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Abstract

This study aimed to describe the relationship between blood and CSF volumes in different compartments on baseline CT
after aSAH, assess if they independently predict long-term outcome, and explore their interaction with age. CT scans
from patients participating in a prospective multicenter randomized controlled trial of patients with aSAH were segmented
for blood and CSF volumes. The primary outcomes were the mRS, and the Subarachnoid Hemorrhage Outcome Tool
(SAHOT) at day 28 and 180. Univariate regressions were conducted to identify significant predictors of poor outcomes,
followed by principal component analysis to explore correlations between imaging variables and WFNS. A multivariate
predictive model was then developed and optimized using stepwise regression. CT scans from 97 patients with a median
delay from symptom onset of 271 min (131-547) were analyzed. Univariate analysis showed only WFNS, and total blood
volume (TBV) were significant predictors of both short and long-term outcome with WFNS more predictive of mRS
and TBV more predictive of SAHOT. Principal component analysis showed strong dependencies between the imaging
predictors. Multivariate ordinal regression showed models with WFNS alone were most predictive of day 180 mRS and
models with TBV alone were most predictive of SAHOT. TBV was the most significant measured imaging predictor of
poor long-term outcome after aSAH. All these imaging predictors are correlated, however, and may have multiple complex
interactions necessitating larger datasets to detect if they provide any additional predictive value for long-term outcome.
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VOI Volume Of Interest

WFNS  World Federation of Neurological Societies
scale

Introduction

After aneurysmal subarachnoid hemorrhage (aSAH) there is
a high rate of long-term morbidity with a mortality of 20%
[1]. While the blood volume in aSAH might be expected
to be an independent predictor of outcome after SAH, the
original qualitative grading scales are coarse and were
developed for prediction of vasospasm and poorly predict
outcome [2]. Due to the practical difficulties with obtaining
measurements, it is only recently that quantitative measure-
ment of blood volume based on non-contrast computerized
tomography has been shown to be predictive of outcome [3,
4]. These quantitative measurements were superior to the
modified Fisher scale and Hijdra score [5]. Since then, a
convolutional neural network (CNN) has been developed to
autonomously quantify blood volumes [4]. This has demon-
strated large improvements in outcome prediction by adding
blood volume to conventional models [6].

Simultaneously there has been growing interest in CSF
volume as a marker of cerebral edema, specifically sulcal
CSF volume, on CT scans after aSAH as a predictor of out-
come. Global cerebral edema (GCE) was first described as
a qualitative marker for cerebral edema within 72 h after
aSAH, defined by effacement of the sulci and hemispheric
cisterns with bilateral disruption of the hemispheric gray-
white matter junction at the level of the semiovale [7]. This
was later developed into a four-point ordinal scale called
the Subarachnoid Hemorrhage Early Brain Edema Score
(SEBES), which was shown to be an independent predic-
tor of delayed cerebral ischemia (DCI) and unfavorable
outcome [8]. Building further on this, the volume of CSF
in the cortical sulci above the lateral ventricles — selective
sulcal volume (SSV) was described in patients after aSAH
[9]. A low SSV after aSAH may indicate sulcal effacement
secondary to cerebral oedema and raised ICP [10]. A CNN
for autonomously calculating sulcal volumes after ischemic
stroke was recently repurposed for aSAH and showed that
early sulcal volume defined as the lowest volume in the first
72 h after ictus, was independently predictive of outcome at
discharge, but with no later outcomes presented to date [11].

Clinicians are therefore now presented with two new
promising CT markers of outcome that can be accurately
and rapidly measured [4, 11]. However, blood and CSF
volumes might be expected to be interrelated. SSV mea-
surements are considered indicators of cerebral edema, but
they are mechanism-agnostic and reflect sulci effacement
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due to pressure from subarachnoid blood [12]. Therefore,
it is unclear if these provide additional independent predic-
tive value, and if so, their relative contribution to this is
unknown. This complex relationship could be further com-
plicated by pre-SAH brain and CSF volumes, both of which
would be expected to be related to age [12, 13]. For equiv-
alent sized bleeds, younger patients might be expected to
have higher intracranial pressures relative to older patients
with more who possess atrophic brains [12, 14]. This com-
plex three-way interaction between blood volume, SSV and
age has not been explored to date.

Therefore, the aims of this study were to: describe the
relationship between the volume of blood and CSF in dif-
ferent compartments on baseline CT after aneurysmal sub-
arachnoid hemorrhage, assess if they independently predict
long-term outcome, and explore their interaction with age.

Materials and methods
Study design, setting, and participants

This study utilized data collected in the SFX-01 after sub-
arachnoid hemorrhage (SAS) trial. This was a prospective,
multicenter double-blind, placebo-controlled randomized
control trial assessing the safety, pharmacokinetics, and
efficacy of SFX-01 in patients aged 18—80 within 48 h of a
Fisher grade 3 or 4 SAH [15]. Data was collected from the
intervention and control arms of the SAS study. The trial
did not identify a statistically significant difference in CSF
haptoglobin levels, middle cerebral artery flow velocity or
functional outcome [16].

