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Abstract

This study aims to investigate cerebral parenchymal and ventricular volume changes after subarachnoid hemorrhage (SAH)
and their potential association with cognitive impairment. 17 patients with aneurysmal SAH (aSAH) and 21 patients with
angiographically negative SAH (anSAH) without visually apparent parenchymal loss on conventional magnetic resonance
imaging (MRI) were included, along with 76 healthy controls. Volumetric analyses were performed using an automated clini-
cal segmentation and quantification tool. Measurements were compared to on-board normative reference database (n=1923)
adjusted for age, sex, and intracranial volume. Cognition was assessed with tests for psychomotor speed, attentional control,
(working) memory, executive functioning, and social cognition. All measurements took place 5 months after SAH. Lower
cerebral parenchymal volumes were most pronounced in the frontal lobe (aSAH: n=6 [35%], anSAH n=7 [33%]), while
higher volumes were most substantial in the lateral ventricle (aSAH: n=5 [29%], anSAH n=9 [43%]). No significant differ-
ences in regional brain volumes were observed between both SAH groups. Patients with lower frontal lobe volume exhibited
significantly lower scores in psychomotor speed (U=281, p=0.02) and attentional control (=2.86, p=0.004). Additionally,
higher lateral ventricle volume was associated with poorer memory (t=3.06, p=0.002). Regional brain volume changes
in patients with SAH without visible parenchymal abnormalities on MRI can still be quantified using a fully automatic
clinical-grade tool, exposing changes which may contribute to cognitive impairment. Therefore, it is important to provide
neuropsychological assessment for both SAH groups, also including those with clinically mild symptom:s.
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cerebral parenchymal volume and/or increase in ventricu-
lar volume.

To date, most brain volume research following SAH
has focused on patients with aSAH. A review by Ste-
houwer et al. (2018). provided strong evidence for total
brain volume differences between patients with aSAH
and healthy controls (HC). De Bresser et al. (2012) found
larger lateral ventricular volumes in patients with aSAH
as early as 6 months, while total brain volume was simi-
lar to HC. Bendel et al. (2010) demonstrated ventricular
and sulcal enlargement together with reduced gray mat-
ter volumes one year after aSAH, suggesting of general
atrophy. Additionally, long-term ventricular enlargement
and smaller parenchymal volume after aSAH are found
to be related to delayed cerebral infarction (Bresser et al.,
2015). Currently, only one study investigated brain vol-
ume loss in eight patients with anSAH, demonstrating
significant reductions in intracranial, white matter, whole
brain, and hippocampal volume compared to HC (Gama
Lobo & Fragata, 2022). In the current study, we aim to
investigate cerebral parenchymal and ventricular volume
in patients without visually apparent parenchymal loss
on conventional MRI, including both aSAH and a larger
anSAH cohort.

Cognitive impairment can be considered a sign of brain
damage and may be linked to changes in cerebral paren-
chymal volume and/or ventricular volume. Impairments in
memory, attention, executive functioning and social cog-
nition are frequently found both after aSAH and anSAH
(Buunk et al., 2016; Burke et al., 2018; Nussbaum et al.,
2020). A previous MRI study revealed an association
between higher parenchymal lesion volumes and poorer
neuropsychological test performance in general intellec-
tual functioning, memory, language, and executive func-
tions twelve months after aSAH (Bendel et al., 2008).
Within the same patient group, correlations were found
between enlarged cerebral spinal fluid (CSF) spaces and
cognitive deficits across multiple domains (Bendel et al.,
2010) Hence, it is evident that visible brain damage on
MRI after SAH is associated with cognitive impairment.
However, it remains to be investigated whether this asso-
ciation is precent in patients with SAH without visual
abnormalities on conventional MRI.

cNeuro cMRI is a novel automatic clinical MRI quanti-
fication tool that performs quantitative volumetric analysis
of T1-weighted and FLAIR images (Combinostics Ltd,
Tampere, Finland) (L6tjonen et al., 2010). The software,
validated in multiple sclerosis (Hénninen et al., 2019;
Niiranen et al., 2022) and dementia (Bruun et al., 2019;
Lotjonen et al., 2011), provides high quality segmenta-
tion in patients without major visual brain damage and
provides detailed information about the location of brain
volume loss. It therefore seems to be a suitable method
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for mapping brain volume changes in patients with SAH
without visually apparent parenchymal loss.

