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ARTICLE INFO ABSTRACT
Keywords: Objectives: Cerebrospinal fluid hemoglobin has been positioned as a potential biomarker and drug target for
Secondary brain injury aneurysmal subarachnoid hemorrhage-related secondary brain injury (SAH-SBI). The maximum amount of he-
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moglobin, which may be released into the cerebrospinal fluid, is defined by the initial subarachnoid hematoma
volume (ISHV). In patients without external ventricular or lumbar drain, there remains an unmet clinical need to
predict the risk for SAH-SBI. The aim of this study was to explore automated segmentation of ISHV as a potential
surrogate for cerebrospinal fluid hemoglobin to predict SAH-SBI.

Methods: This study is based on a retrospective analysis of imaging and clinical data from 220 consecutive pa-
tients with aneurysmal subarachnoid hemorrhage collected over a five-year period. 127 annotated initial non-
contrast CT scans were used to train and test a convolutional neural network to automatically segment the
ISHV in the remaining cohort. Performance was reported in terms of Dice score and intraclass correlation. We
characterized the associations between ISHV and baseline cohort characteristics, SAH-SBI, ventriculoperitoneal
shunt dependence, functional outcome, and survival. Established clinical (World Federation of Neurosurgical
Societies, Hunt & Hess) and radiological (modified Fisher, Barrow Neurological Institute) scores served as
references.

Results: A strong volume agreement (0.73 Dice, range 0.43 - 0.93) and intraclass correlation (0.89, 95% CI, 0.81-
0.94) were shown. While ISHV was not associated with the use of antithrombotics or cardiovascular risk factors,
there was strong evidence for an association with a lower Glasgow Coma Scale at hospital admission. Aneurysm
size and location were not associated with ISHV, but the presence of intracerebral or intraventricular hemorrhage
were independently associated with higher ISHV. Despite strong evidence for a positive association between
ISHV and SAH-SBI, the discriminatory ability of ISHV for SAH-SBI was insufficient. The discriminatory ability of
ISHV was, however, higher regarding ventriculoperitoneal shunt dependence and functional outcome at three-
months follow-up. Multivariate survival analysis provided strong evidence for an independent negative associ-
ation between survival probability and both ISHV and intraventricular hemorrhage.

Abbreviations: aSAH, aneurysmal subarachnoid hemorrhage; AUC, area under the curve; aVSP, angiographic vasospasm; BNI, Barrow Neurological Institute; CNN,
convolutional neural network; CSF, cerebrospinal fluid; CSF-Hb, cell-free hemoglobin in the cerebrospinal fluid hemoglobin; DCI, delayed cerebral ischemia; DIND,
delayed ischemic neurologic deficits; GAM, generalized additive model; GCS, Glasgow Coma Scale; ICC, intraclass correlation; ISHV, initial subarachnoid hematoma
volume; mRS, modified Rankin Scale; PD, partial dependence; ROC, receiver operating characteristic; SAH-SBI, subarachnoid hemorrhage related secondary brain
injury; WENS, World Federation of Neurosurgical Societies.
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Conclusions: The proposed algorithm demonstrates strong performance in volumetric segmentation of the ISHV
on the admission CT. While the discriminatory ability of ISHV for SAH-SBI was similar to established clinical and
radiological scores, it showed a high discriminatory ability for ventriculoperitoneal shunt dependence and
functional outcome at three-months follow-up.

Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) has an incidence of 5-
10/100°000 person-years and accounts for 5-10% of all strokes ."»? Brain
damage resulting from the initial hemorrhage and within the first 72
hours is referred to as early brain injury °. The functional outcome of
patients after aSAH is, however, strongly determined by the occurrence
and extent of aSAH-related secondary brain injury (SAH-SBI) *. SAH-SBI
has a delayed manifestation, characteristically between day 4 and day
14 after aSAH “. Within this time window, two-thirds of patients develop
angiographic vasospasm of the large cerebral arteries (aVSP) ° and
one-third demonstrates delayed cerebral ischemia (DCI) with radiolog-
ical demarcation of ischemic brain areas or delayed ischemic neurologic
deficits (DIND) °. The diagnosis of at least one of these delayed sec-
ondary manifestations defines SAH-SBI ’. While in recent decades sig-
nificant advances have been made in the acute care of patients with
aSAH, there has been little progress in the prediction, prevention, and
therapy of SAH-SBL *