Data sources and measurements
Baseline demographics

Participant age, sex, history of hypertension, aneurysm
location, Fisher score, WFNS score and time from ictus to
CT scan were prospectively recorded in the study database
on recruitment. The subsequent need for acute CSF diver-
sion with external ventricular drain was also noted.

Analysis of CT brain scans

CT scans were performed within 48 h of ictus prior to
recruitment and available for analysis. Initially the CT scans
were manually reviewed by a single neurosurgical doctor
and given a SEBES score. Manual segmentation of blood
and CSF volumes were quantified using MIPAV (Medical
Image Processing, Imaging and Visualization) v11.0 as pre-
viously described [17]. Volumes of Interest (VOIs) for blood
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and total CSF volume (TCV) were marked on each CT scan
slice, with radiodensity thresholds set at 50-80 Hounsfield
units for blood and — 5 to 20 Hounsfield units for CSF. The
selective sulcal volume (SSV) was calculated by subtracting
the CSF volume above the ventricles from the TCYV, yield-
ing the non-selective sulcal volume (non-SSV CSF) in the
ventricles and lower sulci.

Separately, Ictus CT scan images were uploaded as NIfTI
files to ITK-SNAP v4.0 for semi-automated segmentation
of ventricular CSF [18], adapting a pipeline previously
reported for blood segmentation [19]. A random forest clas-
sifier was trained on manually labeled data to classify each
voxel in the CT scan into CSF, parenchyma, bone, or blood.
A ‘speed image’ was created from CSF probability maps,
and active contour evolution was used to expand manually
placed seeds to fill the ventricles. The automated segmen-
tations were reviewed by an attending neurosurgeon for
accuracy, and there was good agreement between the semi-
automated segmentations and the manual-derived ven-
tricular segmentations (mean Dice score=0.7604 +0.106;
range =0.365-0.928). Further information on segmentation
is shown in the supplementary methodology.

Outcomes

Clinical outcome was available including the mRS [20, 21],
and the Subarachnoid Hemorrhage Outcome Tool (SAHOT)
[22] at 28, 90 and 180 days prospectively obtained by a
trained and blinded assessor. Additionally, mRS at day 7
and on discharge were available. mRS was selected as the
most common stroke scale, SAHOT as the only SAH spe-
cific scale.

Complete outcome data were available in 93% of
patients, with no patients having missing mRS data and only
two patients having missing SAHOT data. Therefore, after
imputation with last one carried forward and last one car-
ried backwards methods, complete mRS and 98% SAHOT
was available for analysis. In instances where data remained
missing, it was assumed to be missing at random, prompting
the removal of those cases from the analysis.

Statistical methods

The distribution of the blood and CSF volumes were
reviewed using histograms and calculating the skew based
on a normal distribution. A Shapiro-Wilk normality test was
done to test for a normal distribution.

Univariate regressions were carried out across all the
imaging variables and all the outcome measures to identify
significant predictors of poor outcome. A Receiver Oper-
ating Characteristic (ROC) curve was used to assess the
univariate performance of conventional SAH variables to

predict day 180 mRS. The primary outcomes were mRS
at day 180 and SAHOT at day 180, analyzed using ordinal
regression. Secondary analyses were done using different
timepoints and with outcome scores dichotomized - poor
outcome was defined as: mRS 4-6 and SAHOT 5-9. The
mRS cut-off was chosen based on previous dichotomiza-
tions present in the aSAH literature and the SAHOT cut-off
was chosen as this the closest reflection of mRS 4-6 [6, 22].

Given the high likelihood of at least some variables being
correlated principal component analysis was undertaken to
investigate relationships between imaging predictor vari-
ables and WFNS.

A multivariate predictive model of outcome was devel-
oped using variables with an equal or greater importance
that age and optimized with stepwise forward and backward
regression based on Akaike Information Criterion (AIC)
and Bayesian Information Criterion (BIC). AIC and BIC
estimate prediction error in a model with lower values indi-
cating a better model fit.

All data analysis was done in RStudio Version 4.3.2
using packages: dplyr, ggplot2, Ime4m Imtest, MASS and
pROC. Data analysis was guided by an expert statistician in
the authorship (CW).

The manuscript was written with reference to the
STrengthening the Reporting of OBservational studies in
Epidemiology (STROBE) guidelines for reporting cohort
studies [23].

Results
Patient characteristics

Between April 2016 and February 2019, 105 patients aged
over 18 years consented to participation in the SAS study.
Three patients had incomplete clinical outcome data and
five patients’ baseline CT scans were not available as use-
able imaging files. Hence 97 patients were available for
analysis. The baseline patient characteristics are shown in
Table 1. A summary of patient outcomes is shown in Sup-
plementary Table 1.

