  1 for a flowchart of patient 
selection.

Treatment Concept in Aneurysmal SAH
During intensive care unit (ICU) stay, all patients were 
routinely monitored for signs of DCI including hourly 
clinical examination and transcranial Doppler sonog-
raphy (twice per day). Any new neurologic deficit, any 
reduction of > 1 point in Glasgow Coma Scale (GCS), 
or peak systolic flow-velocities > 200  cm/s was regarded 
clinically significant surrogates for DCI. Invasive 

Keywords: Subarachnoid hemorrhage, Aneurysm, Vasospasm, Delayed cerebral ischemia, Volumetric analysis, 
Cerebrospinal fluid
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neuromonitoring of intracranial pressure and brain tis-
sue oxygenation was applied on an individual basis. CT 
with the addition of CT perfusion was performed to 
corroborate suspected DCI followed by conventional 
angiography to detect or rule out VS as the underlying 
cause. Angiography was regularly performed after first 
detection of perfusion deficits or if no cause for neurow-
orsening was found in the prior diagnostic steps. Evalu-
ation for VS was performed by neuroradiologists based 
on established criteria defining VS when artery diameter 
was reduced by > 34% [15]. Endovascular treatment for 
VS was applied by intra-arterial nimodipine or balloon 
angioplasty on an individual basis (Table 1). 

CSF drainage was achieved exclusively by EVD if 
hydrocephalus was diagnosed on initial CT. CSF was 
drained continuously at 15 cm above ear level. No forced 
drainage was applied. All patients received oral nimodi-
pine (6 × 60 mg/day if tolerable for blood pressure). Best 
medical care after detection of VS consisted of basic 
intensive care measures including hypertension and 
hemodilution.

Clinical Parameters
Clinical parameters were gathered from patient records 
involving age, sex, neurological status on admission 
according to the GCS and the modified Rankin Scale 

(mRS). Severity and extension of SAH were evaluated by 
the World Federation of Neurological Societies (WFNS) 
grade and the conventional Fisher grade. Outcome was 
assessed by GCS and mRS at discharge, by mRS at fol-
low-up of 3–6 months after SAH and by 30-day mortality, 
according to availability. Furthermore, we assessed the 
length of ICU stay and the time when angiography was 
performed for evaluation of VS. Details about aneurysm 
side, localization, and method of repair (surgical clip-
ping or interventional occlusion) were collected as well as 
measures for VS treatment after additional angiography. 
Additional surgical interventions for CSF diversion, per-
manent CSF shunting, tracheostomy, or decompressive 
hemicraniectomy were also assessed. Favorable outcome 
was considered in mRS 0–2 and unfavorable outcome in 
mRS 3–5.

Image Processing and Volumetric Analysis
Volumetric analysis was performed on routine clinical 
CT scans acquired within 24 h after onset of symptoms. 
Image analysis was performed using The Medical Imag-
ing Interaction Toolkit, a free, open-source research plat-
form for medical image analysis (www.mitk.org). We used 
a machine-learning-based algorithm that has been previ-
ously described for automatic segmentation of intrac-
erebral hemorrhage, which is also capable of extracting 
CSF besides hemorrhage quantifications [16]. The seg-
mentation approach was performed as a voxel-wise ran-
dom forest classification task for either hemorrhage, CSF, 
or an undefined class. Classification was based on local 
descriptive gray value image features including first- and 
second-order statistics and texture features describing 
the neighborhood properties of a voxel, which produced 
prediction maps for the target classes. Postprocessing of 
prediction maps included removal of isolated voxels not 
assigned or different to its neighbors (remove/smooth 
island effect) and Gaussian smoothing of volume bound-
aries [16].

After the algorithm was applied to each respective CT 
scan, an initial segmentation result was proposed for the 
desired classes hemorrhage, CSF, and undefined voxels. 
All segmentations were checked for accuracy in conjunc-
tion by two authors (M.S. and J.J.) blinded to clinical data. 
Further manual postprocessing was performed in order 
to minimize misclassification and to accurately capture 
the amount of hemorrhage and CSF volume. In cases 
where SAH was associated with significant ICH, hemor-
rhage segmentation was subdivided into pure SAH and 
total blood (SAH + ICH) volumes, respectively. All vol-
umes were read out in milliliters (ml). An example for the 
segmentation process is illustrated in Fig. 2. 