The delayed onset of SAH-SBI with a latency of 4 to 14 days after
aneurysm rupture would provide a unique window-of-opportunity for
preventive therapies. Cell-free hemoglobin in the cerebrospinal fluid
(CSF-Hb) may be a suitable target molecule ”~°. CSF-Hb levels rise with a
latency of several days after aSAH as a result of delayed red blood cell
lysis, and there is strong clinical evidence for a positive association be-
tween CSF-Hb levels and SAH-SBI.”>'? In preclinical studies, cell-free Hb
in the clinically relevant concentration range has been identified as a
pathophysiological driver of processes that reflect specific features of
SAH-SBI, such as vasoconstrictive or oxidative damage. >*'"'? Hapto-
globin is a phylogenetically preserved plasma protein that acts as a
scavenger of cell-free hemoglobin to protect against its toxicity after
intravascular lysis. '>"'° In ex vivo assays and large animal models, the
intraventricular application of haptoglobin was shown to protect against
aVSP by scavenging CSF-Hb 7-® The indication for such an invasive
preventive therapy would have to be tailored to the patients’ risk profile
for SAH-SBI. Daily CSF-Hb measurement seems to have a high
discriminatory ability for SAH-SBI and could in the future serve as a
monitoring biomarker. 7-16 This, however, requires a cerebrospinal fluid
(CSF) diversion device, i.e., external ventricular drain or lumbar drain.
These are invasive procedures with strict indications. Thus, there is an
unmet clinical need in patients without a CSF diversion device to predict
the risk for SAH-SBI, functional outcome, and survival.

The initial subarachnoid hematoma volume (ISHV) could serve as a
surrogate biomarker for CSF-Hb, since CSF-Hb was shown to have a
positive linear association with the ISHV ’. This implies a potential as-
sociation between ISHV and the occurrence of SAH-SBI, ventriculoper-
itoneal shunt dependence, functional outcome, and survival /. Manual
volumetry of ISHV does not lend itself for integration into daily clinical
practice given its time-consuming nature 7 However, the performance
of deep learning methods, in particular convolutional neural networks
(CNNs), has made near human performance possible in numerous
medical imaging challenges '®, including the segmentation of sub-
arachnoid hematomas '°. These novel methods facilitate automatic
volume measurements in a clinical setting, warranting further investi-
gation of their potential.

The aim of this study was to develop and validate an automated
CNN-based ISHV segmentation algorithm and to evaluate its clinical
potential. We characterized the associations between ISHV and baseline
cohort characteristics, SAH-SBI within the first two weeks after hem-
orrhage, ventriculoperitoneal shunt dependence, functional outcome at

three months follow-up, and survival. Established clinical **?' and
radiological scores > 2* served as reference values.

Methods

This study was approved by the ethical review board of the Canton of
Zurich, Switzerland (KEK ZH 2021-01844). A written general consent
for further use of their patient-specific data has been obtained from all
patients or their legal representatives. The results are reported in
accordance with the STROBE statement. 2°

Study population

This study is based on a retrospective analysis of prospectively
collected clinical data from the Department of Neurosurgery, Uni-
versitatsspital Ziirich, Zurich, Switzerland. We included adult (>18
years) patients with aSAH, admitted to the hospital over a five-year
period (between January 1, 2016, and December 31, 2020). Patients
with nonaneurysmal subarachnoid hemorrhage (e.g., trauma, peri-
mesencephalic, no evidence of an aneurysm on angiography) were not
included in the analysis.

Data acquisition

Imaging and clinical data was acquired in one of the following
phases: hospital admission, monitoring period (day O to day 14 after
aneurysm rupture (day post-SAH), i. e., the high-risk phase for SAH-SBI),
three-month follow-up, and last known follow-up (Fig. 1).

Image data

In all patients, we used the initial CT scan for image segmentation
and volumetry. This data originated either from our hospital or from an
external referrer. The technical specifications regarding image acquisi-
tion varied accordingly. For image processing, the encoded original non-
contrast dataset was exported as DICOM.

Patient baseline characteristics

Baseline characteristics were assessed at the time of patient hospital
admission. These included demographics (age, sex), aneurysm charac-
teristics (maximum diameter, anatomic location), presence of intra-
parenchymal or intraventricular blood, past medical history (use of
antithrombotics/anticoagulants, diabetes, hypertension, coronary ar-
tery disease, smoking status), symptoms and neurological status at
admission (pupil status, cranial nerve deficits, focal neurological defi-
cits), clinical scores (Glasgow Coma Scale (GCS), World Federation of
Neurosurgical Societies (WFNS), Hunt & Hess), radiological scores
(modified Fisher, Barrow Neurological Institute (BNI)), and aneurysm
treatment. In addition, it was assessed whether patients required a CSF
diversion device (external ventricular drain or lumbar drain) at any time
during hospitalization.

SAH-SBI, aVSP, DCI, and DIND

During the monitoring phase (day 0-14 post-SAH) the occurrence of
SAH-SBI, aVSP, DCI, and DIND was evaluated every day. Each of the
assessments referred to the past 24 hours and were based on clinical
examinations performed several times a day in our neurosurgical
intensive care unit and imaging procedures (CT angiography / CT
perfusion, MRI / MR angiography, digital subtraction angiography).
SAH-SBI represents a composite outcome of aVSP, DCI, and DIND. DIND
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is defined as a new focal neurologic deficit or a decrease in GCS of at
least 2 points for at least 2 hours. If the patient could not be assessed
clinically (e.g., sedation), this was noted as not assessable. DCI is defined
as new ischemia or new infarction on CT/CTP or MRIL If no corre-
sponding imaging procedure was performed on that day, it was noted as
imaging not performed. The definition of aVSP includes narrowing of
cerebral arteries based on digital subtraction angiography, CT angiog-
raphy, or MR angiography. If no corresponding imaging procedure was
performed on that day, it was noted as imaging not performed.