The aim of this MRI study is twofold. First, to investigate
volumetric changes in various brain regions (i.e. cerebral
cortex, frontal lobe, temporal lobe, parietal lobe, occipital
lobe, medial temporal lobe, cerebral grey matter, lateral ven-
tricles, 3th ventricle, 4th ventricle) in patients with aSAH
and anSAH without visually apparent parenchymal loss on
conventional MRI. Second, to determine whether lower cer-
ebral parenchymal volume and/or higher ventricular volume
are associated with cognitive impairment across multiple
domains.

Methods
Study design

This study was part of a larger prospective study, the Imag-
ing, Cognition and Outcome of Neuropsychological func-
tioning after Subarachnoid hemorrhage (ICONS) study,
(Khosdelazad et al., 2022) at the University Medical Centre
Groningen (UMCG). The study protocol was approved by
the Medical Ethical Committee (nr. 2019.346) of the UMCG
and was conducted in accordance with the Declaration of
Helsinki. For the present study, we included patients diag-
nosed with aSAH or anSAH between December 2019 and
September 2022 without focal areas of cerebral parenchy-
mal loss or gliosis on native T1 and FLAIR images or other
factors resulting in visually apparent incorrect segmenta-
tion of brain structures (Fig. 1). Exclusion criteria were the
presence of serious neurological co-morbidity (e.g. subdural
hematoma, previous CVA) or psychiatric disorders. Data
regarding demographics (age, sex), clinical characteristics
(CSF drainage, SAH type) and clinical condition at admis-
sion (World Federation of Neurological Surgeons [WFNS]
(Teasdale et al., 1988) were collected from the patients’
medical records. Additionally, 76 HC (HC1) were included
for comparative analysis of neuropsychological perfor-
mance. From this HC1 cohort, a subset (HC2) of 15 partici-
pants underwent MRI scans.

MRI acquisition

Approximately five months post-ictus, MRI imaging was
conducted to evaluate potential atrophy on standard clini-
cal scans. This timeframe aligns with the routine follow-
up scans in patients with aSAH, to assess the effectiveness
of endovascular treatment. MRI data was obtained using a
Siemens 3 Tesla scanner (MAGNETOM Prisma, Siemens,
Erlangen, Germany) with a standard 64-channel head-neck
coil. Patients were scanned according to a standardized scan-
ning protocol as described earlier (Khosdelazad et al., 2022).
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Enrolled patients in the ICONS
study between December 2019
and September 2022
(n = 83)

A

MRI + neuropsychological data
available
(n=71)

-

\_

MRI scans excluded due to:

e Technical issues (n = 11)
e Damage due to permanent drain (n = 5)
¢ Visually damaged brain structures on T1/Flair (n = 17)

/

Patients analyzed
(n = 38)

Fig. 1 Flowchart illustrating the SAH patients who were included, and whose MRI scans did not exhibit visually apparent incorrect segmenta-

tion in cNeuro

The sequences that were used for the current study included
sagittal 3-dimensional T1-weighted (sagittal slices, voxel
size: 0.9 0.9x0.9 mm, repetition time (TR)/echo time
(TE)/time to inversion (TI): 2300/2.31/900 ms) and FLAIR
(transversal slices, voxel size: 0.7 X 0.7 x4.0 mm, TR/TE/
TI: 9000/81/2500 ms).

Brain volumetric analysis

Regional brain volumes were assessed using the FDA and
CE approved software cNeuro cMRI, developed by Combi-
nostics Ltd in Tampere, Finland (https://www.combinosti
cs.com/cmri/). cNeuro cMRI is a validated, medical device
intended for clinical use by medical professionals and per-
forms fully automated, objective, visually inspectable seg-
mentation of T1 and FLAIR MRI images, encompassing
133 brain regions. cNeuro cMRI automatically compares
the extracted volumes to an on-board normative database
derived from 1923 healthy individuals (18-94 years, 57%
females), with results normalized for age, sex, and head
size. The tool provides both numerical (percentile scores)
and graphical information, offering insight into whether the

volumes for each brain structure in each patient fall within
the normal range. Additionally, it provides the percentiles
for both left and right-sided structures when applicable, as
well as the total volume, which was utilized in this study.
An additional visual quality check of the segmentations
was performed by an experienced neurologist with additional
imaging training (JK). We focused on the volumes of the fol-
lowing brain regions: frontal lobe, temporal lobe, medial tem-
poral lobe, parietal lobe, occipital lobe, cerebral grey matter,
lateral ventricle, inferior lateral ventricle, 3rd ventricle, 4th
ventricle, and total cerebral cortex. To enhance clarity, we
used the terms ‘lateral ventricle - temporal horn’ instead of
cNeuro’s ‘inferior lateral ventricle’ and ‘lateral ventricle -
frontal horn/body/occipital horn’ instead of ‘lateral ventricle’.