Fig. 1 Flowchart of patient selection. Patients with aneurysmal 
SAH and angiographic evaluation for vasospasm were included into 
volumetric analysis in this retrospective series. EVD extraventricular 
drainage, SAH subarachnoid hemorrhage, VP ventricular peritoneal, 
VS vasospasm

http://www.mitk.org


155

Statistical Analysis
Demographic data were compared using the Chi-squared 
test for contingency analysis. The Mann–Whitney U test 
was used to compare ordinal data and nonparametric 

SAH and CSF quantifications. Student’s t test was used 
to compare other continuous variables. Volumetric 
measures were evaluated for correlation by Pearson 
correlation coefficients followed by linear regression. 

Table 1 Demographics

Bold values indicate statistical significance (p < 0.05)

ACA  anterior cerebral artery, CSF cerebrospinal fluid, EVD extraventricular drainage, GCS Glasgow Coma Scale, ICA internal carotid artery, ICU intensive care unit, 
IQR interquartile range, MCA medial cerebral artery, mRS modified Rankin Scale, NA follow-up data not available, PCA posterior cerebral artery, SAH subarachnoid 
hemorrhage, VS vasospasm, WFNS World Federation of Neurological Surgeons
a Student’s t test
b Mann–Whitney U test
c Chi-squared test

All cases (n = 125) VS positive (n = 104) VS negative (n = 21) p value

Median Range (IQR) Median Range (IQR) Median Range (IQR)

Age (years) 57 19–85 56.5 19–85 57 27–85 0.87a

WFNS‑grade admission 3 1–5
(2–4)

3 1–5
(2–4)

3 1–5
(1–4)

0.049b

Fisher score admission 4 2–4
(3–4)

4 2–4
(3–4)

4 2–4
(3–4)

0.49b

ICU stay (days) 21 7–60 23 7–60 13 7–40 0.0003a

Angiographic evaluation for 
VS (days post‑SAH)

8 0–14 8 0–13 7 0–14 0.97a

mRS at discharge 5 1–4
(4–5)

5 1–6
(5–5)

4 1–6
(2–5)

0.021b

GCS at discharge 9 3–15
(3–14)

9 3–15
(3–14)

13 3–15
(5–15)

0.043b

mRS at follow‑up 4 1–6
(2–5)

4 1–6
(2–5)

2 1–6
(2–5)

0.43b

NA (32, 25.6%)

n % n % n %

New cerebral infarctions 68 54.4 61 58.7 7 33.3 0.03c

30‑day mortality 17 13.6 13 12.5 4 19.0 0.34c

 NA (17, 13.6%)

Sex (f/m) 90/35 72.0/28.0 77/27 74.0/26.0 13/8 61.9/38.1 0.26c

Aneurysm 125 104 21 0.025c

 ICA 19 15.2 14 13.6 5 23.8

 ACA 41 32.8 40 38.9 1 4.8

 MCA 31 24.8 25 24.0 6 28.6

 PCA 20 16.0 16 15.4 4 19.1

 Basilar 14 11.2 9 8.7 5 23.8

Aneurysm repair 0.68c

 Surgical clipping 54 41.8 44 42.3 10 47.6

 Interventional coiling 71 58.2 60 57.7 11 52.4

VS therapy < 0.0001c

 Best medical 38 30.4 19 18.3 19 90.5

 i.a. Nimodipine 66 52.8 64 61.5 2 9.5

 Angioplasty 21 16.8 21 20.2 0 0

EVD placed 105 84.0 91 87.5 14 66.7 0.018c

CSF shunt 44 35.2 43 41.4 1 4.8 0.0014c

Tracheostomy 71 57.6 66 63.5 6 28.6 0.003c

Hemicraniectomy 17 13.6 15 14.6 2 9.5 0.54c
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Radiographic VS defined by critical vessel narrowing on 
conventional angiography was chosen as the primary 
outcome variable in this study. Univariate binary logistic 
regression analysis was calculated to evaluate variables 
of VS. Volumetric measures were included as continu-
ous variables. Additionally, the Boruta algorithm imple-
mented in “R” was used for identification of important 
variables for VS. Boruta compares the importance of 
real variables with the importance of random features 
created from the same data set (shadow features) by sta-
tistical testing in several runs of a random forest and ena-
bles a stable and unbiased selection of important from 
unimportant variables from an information system in an 

iterative approach [17]. Receiver operating characteristic 
(ROC) curves and area under the curve (AUC) analysis 
were performed to compare the value of different volu-
metric measures to predict the primary outcome accord-
ing to their sensitivity and specificity. Youden’s index 
(sensitivity + specificity − 1) was used to identify appro-
priate cutoff values of volumetric measures for outcome 
prediction [18]. p values < 0.05 were regarded statistically 
significant. Statistical analysis was performed using SPSS 
v24, GraphPad Prism v5 and R (“Boruta” package).