Spasmolysis

During the monitoring phase (day 0-14 post-SAH), it was also
recorded daily whether a rescue therapy with pharmacological spas-
molysis or balloon angioplasty was performed within the last 24 hours.

Three-months and last-known follow-up

Based on the three-months follow-up (outpatient or inpatient
depending on the patient’s condition), the functional status (modified
Rankin Scale (mRS)) and dependence on a ventriculoperitoneal shunt (i.
e., chronic hydrocephalus) were assessed. Overall survival was assessed
based on the time (in days) from aneurysm rupture until death or last
follow-up (censored).

Image segmentation

CNN-based ISHV segmentation

No additional preprocessing was performed on the acquired imaging,
to prevent potential misinterpretation of data. The ground truth seg-
mentations of the initial subarachnoid hematoma were manually
delineated by one of two experienced observers and controlled by a
neurosurgeon. The proposed segmentation model was based on a 3D
UNet architecture with residual units ?°, developed using the MONAI
framework, which is a freely available, open source framework for deep
learning in healthcare imaging *’. This architecture was chosen due to
the improved robustness against input with divergent appearance from
the training data “°. A grid search was used to optimize the hyper-
parameters (Table 1) of the proposed CNN, in which the Dice score was
used as a selection criterion. The best performing model had 5 layers
with 16, 32, 64, 128 and 256 channels respectively, 2 residual units and
a stride of 2 in all dimensions (Fig. 2A). During the training process (on
an NVIDIA Tesla K80 GPU), 96x96 x96 voxel input patches were clip-
ped between 0 and 300 Hounsfield units for normalization purposes,
followed by random zooming, rotating, and flipping along all axes.
Additionally, random gaussian smoothing and noise were applied. Dice
loss with the Adam optimizer was used with a learning rate of 0.001,
without weight decay.

Eligibility Hospital admission

Monitoring period
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Table 1
Hyperparameters used during optimization of the proposed CNN via grid search.

Hyper parameter Evaluated values

Number of convolutional 4or5
layers

Feature maps in the
convolutional layers

[16, 32, 64, 128], [32, 64, 128, 256], [16, 32, 64,
128, 256] or [32, 64, 128, 256, 512]
Loss function Dice loss or Focal loss
Learning rate 0.001 or 0.0001
Batch size lor2
Size of input patch 96x96x96, 104x104x104 or 112x112x112

Volumetry

A total of 127 initial scans after aSAH were used in training of the
CNN, split into 69, 13 and 45 scans in respectively the training, vali-
dation, and test set. The scans that were used as ground truth were
randomly selected from patients included in the current study, as well as
from a period prior to the study. A neurosurgeon judged these volumes
to be clinically representable and sufficiently varied. Following selection
of the best performing model on the test set, blood volume was calcu-
lated by multiplying the amount of automatically segmented voxels by
the voxel volume. Performance is reported in terms of Dice score, 95%
Hausdorff distance (95%HD) and intraclass correlation (ICC).

Statistical analysis

All statistical analyses were performed using the statistical software
R 4.1.1 (R Core Team, 2022) in the RStudio environment (V 1.3.1093).
For descriptive statistics, continuous variables were reported as mean
and standard deviation (SD), categorical variables as absolute numbers
(n) and proportions (%) with a 95% Wilson confidence interval. Missing
data was considered as separate category and assessed for non-
randomness. The strength of association between ISHV (dependent
continuous variable) and clinical or radiological baseline data (inde-
pendent binary or continuous variables) was assessed based on multiple
linear regression. The strength of association between SAH-SBI
(dependent binary variable) and ISHV (independent continuous vari-
able) was estimated based on a generalized additive model (GAM) with
day post-SAH as a covariate (nonlinear spline fit) and repeated obser-
vations in the same patients over time accounted for with random in-
tercepts (mgev package v1.8-31 2%). The discriminatory ability of ISHV
for SAH-SBI, aVSP, DCI, DIND, ventriculoperitoneal shunt dependence,
and functional status was analyzed using receiver operating character-
istic (ROC) curves (ROCR package (v1.0-11), 29 plotROC package
(v2.2.1) 3O), the corresponding bootstrap area under the curves (AUC)
(pROC package (v1.16.2) °1y and the optimal Youden indices (ROCit
package (v1.1.1) °%). The Kaplan Meier method was used to plot survival
probabilities and pairwise comparisons between subgroups were

3-months follow-up  Last known follow-up

T T
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&
> 18 years of age
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Fig. 1. Data acquisition. Schematic depiction of the different phases of clinical and image data acquisition. aSAH, aneurysmal subarachnoid hemorrhage; avSP,
angiographic vasospasms; DCI, delayed cerebral ischemia; DIND, delayed ischemic neurological deficits; ISHV, initial subarachnoid hematoma volume; SAH-SBI,

subarachnoid hemorrhage-related secondary brain injury.



B.R. Thomson et al.

