bioRxiv preprint doi: https://doi.org/10.1101/2021.05.05.442398; this version posted May 5, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Strategic infarct locations for post-stroke depressive symptoms: a lesion- and

disconnection-symptom mapping study

Nick A. Weaver!, MD, Jae-Sung Lim? MD PhD, Janniek Schilderinck?, BSc, Geert Jan Biessels!, MD
PhD, Yeonwook Kang*#, PhD, Beom Joon Kim®, MD PhD, Hugo J. Kuijf®, PhD, Byung-Chul Lee3, MD
PhD, Keon-Joo Lee®, MD, Kyung-Ho Yu®, MD PhD, Hee-Joon Bae*®, MD PhD, J. Matthijs Biesbroek*?,
MD PhD

* These authors contributed equally

!Department of Neurology and Neurosurgery, UMC Utrecht Brain Center, Utrecht, the Netherlands
2Department of Neurology, Asan Medical Center, Seoul, Republic of Korea

3Department of Neurology, Hallym University Sacred Heart Hospital, Hallym Neurological Institute,
College of Medicine, Hallym University, Anyang, Republic of Korea

“*Department of Psychology, Hallym University, Chuncheon, Republic of Korea

*Department of Neurology, Seoul National University Bundang Hospital, Seoul National University
College of Medicine, Seongnam, Republic of Korea

®Image Sciences Institute, University Medical Center Utrecht, Utrecht, the Netherlands

Corresponding Author: N.A. Weaver, Department of Neurology and Neurosurgery, University Medical
Center Utrecht, Heidelberglaan 100, Internal mail no. G03.129, 3508GA Utrecht, the Netherlands. Email:

n.a.weaver@umcutrecht.nl. Telephone: +31887556866

Key words: ischemic stroke, lesion-symptom mapping, lesion location, magnetic resonance imaging, post-

stroke depression, Geriatric Depression Scale


mailto:n.a.weaver@umcutrecht.nl
https://doi.org/10.1101/2021.05.05.442398
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.05.442398; this version posted May 5, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Abstract

Background: Depression is the most common neuropsychiatric complication after stroke. Infarct location
is associated with post-stroke depressive symptoms (PSDS), but it remains debated which brain structures
are critically involved. We performed a large-scale lesion-symptom mapping study to identify infarct
locations, and white matter disconnections, associated with PSDS.

Methods: We included 553 patients (age 69+11 years, 42% female) with acute ischemic stroke. PSDS were
measured using the 30-item Geriatric Depression Scale (GDS-30). Multivariable support vector regression
(SVR)-based analyses were performed both at the level of individual voxels (SVR-VLSM) and predefined
regions of interest (SVR-ROI) to relate infarct location to PSDS. We externally validated our findings in
an independent stroke cohort (N=459). Finally, disconnectome-based analyses were performed using SVR-
VLSM, in which white matter fibers disconnected by the infarct were analyzed instead of the infarct itself.
Results: Infarcts in the right amygdala, right hippocampus and right pallidum were consistently associated
with PSDS (permutation-based p<0.05) in SVR-VLSM and SVR-ROI. External validation (N=459)
confirmed the association between infarcts in the right amygdala and pallidum, but not the right
hippocampus, and PSDS. Disconnectome-based analyses revealed that disconnections in the right
parahippocampal white matter, right thalamus and pallidum, and right anterior thalamic radiation were
significantly associated (permutation-based p<0.05) with PSDS.

Conclusions: Infarcts in the right amygdala and pallidum, and disconnections of right limbic and frontal
cortico-basal ganglia-thalamic circuits, are associated with PSDS. Our findings provide a comprehensive
and integrative picture of strategic infarct locations for PSDS, and shed new light on pathophysiological

mechanisms of depression after stroke.
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Introduction

Depression is the most common neuropsychiatric complication after stroke, affecting approximately one-
third of stroke survivors (1). Individuals with post-stroke depression are at a higher risk of functional
impairment, reduced quality of life, and increased mortality (2). Despite its high prevalence and debilitating
impact on patients, the pathophysiology of post-stroke depression remains poorly understood (3). Better
understanding of post-stroke depression pathophysiology is a critical step towards developing targeted
prevention and treatment strategies, as was emphasized in a recent statement from the American Heart

Association and American Stroke Association (3).