Blood and CSF volume distributions

Total blood volumes had a skewed distribution across a
continuous scale with a positive skew (Shapiro-Wilk nor-
mality test W=10.927, p=<0.001) with most patient hav-
ing low blood volumes on CT imaging. Similarly, the SSV
CSF (W=0.864, p<0.001), ventricular CSF volumes
(W=0.839, p<0.001), and TCV (0.921, p<0.001) were
distributed across the continuous scale with a positive skew
(Supplement Fig. 1+2).
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Table 1 Baseline patient characteristics

Characteristic (N=97) Summary!
Age 55 (50, 62)
Sex

Female 75 (77%)
Male 22 (23%)
Hypertension

No 70 (72%)
Yes 27 (28%)
Surgical procedure

Clipping 22 (23%)
Coiling 73 (75%)
None performed 2 (2.1%)

Time until scan (minutes) 271 (131, 547)

Fisher Grade

1 0 (0%)

2 0 (0%)

3 37 (38%)
4 60 (62%)
SEBES

0 63 (65%)

1 15 (15%)
2 9(9.3%)

3 7 (7.2%)

4 3 (3.1%)
Total Blood Volume (ml) 20 (9, 35)
Total CSF Volume (ml) 158 (90, 283)
SSV Volume (ml) 37 (20, 75)
Ventricular CSF volume (ml) 39 (23, 62)
Admission WFNS

1 44 (45%)
2 16 (16%)
3 5(5.2%)

4 27 (28%)
5 5(5.2%)

! Median (IQR); n (%)
SEBES, Subarachnoid Hemorrhage Early Brain Edema Score; SSV,

Selective Sulcal Volume; WFNS, World Federation of Neurological
Societies scale

Main results
Univariate analysis

Univariate logistic regressions to predict poor outcome
were performed for each of the predictive variables across
all the outcome measures and are shown in Supplementary
Tables 2 and 3. A ROC curve indicated that the WFNS score
has the best predictive performance, while age shows the
least discrimination ability to predict mRS at day 180. The
TBYV is the best performing imaging predictor followed by
ventricular CSF volume and modified Fisher scale (Fig. 1).

A summary of ordinal regression analyses at day 180 for
the key imaging predictors and WFNS are shown in Table 2.
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Fig. 1 Receiver operator characteristic (ROC) curve of conventional
predictors of outcome after subarachnoid hemorrrhage. mRS, modi-
fied Rankin Score; WENS, World Federation of Neurological Societies
scale; SSV, Selective Sulcal Volume

Table 2 Univariate ordinal regression of long-term outcome scores

Predictor mRS day 180! SAHOT day 180"
WFNS 0.567 (<0.001 ***)  0.279 (0.037 *)
Total Blood Volume ~ 0.029 (0.004 **) 0.035 (<0.001 ***)
SSV CSF -0.007 (0.084) -0.008 (0.036 *)
Ventricular CSF 0.004 (0.414) -0.001 (0.807)

'Estimated coefficients and (likelihood ratio test) p-values from fit-
ting ordinal regressions

mRS, modified Rankin Score; SAHOT, Specific Subarachnoid Hem-
orrhage Outcome Tool; SSV, Selective Sulcal Volume; WFNS, World
Federation of Neurological Societies scale

* Indicates p < 0.05, ** Indicates p <0.01, *** Indicates p <0.001
Principal component analysis

We use Principal Component Analysis (PCA) to reduce
the dimensionality of the main predictor data so that we
can examine the shape and structure of the data cloud of
these four predictors. To this end, PCA produces a new set
of orthogonal variables (i.e., the correlation values among
them are 0) — principal components (PCs), each of which is
a linear combination (a weighted sum) of the four standard-
ized predictors. The standardization divides each predictor
by its standard deviation and removes the choice of units,
which affects the results of PCA. The PC1 represents the
axis (i.e., vector) that explains the largest variance in the
(standardized) data cloud, while PC2 explains the second
largest, and so on and so forth (Fig. 2).
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Fig. 2 Proportional and cumulative proportion of variance from the principal component analysis

Table 3 Correlation between the principal component analysis scores
and the predictors

PCs  Predictors

WEFNS  Total Blood SSV Volume Ventricular Volume
PC1 0.652 0.746 -0.719 -0.557
PC2 0.624 0314 0.341 0.711
PC3 0.218 -0.499 -0.546 0.291
PC4 0.372 -0.309 0.262 -0.316

SSV, Selective Sulcal Volume; WFNS, World Federation of Neuro-
logical Societies scale

According to Table 3, PC1 has moderate to strong cor-
relations with the four variables, having the strongest cor-
relation with total blood volume (0.746) and the weakest
with ventricular volume (-0.557). This means that PC1 is
more informative of the variation of total blood than that
of ventricular volume. The direction of PC1 correlation
with WFNS and total blood volume is opposite to that with
SSV and ventricular volume. Therefore, increasing WFNS
or TBV (decreasing SSV or ventricular volume) increases
the PC1 values. On the other hand, PC2 is only moderately
correlated with WFNS and highly correlated with ventricu-
lar volume, indicating that the variation of ventricular vol-
ume is more closely represented by PC2. The correlations
between PC3 (or PC4) and the predictors are generally weak
and, thus, are probably not so informative of the patterns in
the data cloud.