Fig. 2 Segmentation of SAH and CSF volume. Representative slices of unenhanced brain CT (a, b) with corresponding segmentation results (a*, 
b*). The intracranial compartment (red outline) was evaluated for segments corresponding to SAH (red filling) and CSF (green filling) using an 
automatic segmentation algorithm with subsequent manual verification and correction (Color figure online)
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Results
Demographics
A total of 125 cases were included into volumetric anal-
ysis. Median age was 57 years (range 19–85 years) with 
a 3:1 preponderance of females. On admission, median 
WFNS grade was 3 suggesting intermediate affected SAH 
patients (interquartile range [IQR] 2–4). Median Fisher 
grade was 4, while no patient was Fisher grade 1, accord-
ing to the inclusion criteria. The anterior and middle 
cerebral arteries were the predominant aneurysm loca-
tions in 57.6% of cases. Aneurysm repair was achieved by 
surgical clipping in 54 cases (42%) and by interventional 
coiling in 71 cases (58%).

Median stay on ICU was 21 days reflecting the stand-
ard treatment regimen at our center keeping SAH 
patients under close surveillance during the first 3 weeks 
after SAH. Additional angiographic examination showed 
vasospasm (VS+) in 104 cases in this study (83%). No 
vasospasm was found despite suspected clinical DCI in 
21 cases (17%) (VS−). VS was diagnosed on median day 8 
after SAH. Demographic data are summarized in Table 1.

Treatment Details
Among VS+ and VS− subgroups, no statistically sig-
nificant differences were found for sex, age, and differ-
ent modalities for aneurysm repair. VS+ cases presented 
with higher median WFNS scores compared to VS− 
cases, respectively (3, IQR 2–4 vs. 3, IQR 1–4, p = 0.049). 
Median Fisher grade failed to stratify subgroups for 
their risk of VS+ versus VS− (4, IQR 3–4 vs. 4 IQR 
3–4, p = 0.49), respectively. The VS+ group was more 
clinically effected requiring significantly longer ICU stay 
(p = 0.0003), more extensive interventional VS treatment 
(p < 0.0001), and more frequent temporary (p = 0.018) or 
permanent (p = 0.0014) CSF diversion and tracheostomy 
(p = 0.003) (see Table 1 for details).

Outcome Assessment
In our cohort that included patients showing clinical 
signs of DCI, new cerebral infarctions were significantly 

more frequent in VS+ compared to VS− cases (59% 
vs. 33% p = 0.03). At discharge, median GCS (9 vs. 13, 
p = 0.021) and mRS (5 vs. 4, p = 0.043) indicated signifi-
cantly worse outcome in VS+ compared to VS− cases. 
At discharge, favorable outcome was observed signifi-
cantly more often in VS− (29%) compared to VS+ (12%, 
p = 0.04). Further follow-up was available for a subset of 
93 cases (74.4%) at median of 3 months after SAH (IQR 
3–6 m, range 1–12 m). During follow-up, both subgroups 
showed an improvement in median mRS (VS+: 4 and 
VS−: 2), reflecting persistent severe disability in VS+ 
cases. A 30-d mortality was comparable in both sub-
groups (p = 0.34) (Table 1).

Volumetric Analysis
Volumetric analysis showed mean SAH volume of 
24.4 ± 20.6  ml and mean total blood of 33.1 ± 30.6  ml 
when including associated ICH which was found in 
24/125 cases (19%). Quantification of CSF on initial CT 
in the absence of any CSF diversion was a focus of this 
study. We found mean CSF volume of 66.8 ± 38.9 ml. The 
mean SAH/CSF ratio was 50.5% in this study but showed 
a wide range (0.1–541%), which illustrates a heterogene-
ous association of both measures after aneurysmal SAH.