Infarct location has been identified as a contributor to post-stroke depressive symptoms (PSDS), yet it
remains debated which brain structures are critically involved. Numerous reviews on this topic have been
published in the past two decades, but results are inconsistent (see Supplementary Table 1). The most recent
systematic review and meta-analysis to date (covering literature until 2016) found that infarcts in frontal
and subcortical locations, and in the basal ganglia, were significantly associated with PSDS (4). However,
many original studies only considered relatively crude spatial characteristics (e.g. hemispheric lateralization
or frontal lobe involvement) (4,5). In the past decade, several studies have applied lesion-symptom mapping
techniques to analyze the relationship between infarct location and depressive symptoms at a more detailed
spatial resolution, usually at the level of individual brain voxels (6-10). Previous studies found significant
associations for infarcts in the left dorsolateral prefrontal cortex (DLPFC) (7), left ventrolateral prefrontal
cortex (11), and posterior cerebellum (8), while three studies found no significant associations (6,9,10). The
lack of consistent evidence may be due to modest sample sizes in individual studies (i.e. largest single-
center sample N=270), or specific inclusion criteria (e.g. only left hemispheric infarcts (7) or isolated
cerebellar infarcts (8)), both resulting in limited lesion coverage of the brain. Lesion coverage is important
in lesion-symptom mapping studies, because if an anatomical structure is not damaged in a sufficient

number of patients, potential structure-function relations will not be detected. Of note, the largest lesion-
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symptom mapping study on PSDS to date (N=461 total) largely consisted of a mixed population, including
individuals with traumatic brain injury and intracerebral hemorrhages and only ~40% with ischemic stroke
(9). In light of differences in disease mechanisms, this may have affected the results. A large-scale study

with a homogeneous population could overcome these challenges.

Notably, a recent study proposed that disconnections caused by an infarct, rather than the location of the
infarct itself, might also be related to depressive symptoms. In a combined sample from five datasets with
different lesion etiologies, no specific lesion locations were associated with depressive symptoms, yet when
functional disconnections (as identified using a normative functional connectome dataset) caused by each

lesion were analyzed, robust associations with functional disconnection of the left DLPFC were found (9).

In this large-scale study we aimed to identify infarct locations associated with PSDS using multivariable
lesion-symptom mapping, which we subsequently validated in an independent stroke cohort. Additionally,
building upon emerging evidence, we performed structural disconnection-symptom mapping analyses

using the same multivariable analysis approach.

Methods and Materials

Study population

Patients were selected from the Bundang Vascular Cognitive Impairment (VCI) cohort, consisting of
patients admitted to Seoul National University Bundang Hospital, Republic of Korea, with acute ischemic
stroke between 2007 and 2018 (12). A total of 553 patients were selected based on the following inclusion
criteria: 1) brain magnetic resonance imaging (MRI) showing the acute symptomatic infarct(s) on diffusion-
weighted imaging (DWI) and/or fluid-attenuated inversion recovery (FLAIR), 2) successful infarct
segmentation and registration (section “Generation of lesion maps”), 3) no previous cortical infarcts, large
subcortical infarcts or intracerebral hemorrhages on MRI (section “Generation of lesion maps”), and 4)
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available 30-item Geriatric Depression Scale (GDS-30) assessment, and clinical data on age, sex, and

education. A flowchart of patient selection is provided in Figure 1.

Generation of lesion maps

Brain MR, including DWI and FLAIR sequences, was performed with a 3 tesla MRI scanner in the first
week after stroke onset. Details regarding the MRI protocol are provided in the Supplementary Material.
Lesion data was available from a previous project (13). In short, infarct segmentation and subsequent
registration to the T1 1 mm MNI-152 brain template (resolution 1x1x1 mm) (14) were performed in
accordance with a previously published protocol (15). First, acute infarcts were manually segmented on
DWI (N=536; 97%) or FLAIR (N=17; 3%) sequences using in-house developed software built in
MeVisLab (MeVis Medical Solutions AG, Bremen, Germany) (16). ADC maps and T1 sequences were
used as reference when available. Next, all scans and the corresponding lesion maps were transformed to

MNI-152 space with the RegLSM tool (https://github.com/Meta-VCl-Map/RegL.SM). Quality checks of all

registration results were performed by an experienced rater (N.A.W.). Manual adaptations were made in
case of minor registration errors (N=255; 46%). Presence of chronic cortical infarcts (any size), large
subcortical infarcts (>15 mm), and large intracerebral hemorrhages (>10 mm) was assessed by an

experienced rater (N.A.W.), and patients with any of these lesions were excluded from the current study.