As shown in Supplement Table 4, the PC1 coefficients all
have similar magnitudes amongst the predictors, suggesting
similar contributions across all four predictors. PC2 coef-
ficients for WFNS (0.592) and ventricular volume (0.675)
have substantially greater magnitudes than TBV (0.298) and
SSV volume (0.324), indicating that PC2 is dominated by
WEFNS and ventricular volume. Since PC3 and PC4 explain
less proportions of variation and are only weakly correlated

Table 4 Principal component coefficients predicting outcome

PCs mRS day 180 SAHOT day 180
ordinal ordinal

PC1 0.473 (0.001) ** 0.422 (0.002**)

PC2 0.563 (0.002) ** 0.250 (0.134)

PC3 0.241 (0.286) -0.0536 (0.819)

PC4 -0.044 (0.882) -0.618 (0.038 *)

'Estimated coefficients and (likelihood ratio test) p-values from fit-
ting ordinal regressions

mRS, modified Rankin Score; SAHOT, Specific Subarachnoid Hem-
orrhage Outcome Tool; SSV, Selective Sulcal Volume; mRS, World
Federation of Neurological Societies scale

* Indicates p <0.05, ** Indicates p < 0.01, *** Indicates p <0.001

with the predictors, their coefficients may not provide useful
information.

The PCs were then used to predict long-term outcome
using univariate ordinal regression (see Table 4). PC1 and
PC2 predict mRS day 180 with similar p values to WFNS
and TBV. Additionally, PC1 is highly significant for pre-
dicting SAHOT on day 180. This suggests that additional
information may be provided by the PCs that the individual
imaging markers alone, and that a combination of imaging
predictors could result in better prediction of outcome. We,
therefore, progressed with a multivariate analysis.

Multivariate regression model

A multivariate model was developed using best-subset
selection for mRS and SAHOT on day 180 based on the
AIC and BIC measures. All combinations of WFNS and the
imaging predictors, together with sensitivity analyses using
dichotomized mRS and SAHOT outcomes and log trans-
formed predictors are displayed in Supplement Tables 5
and 6. On both AIC and BIC on the primary analysis using
ordinal regression, the model with just WENS generated the
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best fit for mRS and the model with just TBV the best fit for
SAHOT.

Other analyses
Interactions between age, CSF, and blood volume

Interaction plots of total blood volume, SSV CSF and ven-
tricular CSF with age are shown in Fig. 3a-c. Although the
effect sizes are large, the confidence intervals are wide due
to small subgroup numbers and individual interaction vari-
ables consequently were not powered to show significant
differences. However, the plots are suggestive that the effects
of increasing blood volume may be greater with increasing
age (Fig. 3a). SSV CSF showed a similar pattern and only
in young patients does there appear to be any suggestion of
the reported worse outcomes with low SSV CSF (Fig. 3b).
Ventricular CSF showed a similar pattern with increasing
volumes associated with worse outcome particularly in the
elderly and low ventricular CSF related to worse outcome
in young patients (Fig. 3¢). This complex relationship is fur-
ther illustrated in a three-way interaction plot between TBV,
SSV CSF, and age in Fig. 3a. This suggests that in young

A

75%

25%

Probability of poor outcome (%)

50%

Probability of poor outcome (%)

40
50%

60

80

patients low SSV CSF is related to poorer outcome irre-
spective of blood volume, but that in older patients this only
applies to patients with low blood volume but not those with
high blood volume where high SSV CSF appears related to
worse outcomes.

A three-way interaction plot between TBYV, ventricular
CSF and age is shown in Fig. 4b. Specific total blood vol-
umes of 6.03 ml, 24.12 ml and 42.2 ml were chosen as they
represented lower, middle, and upper thirds of the blood
volumes in our cohort. This appears to show that while in
young patients’ ventricular size has little influence on out-
come, in older groups with higher blood load it appears pro-
gressively more associated with worse outcome.

Sensitivity analysis

Patients were separated into quartiles based on their SSV
volume on admission CT scan. At the earlier timepoint of
mRS day 28, patients in the lowest SSV CSF volume quar-
tile have significantly worse outcome. However, SSV does
not reach significance at the day 180 timepoint. In addition,
SSV CSF volume was dichotomized into ‘low’ <5.2 ml
and ‘high’ >5.2 ml. This identified that only in the early

100%

40
50%

60

80

25%

Probability of poor outcome (%)

50
SSV CSF Volume (mls)

0%

0 25

50
Ventricular CSF Volume (mls)

75 100

Fig. 3 Interaction between age at 40, 60, and 80 years, and (a) Total Blood Volume, (b) SSV CSF and (¢) Ventricular CSF Volume for prediction

of mRS at day 180. SSV, Selective Sulcal Volume
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Fig. 4 Three-way interaction between age, total blood volume at
6.03 ml, 24.12 ml and 42.2 ml, and (a) SSV CSF. (b) Ventricular CSF.
Blood volumes were selected by the model as they represent lower,

timepoint of mRS day 28, ‘low’ SSV CSF volume predicted
poor outcome (see Supplement Table 2). Additionally, the
subjective categorical scale that preceded SSV quantifi-
cation — SEBES - was only predictive at a few individual
timepoints. In this dataset maintaining SSV as a continu-
ous variable achieved a better, albeit still limited, predictive
value than any of the published alternatives.