Neuropsychological assessment

Neuropsychological assessments were performed five
months post-ictus, including tests to measure multiple cog-
nitive domains. Psychomotor speed was measured with
the Trail Making Test A (TMT-A), (Reitan, 1958) and the
Vienna Testing System (VTS) Reaction Time (RT) tasks S1
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and S2 (Schuhfried, 2013). Working memory was assessed
with the Digit Span Forward and Backward (subtests of the
Weschler Adult Intelligence Scale) (Stinissen et al., 1970).
Memory was measured with the Dutch version of the Rey
Auditory Verbal learning Test (15 Words test, 15WT),
(Deelman et al., 1980) immediate recall (IR) and delayed
recall (DR). Executive control was assessed with the TMT-B
(Reitan, 1958) and the VTS RT S3 and Determination Task
(DT) S1 (Schuhfried, 2013). Lastly, social cognition was
assessed with The Facial Expressions of Emotion Stimuli
and Test (FEEST) (Young et al., 2002).

Statistical analysis

Statistical analyses were performed using the Statistical Pack-
age for the Social Sciences (Version 28.0). Educational level
was scored using the Dutch classification system ranging from
(1)=no primary school, to (7) =university (Verhage, 1964).
Descriptive statistics were used to describe demographic and
clinical characteristics. Brain volumes were normalized for
age, sex, and head size (percentile values). cNeuro cMRI has
internal cut-off values to identify atypical brain volume val-
ues, compared to the on-board normative database. Cerebral
parenchymal volume values below the 10th percentile were
categorized as ‘lower’. Ventricular volumes above the 90th
percentile were categorized as ‘higher’. Normality assump-
tions were checked. To test for differences in volume measure-
ments between the total SAH group and HC2, Mann-Whitney
U and independent #-tests tests were used. Raw scores for neu-
ropsychological measures were compared between the total
SAH patient group and HC1, using Mann-Whitney U and
independent #-tests. Subsequently, raw scores of all neuropsy-
chological measures were transformed into z-scores based on
sex, age, and education matched normative data (Lezak et al.,
2004). Then, z-scores were computed based on raw scores,
averaged within each cognitive domain (excluding social cog-
nition). These z-scores were then compared between patients
with and without low cerebral parenchymal volumes or high

ventricular volumes in specific brain regions, using Mann-
Whitney U and independent t-tests. A significance threshold
of p<0.05 (two-tailed) was applied, with Bonferroni-Holm
corrections for multiple comparisons.

Results

Demographic characteristics of included patients and
HC can be found in Table 1. No significant differences
were found between the two patient groups and HC1, as
well as between the two patient groups and HC2, for sex
X%y =232, pye; = 0.31; X2y =247, pycr = 0.48) and
age (Fpe; =0.32, pye; = 0.73; Fyep, = 0.34, pyer = 0.71).

Volumetric analysis

In Table 2, percentages of patients and HC with lower or, in
case of the ventricles, higher volumetric measurements as
compared to the on-board normative database are depicted
for multiple brain regions. In both patients with aSAH and
anSAH, lower regional cerebral parenchymal volume was
most profound in the frontal lobe. Higher ventricular volume
was most frequent in the lateral ventricle - temporal horn
and fourth ventricle after aSAH and in the lateral ventricle -
frontal horn/body/occipital horn after anSAH.

We found no significant differences in cerebral parenchy-
mal or ventricular volume between patients with aSAH and
anSAH (all ps>0.05). For this reason, data for both SAH
groups were pooled for further analysis. When comparing
all regions between the total SAH group and HC2 group, we
found significant differences in the lateral ventricle - frontal
horn/body/occipital horn, lateral ventricle - temporal horn,
and 3rd ventricle (Supplementary Table 1). Patients with
SAH had higher volumes in all these regions. Although not
significant, patients with SAH had lower volumes in all cer-
ebral parenchymal regions, except for cerebral gray matter
and the occipital lobe.