While Fisher grade was comparable in VS+ and VS− 
cases (median grade 4 vs. 4, p = 0.49), we found sig-
nificantly larger mean amounts of SAH (26.8 ± 21.1  ml 
vs. 12.6 ± 12.2  ml, p = 0.001) and total blood volume 
(35.9 ± 31.2 ml vs. 19.2 ± 22.8 ml, p = 0.002) in VS+ ver-
sus VS− cases, respectively. On the contrary, CSF volume 
was significantly lower in VS+ compared to VS− cases 
(63.0 ± 31.2  ml vs. 85.7 ± 62.8  ml, p = 0.03). SAH/CSF 
ratio was significantly higher in VS+ cases (55.8 ± 67.4 ml 
vs. 24.5 ± 34.2, p = 0.02). See Table 2 and Fig. 3 for details.

Correlation of Volumetric Measures
As a core finding, neither SAH (Pearson r = − 0.05, 
p = 0.58) nor total blood volume (Pearson r = − 0.18, 
p = 0.051) was significantly correlated to CSF volume. 
Furthermore, linear regression was inconclusive for SAH 

Table 2 Quantifications of volumetric values

Bold values indicate statistical significance (p < 0.05)

CSF cerebrospinal fluid, SAH subarachnoid hemorrhage, SD standard deviation, VS vasospasm
a Mann–Whitney U test

All cases (n = 125) VS positive (n = 104) VS negative (n = 21) p value

Mean ± SD Range Mean ± SD Range Mean ± SD Range

Subarachnoid hemor‑
rhage (ml)

24.4 ± 20.6 0.2–96.8 26.8 ± 21.1 0.2–96.8 12.6 ± 12.2 0.3–44.8 0.001a

Total blood (ml) 33.1 ± 30.6 0.2–198.1 35.9 ± 31.2 0.2–198.1 19.2 ± 22.8 0.3–77.4 0.002a

CSF (ml) 66.8 ± 38.9 6.6–231.5 63.0 ± 31.2 6.6–190.1 85.7 ± 62.8 19.5–231.5 0.03a

SAH/CSF ratio (%) 50.5 ± 64.0 0.1–541.7 55.8 ± 67.4 0.1–541.7 24.5 ± 34.2 0.3–154.6 0.02a
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and CSF (β = − 0.03 95% CI − 0.12 to 0.07, r2 = 0.002) as 
well as for total blood volume and CSF (β = − 0.14 95% 
CI − 0.27 to 0.001, r2 = 0.031). This indicated that blood 
and CSF quantifications were independent parameters 
on initial CT supporting our hypothesis that CSF could 
serve as a surrogate parameter to predict VS after aneu-
rysmal SAH.

Fisher grade had a positive correlation with total blood 
volume (i.e., SAH + ICH) (Pearson r = 0.20, p = 0.02) but 
was not significantly correlated with SAH volume per se 
(Pearson r = 0.073, p = 0.42). This reflects a known short-
coming of the Fisher score with constraints in stratifying 
SAH cases without ICH or ventricular hemorrhage for 
VS risk.

Moreover, we found that age was positively correlated 
with SAH (Pearson r = 0.28, p = 0.001) and CSF (Pear-
son r = 36, p < 0.0001) suggesting a larger total subarach-
noid space but also larger SAH clots in older patients. 
WFNS grade was negatively associated with CSF (Pear-
son r = − 0.30, p = 0.001) illustrating less CSF present in 
poor-grade SAH cases. See Table 3 for detailed correla-
tion analysis.

Variables Associated with the Development of Vasospasm
In univariate binary logistic regression for variables of 
VS, only volumetric parameters and Fisher grade had a 
significant association in this study (Table  4). Age, sex, 
and aneurysm treatment had no influence on the devel-
opment of VS. Aneurysm location was not significantly 
associated with VS per se. Anterior cerebral artery aneu-
rysms, however, had a significantly higher risk of VS 

compared to all other vascular territories in our cohort. 
Regarding volumetric measures, higher volumes of SAH 
(HR 1.06, p = 0.006) and total blood (HR 1.03, p = 0.02) 
significantly increased, while higher CSF volumes (HR 
0.99, p = 0.02) decreased the risk of VS, respectively. 
SAH/CSF ratio was identified as a significant risk factor 
for VS (HR 1.03, p = 0.015) (Table 4).