Discussion
Key results and interpretation

The aims of this study were to describe the relationship
between blood and CSF volumes on baseline CT scans after
aSAH, assess if they independently predict long-term out-
come, and explore their interaction with age. We utilized a
semi-autonomous segmentation pipeline developed in a pre-
vious paper by Street et al. to precisely measure ventricular
volumes, which had high inter-rater agreement with experts
[19]. In addition, the dataset was collected in a prospective
cohort that was followed up for 6 months after presentation,
allowing for longer-term outcomes following aSAH to be
investigated.

Firstly, this study shows in a cohort of Fisher 3 and 4
aSAH patients, hemorrhaged blood volume is the most sig-
nificant measured imaging predictor of poor outcome and
that it outperforms all other previously reported imaging
markers. The post-resuscitation WFNS remains the stron-
gest predictor of outcome overall. Hemorrhaged blood vol-
ume also seems particularly closely linked to SAHOT. This
may suggest that SAHOT is capturing a different part of
the SAH injury to mRS and that TBV and WFNS may be
predicting slightly different patho-physiological processes.
Further investigation is necessary to better understand the
specific aspects of injury captured by the mRS and SAHOT,
and how these relate to the predictors.

Total_blood

B age =40 age =60 age =80

100%

Total_blood

6.03
2412
422

Probability of poor outcome (%)

pei’

0 25 50 75 100 0 25 50 75 100 0
Ventricular CSF Volume (mls)

25 50 75 100

middle and upper thirds in the cohort. Shaded areas represent the confi-
dence intervals of the regressions. SSV, Selective Sulcal Volume; TBV,
Total Blood Volume

Secondly, this study shows limited predictive value for
SSV CSF at long term timepoints when using mRS. How-
ever, we have replicated previous findings that subsets of
patients with low SSV CSF within 72 h have poor out-
come up to a month after aSAH [11]. There are three pos-
sible explanations for this that may be working in concert.
Given SSV CSF has to date only been shown to be predic-
tive of discharge outcome in a relatively large series [11],
it is therefore possible it is only weakly predictive of very
early outcomes and not at all for later outcomes. Alterna-
tively, it has been suggested that the relationship between
low SSV and poor outcome is only observed in younger
patient groups [11]. This is because in elderly patients the
vulnerability of the brain to neurological damage with GCE
is reduced due to improved compliance from brain atrophy
[24]. There is some support for this theory from our interac-
tion plots, which indicate that in patients aged 40, low SSV
volumes lead to worse outcome irrespective of the blood
volume. The other alternative is that, given SSV has only
been shown to be predictive of outcome on scans obtained
within 72 h of ictus, it is possible that baseline scans done at
a median time delay of 271 min in this study were too early
to observe this relationship [11]. In addition, we identified
that SEBES was not a consistent predictor of outcome and
had inferior performance to SSV CSF at early timepoints
(supplement Table 2 + 3). This may be due to the four-point
SEBES scale having insufficient granularity to identify
patients with GCE in this dataset.

Thirdly, this is the first study to quantify ventricular CSF
volume after SAH and relate it to other CSF imaging vari-
ables and outcome. Our hypothesis is that a higher ventricu-
lar volume on ictus CT scans predict poor outcome due to
two different reasons; it can reflect the presence of hydro-
cephalus and raised intracranial pressure, but it can also
reflect older patients, who are known to have worse prog-
nosis [25]. However the effects of that may be countered
by the fact that low ventricular volumes in young patients
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confer worse prognosis. While many patients with small
ventricles may have a good prognosis, some young patients
who present in coma without hydrocephalus or a revers-
ible, may have particularly poor outcomes if their small
ventricles are a consequence of the limited subarachnoid
CSF space to accommodate the blood released, may have
particularly poor outcomes. This might explain why overall
little effect was seen. The alternative explanation would be
that hydrocephalus is a completely reversible process and
was effectively treated with CSF drainage in this series.
However, there was no interaction with CSF diversion (data
not presented), and it would be contrary to the wide litera-
ture showing patients with hydrocephalus after aSAH have
worse outcome [26, 27].