Table 1 Demographic characteristics of patients with aSAH and anSAH and healthy controls

aSAH (n=17) anSAH (n=21) HC1 (n=76) HC2 (n=15)

Sex, women, n(%) 9(53%) 10(48%) 49(36%) 9(60%)
Age at time of SAH, years (M +SD) 55.5+15.5 53.1+9.9 54.4+7.7 55.8+5.8
Educational level (M +SD) 5£1.0 5+£0.8 5.8+0.8 5.6+0.5
Time at MRI since SAH in months (M +SD) 5+09 5+09
WENS

Low (1-3) 16(94%) 21(100%)

High (4-5) 1(6%) 0

External CSF drainage (ventricular/lumbar) 3(18%) 3(14%)

SAH subarachnoid hemorrhage, aSAH aneurysmal subarachnoid hemorrhage, anSAH angiographically negative subarachnoid hemorrhage,
HC healthy controls, SD standard deviation, WFNS World Federation of Neurological Surgeons, CSF cerebrospinal fluid
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Table2 Numbersand aSAH (n=17) anSAH (n=21) HC2 (n=15)
percentages of patients with
SAH with significantly lower Cerebral parenchymal volume
(percentile <10) regional Frontal lobe 6(35%) 7(33%) 3(20%)
cerebral parenchymal volume
and higher (percentile > 90) Temporal lobe 1(6%) 3(14%) 0
ventricular volume compared to Parietal lobe 2(12%) 1(5%) 1(7%)
an on-board normative database Occipital lobe 1(6%) 4(19%) 3(20%)
Medial Temporal Lobe 4(24%) 2(10%) 1(7%)
Cerebral GM 3(18%) 4(19%) 2(13%)
Total cerebral cortex 2(12%) 4(19%) 2(13%)
Ventricular volume
Lateral ventricle - frontal horn/body/ 5(29%) 9(43%) 1(7%)
occipital horn
Lateral ventricle - temporal horn 7(41%) 3(24%) 0
3rd ventricle 5(29%) 6(29%) 1(7%)
4th ventricle 7(41%) 5(24%) 1(7%)

aSAH aneurysmal subarachnoid hemorrhage, anSAH angiographically negative subarachnoid hemorrhage,
GM grey matter, HC healthy controls

Neuropsychological analysis

Table 3 presents mean scores on all neuropsychological tests,
tested for differences between patients with SAH and HC1.
We found significant differences on all measures, except for

the TMT-A, Digit Span Backward, and VTS RT S3.

Table 3 Differences between
patients with SAH (both aSAH
and anSAH) and healthy
controls on neuropsychological
tests

Associations between cognition and two specific brain
regions where significant volumetric changes were most

commonly observed (i.e. frontal lobe and lateral ventri-
cle — frontal horn/body/occipital horn), were investigated.
Table 4 indicates that patients with SAH with lower frontal

SAH patients (n=38) HCI1 (n=76)
M=SD M=SD 1/Z° P
Psychomotor speed
TMT-A 36+154 30.8+9.8 1125.5 0.06
VTS RT S1 329.9+86.5 277.8+49.7 845.5 <0.001*
VTS RT S2 271.1+85 233.8+45.8 989.5 0.01*
Working memory
Digit Span Forward 82+19 9.2+2.1 1033.5 0.01*
Digit Span Backward 7.8+1.7 85+1.7 1166.5 0.09
Memory
15 Words Test - IR 41.3+8.8 46.1+£9.9 1028.5 0.01%*
15 Words Test - DR 8.0+2.8 9.7+2.5 940.5 0.002*
Executive control
TMT-B 87.1+53 61+19.9 945 0.003*
VTS RT S3 491.8+100.8 454.1+76.9 1154 0.1
VTS DT S1 195.6+38.1 22744272 716.5 <0.001*
Social cognition
FEEST 45.8+5.6 49.1+49 -3.2 0.002*

SAH subarachnoid hemorrhage, HC healthy controls, TMT-A Trail Making Test part A, VTS RT S1 Vienna
Testing System Reaction Time S1, VTS RT S2 Vienna Testing System Reaction Time S2, /R immediate
recall, DR delayed recall, TMT-B Trail Making Test part B, VTS RT S3 Vienna Testing System Reaction
Time S3, VTS DT SI Vienna Testing System Determination Task S1, FEEST Facial Expression of Emo-
tional Stimuli Test, M mean, SD standard deviation, ¢ test statistic, p p-value

“Independent t-test for FEEST
*significant at <0.05

@ Springer



1 Page 6 of 9

Brain Imaging and Behavior (2024) 18:1

Table 4 Differences between patients with SAH (both aSAH and
anSAH) with and without lower frontal lobe parenchymal volume on
neuropsychological measures