Since options for multivariate regression were lim-
ited considering the small number of VS− cases in our 
cohort, we used the Boruta approach to identify impor-
tant variables under consideration of potential interactive 
variables. Iterative Boruta runs consecutively rejected 
age, WFNS grade, EVD placement, Fisher grade, sex, and 
aneurysm treatment as important variables. Aneurysm 
location was classified as potentially important, while all 
volumetric measures were confirmed as important vari-
ables for VS, respectively (Fig. 4).

Value of Volumetric Measures as Outcome Predictors
ROC curves were used to compare the discriminative 
capacity of different volumetric measures for VS accord-
ing to their respective sensitivity and specificity (Fig. 5). 
The value of SAH volume was confirmed by an AUC 
of 0.73 (95% CI 0.61–0.85, p = 0.001). Comparably, the 
SAH/CSF ratio achieved an AUC of 0.74 (95% CI 0.63–
0.86, p < 0.0001). Even though regression and Boruta 
analysis suggested a significant association with VS for 
CSF, AUC was inconclusive at 0.56 (95% CI 0.40–0.72, 
p = 0.39) (Fig. 5). For Fisher grade, area under ROC curve 
was 0.50 (95% CI 0.36–0.65, p = 0.97).

Fig. 3 Volumetric analysis. Box plots of volumetric analysis for a subarachnoid hemorrhage volume, b total blood volume (including intraparenchy‑
mal blood clots, if applicable), c cerebrospinal fluid (CSF) volume, d SAH/CSF ratio in patients with vasospasm (VS+) and without vasospasm (VS−). 
Volumes are indicated in ml. p values according to Mann–Whitney U test
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Identification of Cutoffs for Clinical Decision Guidance
Youden’s index was used to identify cutoff values from 
volumetric measures [18]. Youden’s index peaked at 
39.6% for 19.80  ml SAH suggesting a clinically suitable 
cutoff at 20 ml SAH. For CSF, the index peaked at 24.7% 
for 121.9 ml suggesting a cutoff at 120 ml CSF. Youden’s 
was 38.8% for a SAH/CSF ratio of 21.2% suggesting a cut-
off at 20% SAH/CSF ratio.

Table  5 shows test statistics for the selected cutoffs 
with regard to VS. For SAH, the 20 ml cutoff could serve 
as a confirmatory test given its high specificity but had 
limited value for screening. Cases with CSF ≥ 120  ml 
appeared to suffer from VS less frequently, which was 
pointed out with high sensitivity. However, 60% negative 
predictive value (NPV) illustrates that 4 out of 10 cases 
still developed VS despite high values of CSF. However, 
combined use of both volumetric surrogates illustrated 
potential benefits for prediction of VS: The 20% cut-
off for SAH/CSF ratio improved sensitivity compared 
to SAH volume alone. Particularly by sequenced use of 
CSF followed by SAH cutoff values illustrated in Fig.  6, 
all cases with beneficial prognosticators (CSF ≥ 120  ml, 
SAH < 20 ml) were identified as VS− (6/6, 100%). Cases 
with adverse markers (CSF < 120 ml, SAH ≥ 20 ml) were 
identified as VS+ with 94% accuracy (50/53).

Discussion
In this volumetric analysis, we evaluated the role of suba-
rachnoid blood and particularly CSF for risk assessment 
to develop radiographic VS in a retrospective series of 
aneurysmal SAH of 125 cases. SAH and CSF volumes 
were volumetrically quantified, and their association with 
VS was statistically analyzed. ROC curves were used to 
define and evaluate cutoffs with regard to their accuracy 
to stratify patients for their risk of VS.

For the first time in the literature, we describe the asso-
ciation of CSF with development of VS, while SAH vol-
ume and total blood volume were confirmed as known 
predictors, which has been the cornerstone for the Fisher 
grade for many years [7]. Moreover, we illustrate that CSF 
and SAH volumes act as independent measures which 
triggered the evaluation of CSF as an additional clinical 
surrogate parameter for VS in this study.