Fourthly, in this study we explored the relationship
between the main predictors, namely WENS, TBV, SSV
CSF and ventricular CSF. While developing a multivari-
ate model for predicting long-term outcomes through
ordinal regression, it was determined that single predictor
models featuring WFNS for mRS and TBV for SAHOT
gave optimal results. When additional predictors were
added to the models, the predictors lost significance.
This indicated that collinearity existed amongst the main
predictors, and we performed a PCA to further investi-
gate such collinearity among the main predictors. This
showed that PC1 and PC2 explained most of the variance
in the dataset. PC1 was correlated with TBV and WFNS
and has roughly equal contributions from all predictors.
In contrast PC2 was highly correlated and dominated by
WFNS and ventricular volume. Further analysis using
PCs to predict long-term outcome showed that PC1 and
PC2, are significant predictors of mRS, and PC1 is highly
significant for predicting SAHOT. The interpretation of
these results is challenging but indicates that while sev-
eral main predictors exist, the independent information
they each give about a patient’s presentation and prog-
nostic outcome is limited. Most of the prognostic infor-
mation can be gained from two variables — WFNS and
TBV.

In addition to the difficulties posed by correlations
between variables, we have observed signs that there may
be complex interactions between age, total blood volume
and CSF volume. Unfortunately, the interaction analysis
was underpowered, and it is not possible to draw any firm
conclusions from this. The suggestion that both high TBV
and high ventricular CSF have less influence on outcome in
young patients compared to old patients is also interesting
and merits further investigation. We had hypothesized that
a higher total blood volumes would lead to higher intracra-
nial pressure (ICP) in younger patients and therefore have a
greater influence on outcome than in the elderly. However,
the interaction plots make this very unlikely and if anything,
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the reverse likely to be true indicating that the blood itself is
harmful rather than the ICP rise it causes and that the elderly
brain is more vulnerable to this blood-mediated injury than
a young brain.

Strengths and limitations

The use of a prospectively collected study population
from a randomized control trial means that the sample
is highly phenotyped with very little missing data. This
contrasts with many previous studies predicting outcome
that are from retrospective cohorts with considerable
missing data requiring data imputation [6, 11]. Addition-
ally, it meant later 180-day outcomes were available when
much previous research has been limited to earlier time
points such as discharge and few have followed up longer
than 3 months [11]. The study used a robust methodology
for collecting blood and CSF volumes. Manual segmen-
tation was used to collect volumes within the irregular
dimensions of the sulci, whereas in the regular shape of
the ventricles a semi-autonomous segmentation method
was used with high Dice scores. In addition, the study
collected CSF volumes in multiple forms to investigate
previous findings in the literature, including calculating
SSV CSF, categorizing patients into a ‘low’ SSV group,
and calculating SEBES scores for each scan.

A limitation of this study population is that it was
restricted to Fisher 3 and 4 patients. Results are therefore
potentially not generalizable to all SAH patients. However,
in the modern era with early CT scanning the relative fre-
quency of Fisher 1 and 2 SAH is relatively low [28] and
in our own center represents only 29% of aneurysmal SAH
that present acutely. The patients in the study were random-
ized between SFX-01 and placebo which could have further
influenced our results. However, this is unlikely as the study
failed to meet its primary endpoints and accounting for drug
allocation did not significantly alter any of the analyses.

Conclusions

This study has demonstrated that total blood volume
appears to correlate better with outcome after aSAH
compared to the traditional modified Fisher scale. The
SSV CSF and ventricular volume have limited predic-
tive value for long term outcome in this series. However,
there are significant correlations between imaging vari-
ables and possible complex interactions that merit further
investigation with larger datasets.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10143-
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https://doi.org/10.1007/s10143-024-03001-y
https://doi.org/10.1007/s10143-024-03001-y

Neurosurgical Review (2024) 47:752

Page9of 10 752

Acknowledgements JB receives support from the Wellcome
(203145Z/16/Z) and EPSRC (NS/A000050/1) Centre for Interven-
tional and Surgical Sciences at University College London.

Author contributions DB conceived the study. JB, AZ, JSS, MA, CW,
IG and DB designed the study. JB, AZ, JSS, MA, CW and DB con-
tributed to data extraction, curation, and analysis. JSS, ASP and AT
contributed to semi-automated segmentation methodology. JB, JSS,
MA, CW and DB drafted the manuscript. DB provided supervision of
the study. All authors were involved in the writing and approval of the
final version of the manuscript.

Funding Data for this study was obtained from the SAS trial. The trial
was funded by Evgen Pharma. No funding was received for this study.

Data availability Data will be made available on reasonable request.

Declarations

Ethics approval The SAS trial was granted ethical approval from the
South-Central Hampshire A committee. The trial registration number
is: NCT02614742.

Conflict of interest The authors declare no conflicts of interest related
to the content of this article.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Schatlo B, Fung C, Stienen MN, Fathi AR, Fandino J, Smoll NR
et al (2020) Incidence and Outcome of Aneurysmal Subarach-
noid Hemorrhage: The Swiss Study on Subarachnoid Hemor-
rhage (Swiss SOS). Stroke [Internet]. [cited 2022 Feb 25];344-7.
https://www.ahajournals.org/doi/abs/https://doi.org/10.1161/
STROKEAHA.120.029538

2. Kramer AH, Hehir M, Nathan B, Gress D, Dumont AS, Kassell
NF et al (2008) A comparison of 3 radiographic scales for the pre-
diction of delayed ischemia and prognosis following subarach-
noid hemorrhage. J Neurosurg 109:199-207

3. Boers AM, Zijlstra IA, Gathier CS, Van Den Berg R, Slump CH,
Marquering HA et al (2014) Automatic quantification of sub-
arachnoid hemorrhage on noncontrast CT. Am J Neuroradiol
35:2279-2286

4. wvan der Barros RS, Boers AMM, van den Zijlstra 1J, El Yous-
soufi W et al (2020) Automated segmentation of subarachnoid
hemorrhages with convolutional neural networks. Inform Med
Unlocked [Internet]. ;19:100321. https://doi.org/10.1016/j.
imu.2020.100321

12.