Normal frontal
lobe volume

Lower frontal
lobe volume

(n=13) (n=25)
M+SD M+SD HU*  p
Psychomotor -0.95+0.71 -0.29+1.01 81.0 0.02%
speed
Working -0.51+0.85 -0.22+0.75 1.10 0.14
memory
Memory -0.46 +0.69 -0.41+0.72 026 0.40
Executive -0.36+0.46 0.08+0.42 2.86 0.004*
control
Social cognition -.30+0.97 -0.55+0.73 137.5 0.56

The neuropsychological measures are composite scores

M mean, SD standard deviation, ¢ test statistic for independent t-test,
p p value

*Mann-Whitney U test for psychomotor speed, social cognition
*significant at <0.05

lobe volume demonstrate significantly lower scores for psy-
chomotor speed and executive control compared to patients
with normal frontal lobe volume, suggesting slower cogni-
tive processing and worse executive control.

Table 5 presents the differences in neuropsychological
measures across multiple domains between patients with
SAH with higher lateral ventricle — frontal horn/body/occipi-
tal horn volume and those with normal volumes. Patients
with higher volume in this region demonstrated lower mem-
ory scores, indicating memory impairment. Among those
with higher lateral ventricle - frontal horn/body/occipital
horn volumes, 14% (n=2) had a temporary drain during
acute hospital admission. No significant differences were
found for the lateral ventricle - temporal horn, 3rd, and 4th
ventricle regarding neuropsychological measures between
patients with and without higher volumes.

Discussion

This study suggests that quantitatively measured differ-
ences in cerebral parenchymal and ventricular volume can
be detected in patients with aSAH and anSAH, even when no
visible parenchymal loss is observed on conventional MRI.
Cognitive impairments were evident across all domains
(psychomotor speed, memory, executive control, and social
cognition). In both SAH groups, lower regional cerebral
parenchymal volume was most frequently observed in the
frontal lobe, associated with poorer performance in psycho-
motor speed and executive control compared to patients with
normal frontal lobe volume. Moreover, higher lateral ventri-
cle volume was associated with worse memory performance
in both SAH groups.

Patients with lower cerebral parenchymal volume, com-
pared to the on-board normative database of the automatic
MRI quantification tool, were found across all measured
regions, with the frontal lobe being most affected. 35% of
patients with aSAH and 33% of patients with anSAH dem-
onstrated lower frontal lobe volume. Our findings align with
prior aSAH studies (Bendel et al., 2008) and contribute to
the literature by demonstrating lower frontal lobe volume in
patients with anSAH as well. No significant differences in
regional cerebral parenchymal volumes were found between
the two SAH groups in any of the measured regions, sug-
gesting that endovascular treatment received by patients with
aSAH does not influence the extent of brain damage. These
results provide additional support for the role of metabolic
changes in neurodegeneration after SAH (Jstergaard et al.,
2013). In line with previous research in patients with anSAH
(Gama Lobo & Fragata, 2022), this study challenges the
assumption of a favorable outcome in this patient group.

When comparing the total SAH group to HC, signifi-
cantly higher volumes in the lateral ventricle - frontal horn/
body/occipital horn, lateral ventricle - temporal horn, and
3rd ventricle were identified in patients as early as 5 months
post-ictus. Although cerebral parenchymal volumes were

Table 5 Differences between
patients with SAH (both aSAH

higher volume (n=14)

Normal volume (n=24)

and anSAH) with and without M+SD M+SD U P

higher lateral ventricle — frontal b0 1 or cneed 0.50+1.12 0.17+0.89 159.5 0.59

horn/body/occipital horn

volume on neuropsychological Working memory -0.18+0.93 -0.40+0.70 -0.85 0.20

measures Memory -0.84 +0.50 -0.19+0.70 3.06 0.002*
Executive control -0.03 +£0.64 -0.09+0.37 -0.33 0.37
Social cognition -0.46+0.85 -0.47+1.06 143.5 0.96

The neuropsychological measures are composite scores

M mean, SD standard deviation, ¢ test statistic for independent t-test, p p value

“Mann-Whitney U test for psychomotor speed, social cognition

*significant at <0.05
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generally lower in patients, excluding gray matter volume
and occipital lobe volume, these differences lacked statisti-
cal significance.