A

Journal of Stroke and Cerebrovascular Diseases 32 (2023) 107357

YYY
g

28x12x12

16x96x96

B
A200
g
5
S 150 o*
e °
g ’ ‘
L2 %% ®
e 100 N
el °
= e o’ °
I
g 50 ¢
= oo °
S °
> ® oo
°
0-% : . . .
0 50 100 150 200

Volume of ground truth segmentations (cc)

Fig. 2. Architecture and performance statistics of the proposed convolutional neural network. (A) Visualization °®

256x6x6

128x12x12
64x24x24
32x48x48
16x96x96
C
60+
=
g 40' 0 °
= . ¢
S
L °
3 20 o T K
5 e
® ° °
p od ° ¢ ., o ° ,
5 ° o
= e %o °
-
S % °
o -204 °
(O]
40
50 125

Average of automatic and ground truth

of the UNet architecture that is used in

automatic segmentation of the aSAH volumes. (B) Scatterplot presenting the accuracy of volume measurement of the automatic method compared to the ground
truth. (C) Bland-Altman plot of the averages and differences between the ground truth and the automatic method in cc.

performed using the log-rank test with Bonferroni-Holm correction for
multiple testing across discriminatory tasks >, The Cox proportional
hazards regression model served for multivariable survival analysis. **
No statistical significance levels were defined for the analyses in this
study due to their exploratory nature. Instead, results are interpreted
based on the level of evidence: p < 0.001: very strong evidence; p <
0.01: strong evidence; p < 0.05 evidence; p < 0.1 weak evidence; p >
0.1: no evidence. *°

Results

The study cohort contained 220 patients, with a mean age of 57.8
years (SD 12.7 years) and female predominance (65.0%). Detailed
cohort characteristics are presented in Table 2.

Performance of CNN-based automated volumetry

Our CNN demonstrated strong volume agreement regarding both the
volumetric overlap (Dice score of 0.73, SD 0.11, ranging from 0.43 to
0.93 and 95%HD of 9.5 voxels, SD 5.5, ranging from 1.5 to 26.7), and

ICC (0.89, 95% CI, 0.81-0.94) in the test set. Mean ISHV across the entire
cohort was 55.3 cc (SD 39.0 cc). The mean segmented volumes in the
test set were 80.5 cc (SD 41.1 cc) for manual segmentation and 73.3 cc
(SD 36.8 cc) for the CNN-based segmentation (Fig. 2B). Bland-Altman
analysis showed a bias of 7.21 cc, indicating slight under-
segmentation of the CNN. There was a relatively large spread with the
95% limits of agreement between -28 and 43 cc (Fig. 2C). This spread
becomes apparent in the overlap when individual automated segmen-
tations are observed (Fig. 3), where higher reliability is achieved in
patients with larger hematoma volumes.

Associations between ISHV and clinical baseline parameters

The relation of ISHV to sex and age is visualized in Fig. 4A. There was
no evidence for an association between ISHV and the intake of anti-
platelets (partial dependence (PD) -4.3, SE 8.6, p = 0.62), anticoagulants
(PD 11.5, SE 16.3, p = 0.48), or a combination of both (PD -42.8, SE
41.8, p = 0.31) (Fig. 4B). In the same model, there was no evidence for
an association between ISHV and a history of hypertension (PD 9.4, SE
5.7, p = 0.10), diabetes (PD 9.8, SE 12.2, p = 0.42), coronary artery
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Table 2
Demographic, clinical, and radiological cohort features.
Total n 220 4 37 (16.8)
Male gender [n (%)] 77 (35.0) 5 74 (33.6)
Age (mean (SD)) 57.8 Hunt and Hess grade [n
12.7) (%)]
Aneurysm location [n (%)] 1 36 (16.4)
Middle cerebral artery 68 (30.9) 2 50 (22.7)
Anterior communicating 69 (31.4) 3 32(14.5)
artery
Posterior communicating 25 (11.4) 4 52(23.6)
artery
Internal carotid artery 17 (7.7) 5 50 (22.7)
Anterior cerebral artery 11 (5.0) mFisher grade [n (%)]
Posterior inferior cerebellar 9(4.1) 1 15 (6.8)
artery
Basilar-tip artery 7 (3.2) 2 4(1.8)
Miscellaneous 14 (6.4) 3 109
(49.5)
Aneurysm size* [mean (SD)] 8.1 (5.5) 4 92 (41.8)
Intracerebral hemorrhage [n 93 (42.3) BNI grade [n (%)]
(%)]
Intraventricular hemorrhage 92 (41.8) 1 5(2.3)
[n (%)]
AP/AC before admission [n 2 34 (15.5)
(%)]
None 185 3 47 (21.4)
(84.1)
AP 28 (12.7) 4 50 (22.7)
AC 6(2.7) 5 84(38.2)
AP and AC 1 (0.5) Aneurysm treatment [n
(%)]
Smoking [n (%)] None 16 (7.3)
Never 144 Bypass 9(4.1)
(65.5)
Current 62 (28.2) Clipping 110
(50.0)
Quitted 12 (5.5) Coiling 81 (36.8)
Missing data 2(0.9) Flow diverter 1(0.5)
GCS [mean (SD)] 9.4 (5.3) Others 3(1.4)
WENS grade [n (%)] CSF diversion device [n
(%)]
1 63 (28.6) No EVD/LD 51 (23.2)
2 34 (15.5) EVD 143
(65.0)
3 12 (5.5) LD 26 (11.8)

AMaximal diameter in mm.