Quantifications of Intracranial Volumes
Quantifications of SAH and total blood volume in our 
retrospective sample both showed a significant associa-
tion to our primary outcome parameter radiographic 
VS, which supports our cohort to be representative 
for aneurysmal SAH cases. In the literature, multi-
ple approaches have been sought in order to improve 

Table 3 Correlations of volumetric variables

Bold values indicate statistical significance (p < 0.05)

CSF cerebrospinal fluid, SAH subarachnoid hemorrhage, WFNS World Federation of Neurological Surgeons

Age WFNS grade Fisher grade SAH Total blood CSF SAH/CSF ratio

Age

 Pearson R 1 − 0.127 − 0.101 0.282 0.142 0.356 0.059

 p value 0.157 0.265 0.001 0.114 < 0.0001 0.515

WFNS grade

 Pearson R 1 0.435 0.224 0.400 − 0.302 0.297
 p value < 0.0001 0.012 < 0.0001 0.001 0.001

Fisher grade

 Pearson R 1 0.073 0.204 − 0.277 0.166

 p value 0.421 0.022 0.002 0.064

SAH

 Pearson R 1 0.734 − 0.050 0.580
 p value < 0.0001 0.580 < 0.0001

Total blood

 Pearson R 1 − 0.175 0.461
 p value 0.051 < 0.0001

CSF

 Pearson R 1 − 0.377
 p value < 0.0001

SAH/CSF ratio

 Pearson R 1

 p value
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predictive value of the Fisher grade or to individual-
ize VS risk by using scores incorporating clot volume 
and additional clinical data [8, 9, 19, 20]. We observed 
a correlation for total blood volume but not pure SAH 
volume with traditional Fisher grade (Table  3), which 
reflects a common shortcoming of the traditional 
Fisher grade regarding its discrimination of cases with 
less extended SAH.

Our approach was to evaluate the role of CSF vol-
ume in this regard. As a prerequisite for CSF to act as 
an independent surrogate for VS, it was important to 
exclude an association for CSF with SAH volume. This 
would otherwise render CSF similar to a negative image 
of SAH volume within a fixed subarachnoid space with 
limited additional value for VS prediction.

In this regard, we could neither find a correlation 
for SAH and CSF (Table 3), nor could CSF amount be 
derived from SAH volumes via linear regression. This 
underscores that both variables are to be regarded 

independently rather than interchangeably, and in 
other words, an increase in one does not implicate a 
decrease in the other volume, respectively.

This proposed CSF as a new surrogate and harbors 
potential synergistic effects for VS prediction when 
information of SAH and CSF variables is combined.

Impact of Volumetric Measures as Variables 
of Radiographic VS
We composed this study to deliver a proof of concept for 
the association of CSF with VS and performed binary 
regression analysis to evaluate the impact of volumetric 
measures in comparison with other clinical parameters. 
In regression analysis, we identified CSF as a protective 
variable (HR 0.99) implicating a decreasing risk of VS 
with increasing CSF. Increasing SAH (HR 1.06) and total 
blood volumes (HR 1.03) were confirmed as known risk 
factors [20–22].

Among clinical variables, only Fisher grade and aneu-
rysm location had noticeable associations with VS 
(Table 4) as expected from comparable literature [21, 23]. 
Accordingly, regression for sex, age, or modality of aneu-
rysm repair was inconclusive with regard to risk of VS [4, 
24].

Since the limited number of VS− cases in our cohort 
precluded proper multivariate regression analysis, we 
chose the established Boruta algorithm to evaluate vari-
ables under consideration of their respective interaction. 
Boruta is a machine-learning-based algorithm assessing 
features for their importance regarding a chosen out-
come. During multiple iterations, underperforming fea-
tures are recursively excluded to yield a minimal optimal 
variable subset that holds the strongest impact on out-
come [17, 25]. Boruta analysis (Fig. 4) illustrates a supe-
rior importance of volumetric measures, including CSF, 
for development of VS and precludes that volumetric 
measures are under influence of relevant interaction by 
the clinical variables analyzed.

In particular, we found a significant association with VS 
when SAH and CSF were combined in their respective 
SAH/CSF ratio (HR 1.03). This new information could 
help to stratify subgroups of patients suffering from com-
parable clot sizes: Younger patients with less CSF (i.e., 
narrow sulci and ventricles) would exhibit high SAH/
CSF ratios corresponding to higher VS risk, while older 
patients with an enlarged CSF system could be strati-
fied for lower VS risk according to their respective lower 
SAH/CSF ratio [6, 24].