Previous research demonstrated compromised psychomo-
tor speed and executive control after both aSAH (Buunk
et al., 2016; Nussbaum et al., 2020) and anSAH (Burke
et al., 2018; Khosdelazad et al., 2023). Kochunov et al.
(2010) showed that psychomotor speed is correlated with
frontal lobe functioning in healthy older adults. Addition-
ally, a recent review provides abundant proof of the relation
between executive control and prefrontal cortex functioning
(Friedman & Robbins, 2022). Our study is the first to find
an association between lower psychomotor speed, worse
executive control, and lower frontal lobe volume, indicating
that lower cerebral parenchymal volume in this area nega-
tively impacts cognitive functioning. In addition, we inves-
tigated social cognition in relation to frontal lobe volume in
patients with SAH, which had not been previously explored.
Although prefrontal cortex regions play an important role
in social cognition, (Friedman & Robbins, 2022; Forbes &
Grafman, 2010) this study did not find a relation between
lower frontal lobe volume and poorer performance in this
cognitive domain. Different aspects of social cognition are
related to specific regions within the prefrontal cortex; the
orbitofrontal cortex, medial and ventromedial prefrontal
cortex seem particularly important in emotion recognition
(Forbes & Grafman, 2010; Sabatinelli et al., 2011). It is
possible that the impact of lower frontal lobe volume was
minimal in these specific brain regions, thereby limiting its
effects on emotion recognition.

Furthermore, higher ventricular volumes were found in
a substantial proportion of patients in both SAH groups.
Ventricular enlargement can either be a consequence or a
cause of brain atrophy (Li et al., 2018). When brain tissue
volume decreases due to atrophy, a compensatory response
often involves the expansion of the ventricles. On the other
hand, SAH-related elevated intracranial pressure can result
in enlargement of ventricular system/pericerebral CSF-
spaces. Excess CSF can compress and distort surrounding
brain structures, impeding blood supply and causing tissue
damage and atrophy. Within this study, 18% of patients with
aSAH and 14% of patients with anSAH received treatment
for acute hydrocephalus through (temporary) external CSF
drainage in the acute stage following SAH. None of the
patients developed a permanent CSF resorption disorder,
indicating effective temporary drainage. Previous research
found higher CSF/ICV ratios in patients with SAH with at
least one neuropsychological deficit compared to those with-
out any deficits, indicating a potential relationship between
increased ventricular volume and neuropsychological
impairments (Bendel et al., 2010). Our study indicates that
patients with higher lateral ventricle - frontal horn/body/
occipital volumes exhibited worse performance on memory

tests, while performance in other cognitive domains did not
show significant differences. This association is not sur-
prising, given that the hippocampus, which plays a major
role in learning and memory, lines the lateral ventricle.
Enlargement of the lateral ventricles can affect neighbor-
ing structures, including the hippocampus, which can result
in memory difficulties. Previous research has also found
associations between increased lateral ventricular volume
and worse memory performance in older adults (Harrison
et al., 2012) and in subjects with mild cognitive impairment
(Rogne et al., 2016). The current study indicates that this
association may also be observed in patients with aSAH and
anSAH.

While this study provides valuable insights, certain limi-
tations should be acknowledged. First, the absence of imag-
ing during the acute phase post-ictus precluded longitudi-
nal assessments of atrophy rates over time. Future research
should incorporate such assessments to enhance understand-
ing of dynamic changes in brain structure following aSAH
and anSAH. Second, no distinction was made within the
anSAH patient group regarding a perimesencephalic or a
diffuse blood distribution. Investigating this distinction in
future research could provide valuable insights, considering
that secondary complications are more common in patients
with a diffuse bleed pattern (Gross et al., 2012). Lastly, we
excluded patients with aSAH whose aneurysms were clipped
due to the expected presence of artifacts in the anatomical
MRI series and as a result in the segmentation. It would be
interesting to investigate the impact of surgical intervention
on brain volume in the future.

Conclusions

In conclusion, this study suggests that decreases in regional
cerebral parenchymal volume and/or enlargements of ven-
tricular volume can occur after aSAH and anSAH, even
without evident parenchymal loss on conventional brain
scans. More importantly, lower frontal brain volume and
higher lateral ventricular volume were associated with
reduced cognitive functioning, which may negatively affect
daily life functioning. Therefore, our study highlights the
significance of conducting neuropsychological assessment
for both patients with aSAH and anSAH, including those
patients with clinically mild symptoms. Such assessments
can provide valuable insights into cognitive impairments and
guide appropriate care and interventions.
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