SD: Standard deviation; AP: Antiplatelet; AC: Anticoagulant; GCS: Glasgow Coma
Scale; WENS: World Federation of Neurosurgical Societies; mFisher: Modified Fisher
Scale; Barrow Neurological Institute; CSF: Cerebrospinal fluid; EVD: External
ventricular drain; LD: Lumbar drain

disease (PD 4.0, SE 14.6, p = 0.78), or smoking (current smoker: PD -8.2,
SD 6.2, p = 0.18; missing data on smoking: PD 24.8, SE 27.5, p = 0.37).
There was, however, evidence for an association between ISHV and
specific clinical features at hospital admission. ISHV increased with
higher Hunt & Hess and WFNS scores (Fig. 4C). More specifically, ISHV
had an inverse association to the patient’s GCS (p < 0.001) (Fig. 4D). In
addition, there was some evidence for a positive association between
ISHV and having quit smoking (quitted smoking: PD -28.4, SE 11.9, p =
0.02). There was, however, no evidence for an association between ISHV
and cranial nerve deficits (cranial nerve deficits: PD 7.2, SE 11.0, p = 0.52;
missing data: PD 14.9, SE 10.9, p = 0.17), the patient’s pupil status at
hospital admission (bilateral mydriasis: PD 28.5, SE 16.6, p = 0.09;
anisocoria: PD 7.0, SE 7.3, p = 0.34; missing pupil status: PD -18.6, SE
32.6, p = 0.57) or other focal neurological deficits (motor deficits: PD 8.2,
SE 11.1, p = 0.46; sensory deficits: PD 32.9, SE 34.1, p = 0.34; motor and
sensory deficits: PD -4.4, SE 10.4, p = 0.67; missing data: PD -20.7, SE
11.65, p =0.08. Collectively, while the ISHV was not associated with the
use of antithrombotics and cardiovascular risk factors, there was strong
evidence for an association to a lower GCS at hospital admission.
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Associations between ISHV and radiological baseline features

Mean ISHV increased along BNI grades (Fig. 5A). ISHV was highest
with modified Fisher grades 2 and 4, intermediate with modified Fisher
grade 3, and lowest with modified Fisher grade 1 aSAH (Fig. 5B). There
was strong evidence that both the presence of intracerebral hemorrhage
(PD 20.4, SE 5.1, p < 0.001) and intraventricular hemorrhage (PD 28.6,
SE 5.0, p < 0.0001) are independent factors positively associated with
ISHV, while there was no evidence for an association between ISHV and
aneurysm size (p = 0.33) or aneurysm location (Anterior communicating
artery: PD 2.4, SE 6.0, p = 0.69 Posterior communicating artery: PD 2.74;
SE 8.1; p = 0.74; Internal carotid artery: PD 0.19, SE 9.2, p = 0.98;
Anterior cerebral artery: PD 4.12, SE 11.1, p = 0.71; Posterior inferior
cerebellar artery: PD -5.9, SE 12.6, p = 0.64; Basilar tip: PD -3.7,SE 13.7, p
= 0.79; Miscellaneous: PD -9.9, SE 10.3, p = 0.34) (Fig. 5C).

Discriminatory ability of ISHV for SAH-SBI

Overall, 55.5% of the patients in this cohort endured aVSP at some
point during the monitoring phase (day 0-14 post-SAH), DCI was diag-
nosed in 23.6%, and 17.7% developed DIND (Table 3). Spasmolysis was
performed in 16.4% of patients. The results of diurnal assessment for
aVSP, DCI, DIND are presented in Fig. 6A and summarized in Table 4.

The strength of association between SAH-SBI and ISHV was esti-
mated based on a GAM with day post-SAH as a nonlinear covariate and
repeated observations in the same patients over time accounted for with
random intercepts (Fig. 6B). There was strong evidence (pisgy < 0.01)
for a positive association between SAH-SBI and ISHV (ppay post-saH <
0.0001, ppatient 0 < 0.0001). Separate GAM-based analyses on the as-
sociations between aVSP, DCI, and DIND with ISHV are provided in
Supplementary Figure 1.

We assessed the discriminatory ability of ISHV for the occurrence of
SAH-SBI, aVSP, DCI, and DIND at any time-point during the monitoring
phase based on ROC analyses (Fig. 6C). The areas under the curves were
AUCsan.spr = 0.51 (0.43-0.59), AUC,ysp = 0.52 (0.44-0.60), AUCpcp =
0.51 (0.43-0.60), and AUCpnp =0.46 (0.38-0.55). The optimal Youden
indices were 22.1 cc for SAH-SBI, 22.1 cc for aVSP, 28.1 cc for DCI, and
73.7 cc for DIND. As references, we determined the discriminatory
ability of established clinical (WFNS, Hunt & Hess) and radiological
(modified Fisher, BNI) scores for SAH-SBI, aVSP, DCI, and DIND (Fig. 6D
& Table 5).