However, VS has been associated with acute hydro-
cephalus and ventricular enlargement in the literature, 
which appears contradictory to our findings [24]. In fact, 
VS+ cases were significantly more likely to receive CSF 
drainage as a surrogate for hydrocephalus in our series 

Table 4 Binary regression for variables of vasospasm

Bold values indicate statistical significance (p < 0.05)

ACA  anterior cerebral artery, CSF cerebrospinal fluid, HR Hazard ratio, ICA internal 
carotid artery, MCA medial cerebral artery, PCA posterior cerebral artery, WFNS 
World Federation of Neurological Surgeons

HR 95% CI p value

Lower Upper

Sex 1.76 0.66 4.69 0.26

Age 1.003 0.97 1.04 0.87

WFNS grade 0.23

 WFNS 1 Reference

 WFNS 2 4.13 0.91 18.76 0.66

 WFNS 3 2.69 0.66 11.06 0.17

 WFNS 4 3.10 0.76 12.61 0.12

 WFNS 5 4.49 0.99 20.30 0.051
Fisher grade 0.047
 Fisher 2 Reference

 Fisher 3 8.2 1.55 43.48 0.013
 Fisher 4 3.57 0.84 15.15 0.085

Clipping/coiling 1.02 0.38 2.74 0.98

Aneurysm 0.111

 ICA 0.07 0.01 0.65 0.02
 ACA Reference

 MCA 0.1 0.01 0.88 0.038
 PCA 0.1 0.01 0.97 0.046
 Basilar 0.05 0.01 0.43 0.007

SAH 1.06 1.017 1.109 0.006
Total blood 1.03 1.005 1.060 0.02
CSF 0.99 0.977 0.998 0.02
SAH/CSF ratio 1.03 1.005 1.047 0.015
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(Table 1), while VS− cases exhibited larger absolute CSF 
amounts. We assume differences CSF distribution with 
variation of extraventricular and cisternal CSF space as 
a likely explanation for this finding. However, separate 
evaluation of intra- and extraventricular CSF was not yet 
feasible with our segmentation methodology to further 
support this hypothesis.

Clinical Decision Guidance Using Volumetric Measures
While traditional or modified Fisher grades are fre-
quently used tools in clinical practice and research, supe-
rior discriminative capacity for quantifications of SAH 
volume has been illustrated in the literature using ROC 
analysis. We replicated these findings reflected by AUC 
for SAH volume (0.73), while the Fisher grade (AUC 0.50) 
had limited predictive value in our study [10, 12, 22]. 
Moreover, our 20 ml cutoff for SAH to identify high-risk 
patients was in strong accordance with literature sug-
gesting SAH volumes of 15–20  ml for stratification of 
patients for DCI or 30-d mortality [12, 26].

When evaluating ROC curves for CSF, however, dis-
criminative capacity was inconclusive (AUC 0.56) most 
likely due to the broad range of observed CSF volumes 

(range 7–232 ml) and the heterogeneity of CSF volumes 
among VS+ and VS− subgroups. Nevertheless, the vast 
majority of VS+ cases had CSF volumes below 120  ml 
suggesting a potential cutoff for screening (Table 5). Ini-
tially, this cutoff appeared markedly high, considering 
that total CSF amount has traditionally been estimated 
between 90 and 150  ml. However, recent imaging stud-
ies quantified significantly larger mean CSF volumes in 
normal volunteers (180–264 ml), hydrocephalus, or neu-
rodegenerative and psychiatric diseases, where volumes 
exceeding 400 ml have been reported [27–29].

In our evaluation, we could illustrate the potential of 
combining SAH and CSF thresholds for prediction of 
VS. For SAH/CSF ratio, putting clot burden in relation to 
spare CSF was able to improve sensitivity with acceptable 
specificity in comparison with using SAH volume alone 
(Table 5). Particularly, sequenced use of CSF followed by 
SAH cutoffs, bringing together high sensitivity from CSF 
and specificity from SAH (Table 5), allowed for improved 
stratification for VS risk in our cohort (Fig. 6).

After identifying CSF as a potential surrogate for VS, 
these findings support our proof of concept and illustrate 
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how this could translate into more accurate identification 
of patients at risk of VS in clinical practice.