13.

15.

18.

19.

20.

Jiménez-Roldan L, Alén JF, Gémez PA, Lobato RD, Ramos A,
Munarriz PM et al (2013) Volumetric analysis of subarachnoid
hemorrhage: Assessment of the reliability of two computerized
methods and their comparison with other radiographic scales -
clinical article. J Neurosurg 118:84-93

n Der Steen WE, Marquering HA, Van Den Ramos LA, Coert
BA, Boers AMM et al (2020) Prediction of outcome using quan-
tified blood volume in aneurysmal SAH. Am J Neuroradiol
41:1015-1021

Claassen J, Carhuapoma JR, Kreiter KT, Du EY, Connolly ES,
Mayer SA (2002) Global cerebral edema after subarachnoid hem-
orrhage: frequency, predictors, and impact on outcome. Stroke
33:1225-1232

Ahn SH, Savarraj JP, Pervez M, Jones W, Park J, Jeon SB et al
(2018) The subarachnoid hemorrhage early brain edema score
predicts delayed cerebral ischemia and clinical outcomes. Clin
Neurosurg 83:137-145

Ko SB, Choi HA, Carpenter AM, Helbok R, Schmidt JM, Badja-
tia N et al (2011) Quantitative analysis of hemorrhage volume for
predicting delayed cerebral ischemia after subarachnoid hemor-
rhage. Stroke 42:669—674

Choi HA, Bajgur SS, Jones WH, Savarraj JPJ, Ko SB, Edwards
NI et al (2016) Quantification of cerebral Edema after Subarach-
noid Hemorrhage. Neurocrit Care 25:64—70

Yuan JY, Chen Y, Kumar A, Zlepper Z, Jayaraman K, Aung WY
et al (2021) Automated quantification of reduced sulcal volume
identifies early Brain Injury after Aneurysmal Subarachnoid
Hemorrhage. Stroke 1d:1380-1389

Wilson MH (2016) /05/12 Monro-Kellie 2.0: The dynamic vas-
cular and venous pathophysiological components of intracranial
pressure. J Cereb Blood Flow Metab [Internet]. 2016;36:1338—
50. https://pubmed.ncbi.nlm.nih.gov/27174995

Erten-Lyons D, Dodge HH, Woltjer R, Silbert LC, Howieson DB,
Kramer P et al (2013) Neuropathologic Basis of Age-Associated
Brain Atrophy. JAMA Neurol [Internet]. ;70:616-22. https://doi.
org/10.1001/jamaneurol.2013.1957

Kwon JW, Lee HJ, Hyun MK, Choi JE, Kim JH, Lee NR et al
(2013) Trends in the incidence of subarachnoid hemorrhage
in South Korea from 2006-2009: An ecological study. World
Neurosurg [Internet]. ;79:499-503. https://doi.org/10.1016/j.
wneu.2012.07.032

Zolnourian AH, Franklin S, Galea I, Bulters DO (2020) Study
protocol for SFX-01 after subarachnoid haemorrhage (SAS): a
multicentre randomised double-blinded, placebo controlled trial.
BMJ Open 10:1-9

. Zolnourian A, Garland P, Holton P, Arora M, Rhodes J, Uff C et

al (2024) A randomised controlled trial of SFX-01 after subarach-
noid haemorrhage - the SAS study. Transl Stroke Res.

Galea I, Durnford A, Glazier J, Mitchell S, Kohli S, Foulkes L
et al Iron Deposition in the Brain After Aneurysmal Subarach-
noid Hemorrhage. Stroke [Internet]. 2022 [cited 2022 Apr
13];STROKEAHA121036645. http://www.ncbi.nlm.nih.gov/
pubmed/35196874

Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC et
al (2006) User-guided 3D active contour segmentation of anatom-
ical structures: Significantly improved efficiency and reliability.
Neuroimage [Internet]. ;31:1116-28. https://www.sciencedirect.
com/science/article/pii/S1053811906000632

Street JS, Pandit AS, Toma AK (2023) Predicting vasospasm risk
using first presentation aneurysmal subarachnoid hemorrhage
volume: A semi-automated CT image segmentation analysis
using ITK-SNAP. PLoS One [Internet]. ;18:¢0286485-. https://
doi.org/10.1371/journal.pone.0286485

Quinn TJ, Dawson J, Walters MR, Lees KR (2009) Reliability of
the modified rankin scale: A systematic review. Stroke [Internet].