Discriminatory ability of ISHV for ventriculoperitoneal shunt dependence

Fig. 7A displays ISHV stratified by the patient’s dependence on a
ventriculoperitoneal shunt three months after aSAH. Mean ISHV was
41.1 cc (SD 3.9 cc) in patients without shunt dependence after three
months, 56.7 cc (SD 4.2 cc) in patients with shunt dependence, and 79.5
cc (SD 5.5 cc) in those that died before the three-months follow-up. We
found evidence that ventriculoperitoneal shunt dependence is associ-
ated with higher ISHV (p < 0.01). In addition, we assessed the
discriminatory ability of ISHV for ventriculoperitoneal shunt depen-
dence after three months based on ROC analyses (Fig. 7B), resulting in
an area under the curve of 0.65 (0.56-0.74). This was comparable to the
discriminatory ability found with established clinical (AUCwgns = 0.69
(0.61-0.78), AUChHuntgHess = 0.71 (0.63-0.79)) and slightly above the
area under the curves of radiological (AUCnodified Fisher = 0.58 (0.49-
0.66), AUCgN; = 0.53 (0.44-0.63)) scores (Supplementary Figure 2).

Discriminatory ability of ISHV for functional status after three months

ISHV stratified by mRS after three months is shown in Fig. 8A. A
higher mRS was associated with a larger ISHV (Mean ISHVgs ¢ = 34.2
cc (SD 4.6 cc), Mean ISHV s 1 = 33.4 cc (SD 4.7 cc), Mean ISHV ,gs 2 =
45.9 cc (SD 5.9), Mean ISHV,,gs 3 = 58.3 cc (SD 6.2 cc), Mean ISHV gs 4
= 68.1 cc (SD 8.9 cc), Mean ISHVrs 5 = 74.4 cc (SD 11.1 cc), Mean
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Fig. 3. Representative examples comparing input CT scan, ground truth and automated segmentation for different Dice coefficients. All scans are visualized
with the display window (W:100, L:50). First column: Input CT scan. Second column: Ground truth. Third column: Automated segmentation. First row: Dice co-
efficient of 0.43. Second row: Dice coefficient of 0.72. Third row: Dice coefficient of 0.92.

ISHVrs 6 = 79.5 cc (SD 5.5 cc)). The area under the receiver operating
characteristic curve of the ISHV discriminating between a good (0-2)
and a poor (3-6) mRS three months after hemorrhage was 0.78 (0.72-
0.84) (Fig. 8B). This was comparable to the discriminatory ability of
established clinical (AUCwgns = 0.81 (0.75-0.87), AUCHunt&Hess = 0.80
(0.74-0.86)) and slightly superior to radiological scores (AUCpodified
Fisher = 0.69 (0.63-0.76), AUCgN; = 0.57 (0.49-0.64)) (Supplementary
Figure 3).

Survival after aSAH in relation to the ISHV

We performed a multivariate survival analysis considering WFNS
grade, presence of intraventricular hemorrhage, presence of intracere-
bral hemorrhage, and ISHV (Fig. 9A). There was evidence for a negative
association between ISHV and survival probability (p = 0.01). In addi-
tion, there was evidence for a negative association of survival proba-
bility with WENS grade (HRwgns 5 = reference, HRwrns 4 = 0.96 (0.52-

1.78,p = 0.91), HRWFNS 3= 0.68 (0.20-2.26,p = 0.53), HRWFNS 2= 0.37
(0.15-0.92, p = 0.03), HRygns 1 = 0.43 (0.18-1.05, p = 0.06)) and a
negative association with the presence of intraventricular hemorrhage
(HR =2.23 (1.27-3.90, p = 0.005)). There was, however, no evidence for
an independent association between the presence of intracerebral
hemorrhage and survival probability (HR = 0.73 (0.44-1.22, p = 0.23)).
Survival probability stratified by the optimal discriminatory (optimal
Youden indices) of ISHV for aVSP (22.1 cc), DCI (28.1 cc), and DIND
(73.7 cc), was visualized using the Kaplan Meier method (Fig. 9B and
Supplementary Figure 4).

Discussion

Our automated CNN-based ISHV segmentation method demon-
strated strong performance regarding both volumetry and ICC. While
cardiovascular risk factors and the use of antithrombotics showed no
association to the ISHV, there was an inverse association to the GCS at
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Fig. 4. Initial subarachnoid hematoma volume and clinical baseline parameters. (A) Initial subarachnoid hematoma volume (ISHV) in relation to sex and age.
(B) Partial dependence of the ISHV on antithrombotics (none, antiplatelets (AP), anticoagulants (AC), or both), hypertension, diabetes, coronary artery disease
(CAD), and smoking status. (C) ISHV in relation to established clinical aSAH scores (Hunt & Hess, World Federation of Neurosurgical Societies (WFNS)). (D) Partial
dependence of ISHV on Glasgow Coma Scale (GCS), pupil status, functional neurologic deficits (FND), and cranial nerve deficits (CND).

hospital admission. Aneurysm size and location were not associated with
the ISHV, but the presence of intracerebral or intraventricular hemor-
rhage were independently associated with higher ISHV. Despite strong
evidence for a positive association between ISHV and SAH-SBI, the
discriminatory ability of ISHV for SAH-SBI was insufficient. The
discriminatory ability of ISHV was, however, higher regarding ven-
triculoperitoneal shunt dependence and functional outcome at three-
months follow-up. Multivariate survival analysis provided strong evi-
dence for an independent negative association between survival prob-
ability and both ISHV and intraventricular hemorrhage.