As a main drawback to our findings, the required 
elaborate image processing precludes on-time volu-
metric analysis in clinical practice to date. This makes 
volumetric associations or cutoffs difficult to conceive 
in practice particularly since quick estimation tools, 

comparable to the Broderick method for ICH, are 
absent for SAH or CSF [30]. However, algorithm-based, 
automatic image segmentation known from glioma sur-
veillance will offer real-time volumetric data for clini-
cal decision support also in SAH in the near future [31]. 
The evaluation of SAH/CSF ratio and our illustration of 
sequenced use of SAH and CSF cutoffs reflect our effort 
to underscore the potential and utility of new volumet-
ric outcome surrogates that will be provided by techni-
cal advancements.

Limitations
Our study has several limitations that are related to 
its retrospective nature. First, we report results from a 
selected cohort of patients with aneurysmal SAH. Since 
a proof of concept for the role of CSF volume in SAH 
was the aim of this study, we chose radiographic VS as a 
robust primary outcome parameter for statistical analy-
sis. Consequently, all cases in this study had signs of clini-
cal DCI which triggered additional angiography during 
initial treatment. However, this decision was not con-
trolled for in our retrospective setting, which implies a 
negative selection of patients regarding their initial SAH 
grade, observation of new cerebral infractions, and over-
all outcome leading to imbalance of subgroups. Con-
sidering the total number of screened cases, however 
(n = 320), inclusion of n = 125 cases that were examined 
for VS (39%) corresponds with the expected frequency of 
DCI in aneurysmal SAH [20–22].

Further studies are necessary to evaluate the role of 
CSF beyond this selected cohort of patients in SAH in 
general. This will show whether the association for CSF 
described in this proof-of-concept study holds true also 
in clinical deteriorations not related to critical vessel 

Fig. 5 Receiver operating characteristic curves for volumetric 
measures. Area under the curve (AUC) analysis was performed for 
subarachnoid hemorrhage (SAH) volume (red line), cerebrospinal 
fluid (CSF) volume (blue line), and SAH/CSF ratio (green line) (Color 
figure online)

Table 5 Test statistics of selected cutoff values for stratification of vasospasm

CSF cerebrospinal fluid, NPV negative predictive value, PPV positive predictive value, SAH subarachnoid hemorrhage, VS vasospasm
a Chi-squared test

SAH VS+ VS− Total p value 0.0016a

≥ 20 ml 54 3 57 Odds ratio 6.48

< 20 ml 50 18 68 Sens./Spec. 51.9%/85.7%

Total 104 21 125 PPV/NPV 94.7%/26.5%

CSF VS+ VS− Total p value 0.0015a

≥ 120 ml 100 15 115 Odds ratio 10.00

> 120 ml 4 6 10 Sens./Spec. 96.2%/28.6%

Total 104 21 125 PPV/NPV 87.0%/60.0%

SAH/CSF VS+ VS− Total p value 0.0018a

≥ 20% 75 7 82 Odds ratio 5.17

< 20% 29 14 43 Sens./Spec. 72.1%/66.7%

Total 21 104 125 PPV/NPV 91.5%/32.6%
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narrowing and in comparison with cases not suffering 
from DCI [32].

Moreover, application of CSF drainage was not con-
trolled in our retrospective study. Hence, bias on the 
development of VS by alteration of CSF volume cannot 
be precluded, even though EVD placement had no rel-
evant effect on VS in Boruta analysis [33]. All CSF meas-
urements were taken prior to application of drainage, 
however.

Comprehensive outcome assessment was not available 
for all patients in this study and follow-up periods were 
heterogeneous, which limited detailed outcome analysis. 
So far, mRS at discharge and follow-up expectedly shows 
worse outcome in VS+ cases, but the effect of CSF on 
outcome could not be analyzed in further detail. Since 
CSF volume was significantly correlated with WFNS 
grade, however, this implies a potential association also 
with outcome. The role of volumetric measures and par-
ticularly CSF for outcome prediction has to be evaluated 
in future studies.

Summary and Conclusion
Quantification of SAH and CSF can provide useful 
information for decision guidance in initial treatment 
of aneurysmal SAH and might exhibit advantages over 
traditional scores. While the association of SAH volume 
with VS was corroborated, we identified CSF volume as 

a supplementary surrogate parameter. Higher amounts 
of CSF might indicate a reduced risk of development of 
VS particularly when exceeding 120 ml on initial CT after 
ictus. Moreover, the combination of volumetric values in 
the SAH/CSF ratio and sequenced stratification by CSF 
followed by SAH cutoffs could improve prediction accu-
racy for VS in clinical practice.
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