@ Springer


https://pubmed.ncbi.nlm.nih.gov/27174995
https://doi.org/10.1001/jamaneurol.2013.1957
https://doi.org/10.1001/jamaneurol.2013.1957
https://doi.org/10.1016/j.wneu.2012.07.032
https://doi.org/10.1016/j.wneu.2012.07.032
http://www.ncbi.nlm.nih.gov/pubmed/35196874
http://www.ncbi.nlm.nih.gov/pubmed/35196874
https://www.sciencedirect.com/science/article/pii/S1053811906000632
https://www.sciencedirect.com/science/article/pii/S1053811906000632
https://doi.org/10.1371/journal.pone.0286485
https://doi.org/10.1371/journal.pone.0286485
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.ahajournals.org/doi/abs/
https://doi.org/10.1161/STROKEAHA.120.029538
https://doi.org/10.1161/STROKEAHA.120.029538
https://doi.org/10.1016/j.imu.2020.100321
https://doi.org/10.1016/j.imu.2020.100321

752

Page 10 of 10

Neurosurgical Review (2024) 47:752

21.

22.

23.

24.

25.

[cited 2022 Mar 21];40:3393-5. https://www.ahajournals.org/
doi/abs/https://doi.org/10.1161/STROKEAHA.109.557256
Rankin J Cerebral vascular accidents in patients over the age of
60. 1. Prognosis. Scott Med J [Internet]. 1957 [cited 2022 Mar
21];2:200-15. https://pubmed.ncbi.nlm.nih.gov/13432835/

Pace A, Mitchell S, Casselden E, Zolnourian A, Glazier J, Foul-
kes L et al (2018) A subarachnoid haemorrhage-specific outcome
tool. Brain 141:1111-1121

von Elm E, Altman DG, Egger M, Pocock SJ, Getzsche PC,
Vandenbroucke JP (2007) The strengthening the reporting of
Observational studies in Epidemiology (STROBE) statement:
guidelines for reporting observational studies. Ann Intern Med
147:573-577

Mocco J, Prickett CS, Komotar RJ, Connolly ES, Mayer SA
(2007) Potential mechanisms and clinical significance of global
cerebral edema following aneurysmal subarachnoid hemor-
rhage. Neurosurg Focus [Internet]. [cited 2021 Dec 7];22:1-4.
https://thejns.org/focus/view/journals/neurosurg-focus/22/5/
foc.2007.22.5.8.xml

Nieuwkamp DJ, Setz LE, Algra A, Linn FH, de Rooij NK, Rinkel
GJ (2009) Changes in case fatality of aneurysmal subarachnoid

@ Springer

26.

27.

28.

haemorrhage over time, according to age, sex, and region: a
meta-analysis. Lancet Neurol [Internet]. ;8:635-42. https://doi.
org/10.1016/S1474-4422(09)70126-7

Graff-Radford NR, Torner J, Adams HP, Kassell NF (1989) Fac-
tors associated with hydrocephalus after subarachnoid hemor-
rhage. A report of the Cooperative Aneurysm Study. Arch Neurol
46:744-752

Galea JP, Dulhanty L, Patel HC, UK and Ireland Subarachnoid
Hemorrhage Database Collaborators (2017) Predictors of Out-
come in Aneurysmal Subarachnoid Hemorrhage patients: obser-
vations from a Multicenter Data Set. Stroke 48:2958-2963

van der Steen WE, Leemans EL, van den Berg R, Roos YBWEM,
Marquering HA, Verbaan D et al (2019) Radiological scales
predicting delayed cerebral ischemia in subarachnoid hemor-
rhage: systematic review and meta-analysis. Neuroradiology
61:247-256

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/S1474-4422(09)70126-7
https://doi.org/10.1016/S1474-4422(09)70126-7
https://www.ahajournals.org/doi/abs/
https://www.ahajournals.org/doi/abs/
https://doi.org/10.1161/STROKEAHA.109.557256
https://pubmed.ncbi.nlm.nih.gov/13432835/
https://thejns.org/focus/view/journals/neurosurg-focus/22/5/foc.2007.22.5.8.xml
https://thejns.org/focus/view/journals/neurosurg-focus/22/5/foc.2007.22.5.8.xml

	﻿Quantification of blood and CSF volume to predict outcome after aneurysmal subarachnoid hemorrhage
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study design, setting, and participants
	﻿Data sources and measurements
	﻿Baseline demographics
	﻿Analysis of CT brain scans
	﻿Outcomes


	﻿Statistical methods
	﻿Results
	﻿Patient characteristics
	﻿Blood and CSF volume distributions


	﻿Main results
	﻿Univariate analysis
	﻿Principal component analysis
	﻿Multivariate regression model

	﻿Other analyses
	﻿Interactions between age, CSF, and blood volume

	﻿Sensitivity analysis
	﻿Discussion
	﻿Key results and interpretation
	﻿Strengths and limitations

	﻿Conclusions
	﻿References