While there are several previously described segmentation ap-
proaches to intracranial hemorrhage 7°°°, only two were tested on
aSAH in 3D. '%*° Our CNN with a Dice score of 0.73 (SD 0.11) and an
ICC of 0.89 (95% CI, 0.81-0.94) performs slightly superior compared to
these studies. The most recent performance, using a CNN-based method,
19 achieved a Dice score of 0.63 = 0.16 and an ICC of 0.966 in a test set
of 473 patients. The authors extracted the intracranial region prior to
training of their best performing network, reducing complexity. Inter-
estingly, the authors achieved a Dice score of 0.40 with a reduced UNet
architecture on their dataset. Moreover, our performance compares
strongly to the 0.64 interobserver Dice score that is found between two
experienced radiologists '>“?. This emphasizes the added value of a
more complex model and data augmentation in the segmentation of
aSAH without any additional preprocessing in a relatively small training
set.

We currently still lack a reliable surrogate marker to identify those
patients who develop SAH-SBI after aSAH. Established clinical **?! and
radiological scores %> 2* were shown to have limited predictive accuracy
for SAH-SBI *1*? other than functional outcome **, which is supported
by our study. In addition, these scores are associated with substantial
intra- and interrater variability **. Transcranial doppler ultrasonogra-
phy is widely used to monitor for aVSP after aSAH, but it is associated
with poor interrater reliability and low sensitivity and negative pre-
dictive values for SAH-SBI. 7*>*’ Although several serum parameters

have been described and proposed, none have proven to be a robust
predictor for SAH-SBI “®%°, CSF-Hb was shown to be a mechanistic
driver for SAH-SBI and a promising monitoring biomarker. 7-%!%16:50 A
prospective single-center pilot study indicated a high discriminatory
ability of this method for SAH-SBI (AUC = 0.89 [0.85-0.92]) .
Measuring CSF-Hb levels, however, requires a CSF access device. Thus,
there is a clinical need for a non-invasive alternative in patients without
external ventricular drain or lumbar drain. There is a plausible patho-
physiological cascade between the volume of blood released by aSAH
(ISHV), the number of lysing erythrocytes in the subarachnoid space,
and CSF-Hb levels ’. Despite this pathophysiological plausibility, our
study showed that ISHV is an insufficient surrogate marker for SAH-SBI.
A possible explanation for the low discriminatory ability with simulta-
neous strong association between ISHV and SAH-SBI is that CSF-Hb is
released from the subarachnoid blood clot at individual dynamics,
determined by RBC-intrinsic characteristic driving erythrolysis, and the
RBC clearance capacity of hematoma-associated phagocytes ”°'. Such
dynamics determine the attainment of critical thresholds for the
occurrence of aVSP, DCI, and DIND at a given time point 7. Thus,
monitoring CSF-Hb levels by regular CSF sampling via an external
ventricular drain or lumbar drain addresses the pathophysiological
cascade more distally and might be more suitable for this purpose.

ISHV showed a high discriminatory ability for ventriculoperitoneal
shunt dependence and functional outcome at three-months follow-up,
and independent association with survival. These findings may be
explained by the fact that these medium- and long-term effects are not
only determined by reaching CSF-Hb thresholds at a specific time point,
but also reflect the temporally integrated toxic effect of cell-free he-
moglobin and its downstream products on brain parenchyma '°?°,
The individual differences in these dynamics could facilitate ISHV in
contributing to superiority over existing simplified radiological scales,
due to the highly patient specific readout.

Our study is subject to several limitations. First, CT data on which
ISHV determination is based were not acquired on the same scanner,
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Fig. 5. Initial subarachnoid hematoma volume and radiological baseline features. Initial subarachnoid hematoma volume (ISHV) stratified by Barrow
Neurological Institute (BNI) grade (A) and Modified Fisher Scale (B). (C) Partial dependence of ISHV on aneurysm size, aneurysm location (MCA, middle cerebral
artery; ACOM, anterior communicating artery; PCOM, posterior communicating artery; ICA, internal carotid artery; ACA, anterior cerebral artery; PICA, posterior
inferior cerebellar artery; Misc, miscellaneous), intracerebral hemorrhage (ICH), and intraventricular hemorrhage (IVH).

Table 3

Overall incidence of aneurysmal subarachnoid
hemorrhage-related secondary brain injury (SAH-SBI),
angiographic vasospasms (aVSP), delayed cerebral
ischemia (DCI), delayed ischemic neurological deficits
(DIND), and the need for spasmolysis.

Total n 220
SAH-SBI [n (%)] 123 (55.9)
aVSP [n (%)] 122 (55.5)
DCI [n (%)] 52 (23.6)
DIND [n (%)] 39 (17.7)
Spasmolysis [1n (%)] 36 (16.4)

instead the initial CT image of the patient was used, which in part also
originated from referring centers. The use of different CT scanners and
different imaging protocols introduced some heterogeneity into the
dataset. However, this heterogeneity strengthens the robustness of our
algorithm, which was thus trained and tested in a clinically realistic
setting. Second, the dataset that was used for training and validation of
our segmentation algorithm could be further expanded, since the per-
formance of deep learning models increases with larger datasets °°. In a
hybrid 2D/3D study *’, a total of 11,021 scans were used for develop-
ment and validation resulting in a Dice score of 0.77 for aSAH seg-
mentation. Moreover, those authors included other variants of

intracranial hemorrhage, enabling the algorithm to differentiate be-
tween different types of intracranial hemorrhages. Our algorithm is
expectedly not suitable for quantifying intracranial hemorrhages other
than aSAH.

Conclusion

Without any additional preprocessing, we demonstrated strong
performance of our CNN in volumetric segmentation of aSAH in the
admission CT. The automatically segmented ISHV has shown a high
discriminatory ability for ventriculoperitoneal shunt dependence and
functional outcome at three-months follow-up. Moreover, there was
strong evidence for a negative association between survival probability
and ISHV. The discriminatory ability of ISHV for SAH-SBI, however, was
similar to established clinical and radiological scores. Interindividual
differences in CSF-Hb releasing dynamics from the subarachnoid blood
clot may explain the limited discriminatory value of ISHV for SAH-SBI,
deeming ISHV insufficient as surrogate marker for CSF-Hb.

Ethical approval and consent to participate
This study was approved by the ethical review board of the Canton of

Zurich, Switzerland (KEK ZH 2021-01844). A written general consent
for further use of their patient-specific data has been obtained from all
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Fig. 6. Epidemiology and associations of subarachnoid hemorrhage-related secondary brain injury. (A) Count data on subarachnoid hemorrhage-related
secondary brain injury (SAH-SBI), angiographic vasospasms (aVSP), delayed cerebral ischemia (DCI), and delayed ischemic neurological deficits (DIND) stratified
by day post-SAH. (B) Partial dependence of SAH-SBI on the initial subarachnoid hematoma volume (ISHV) and the day post-SAH. (C) Receiver operating charac-
teristic (ROC) curves of the ISHV for SAH-SBI, aVSP, DCI, and DIND. (D) ROC curves of established clinical (World Federation of Neurosurgical Societies (WFNS),
Hunt & Hess) and radiological scores (Modified Fisher, Barrow Neurological Institute (BNI)) for SAH-SBI, aVSP, DCI, and DIND.

Table 4

Diurnal incidence of aneurysmal subarachnoid hemorrhage-related secondary
brain injury (SAH-SBI), angiographic vasospasms (aVSP), delayed cerebral
ischemia (DCI), and delayed ischemic neurological deficits (DIND).

Total of assessed days n 2979
Diurnal assessment of SAH-SBI [n (%)]

No SAH-SBI 1973 (66.2)
SAH-SBI detectable 272 (9.1)
SAH-SBI evaluation not possible 734 (24.6)
Diurnal assessment of aVSP [n (%)]

Days with no aVSP detectable imaging 652 (21.9)
Days with aVSP detectable on imaging 248 (8.3)
Days without imaging 2078 (69.8)
Diurnal assessment of DCI [n (%)]

Days with no DCI detectable on imaging 809 (27.2)
Days with DCI detectable on imaging 91 (3.1)
Days without imaging 2078 (69.8)
Diurnal assessment of DIND [n (%)]

No DIND 1686 (56.6)
DIND 47 (1.6)
DIND not assessable 1246 (41.8)

patients or their legal representatives.

Consent for publication

All authors have read and approved the submitted manuscript.

Table 5

Discriminatory ability (area under the receiver operating characteristic curve
with 95% confidence interval) of established clinical (World Federation of
Neurosurgical Societies (WFNS), Hunt & Hess) and radiological (modified
Fisher, Barrow Neurological Institute (BNI)) scores for subarachnoid
hemorrhage-related secondary brain injury (SAH-SBI), angiographic vasospasms
(aVSP), delayed cerebral ischemia (DCI), and delayed ischemic neurological

deficits (DIND).

SAH-SBI avsp DCI DIND
WENS score 0.50 (0.42- 0.50 (0.43- 0.45 (0.37- 0.38 (0.29-
0.57) 0.58) 0.54) 0.47)
Hunt & Hess 0.47 (0.40- 0.48 (0.41- 0.45 (0.37- 0.39 (0.30-
score 0.55) 0.56) 0.54) 0.48)
Modified Fisher 0.44 (0.37- 0.44 (0.38- 0.47 (0.39- 0.40 (0.32-
scale 0.51) 0.51) 0.55) 0.48)
BNI score 0.55 (0.47- 0.55 (0.48- 0.55 (0.47- 0.48 (0.39-
0.62) 0.62) 0.64) 0.57)

Availability of supporting data

The anonymized dataset and all code (Python and R) will be made
available online (https://doi.org/10.5281/zenodo.7443202). The use of
dynamic reporting guarantees full reproducibility of the results.
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