Generation of disconnectome maps

Disconnectome maps were calculated using the BCBtoolkit (17). This approach utilizes connectome maps
derived from diffusion weighted imaging tractography data from 10 healthy controls (18) and uses the
patient’s lesion maps as seed region for tractography to identify disconnected white matter fibers (17). Ina
previous validation study, these 10 healthy controls proved to be enough to obtain disconnectome maps
that match the overall population (i.e. >70% shared variance) and to ensure that the reliability of these
disconnection maps did not decrease with increasing age of the patient (17). For each healthy control,
tractography was estimated as previously described (19). The lesion map in MNI-152 space of each patient
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was registered to the native space of the healthy controls using affine and diffeomorphic deformations
(20,21) and subsequently used as seed for the tractography in Trackvis (22). Tractographies from the lesions
were transformed into visitation maps (23), binarized and registered back to MNI-152 space using the
inverse of precedent deformations. Finally, a percentage overlap map was generated for each patient by
summing the normalized visitation map of each healthy subject for each voxel in MNI-152 space. Hence,
in the resulting disconnectome map, the value in each voxel indicates the probability of disconnection from
0 to 100%. The disconnectome maps were subsequently dichotomized using a threshold of >50%. Thus,
for each voxel in the brain, the binary disconnectome maps indicated whether an anatomical connection
with the lesioned area would normally exist in healthy individuals, and consequently whether a voxel would

become disconnected by the lesion.

Assessment of post-stroke depressive symptoms

Depressive symptoms were measured using a validated Korean version of the GDS-30 (24). The GDS is a
self-report questionnaire on depressive symptoms; patients respond to a list of questions in “yes/no” format,
with higher scores indicating a larger number of depressive symptoms (25). The GDS-30 was administered
within the first year post-stroke by trained clinical neuropsychologists who were blinded to patients’ clinical
and neuroradiological profiles. At the discretion of the attending physician, patients were excluded if they
suffered from disabilities that would interfere with neuropsychiatric testing, including neurological deficits

such as severe aphasia or severe motor weakness, or impairment of hearing or vision.

Statistical analyses

Outcome measures

GDS-30 scores were converted into standardized z-scores and multiplied by -1, so that lower scores
indicated more depressive symptoms. Correction for covariates was performed in two steps. First, z-scores

were corrected for age, sex, and years of education using linear regression. Second, we further took the
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influence of stroke severity, physical disability, and cognitive impairment into account, because these were
identified as most consistent predictors of PSDS in a recent review (3). For this purpose, we performed
additional correction for National Institutes of Health Stroke Scale (NIHSS) score, impairment of Activities
of Daily Living (ADL) according to the Korean Instrumental Activities of Daily Living, and presence of
post-stroke cognitive impairment (PSCI) (definitions provided in Supplementary Material). Both corrected
z-scores (i.e. corrected for 3 and 6 factors respectively) were analyzed separately as measures for PSDS in

all SVR-based analyses mentioned below.

Lesion-symptom mapping

We performed multivariable support vector regression-based (SVR) analyses to determine the association
between infarct location and post-stroke depressive symptoms. Two independent, hypothesis-free
approaches were applied in accordance with previously published methods (26,27): voxel-based (SVR-
VLSM) and region of interest-based lesion-symptom mapping (SVR-ROI). Both SVR-based methods were
applied because of their complementary strengths: SVR-VLSM offers a much higher spatial resolution,
while SVR-ROI takes the cumulative lesion burden within predefined brain regions into account. An
important advantage of these multivariable methods is that the interrelation between voxels and ROIs is

taken into account, thereby providing a higher spatial accuracy than mass-univariable methods (27).

SVR-VLSM was performed using Python (SciPy 1.4.1). Only voxels damaged in at least 5 patients were
included in the analyses. A linear SVR model with feature selection was used, in accordance with previous
studies (26,27). In the feature selection step, only voxels in which the presence of a lesion was univariately
associated with depressive symptoms (two-sided t-test, uncorrected p<0.05) were selected to reduce noise.
Next, parameter training of the linear SVR model was performed to determine the optimal regularization
parameter (C) and epsilon to maximize the prediction performance of the z-scores. The prediction
performance was calculated for each combination of C and epsilon values by determining the mean Pearson
correlation coefficient between the real and predicted z-scores with 5-fold cross-validations (optimal
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parameters in Supplementary Table 2). Statistical inference was performed by shuffling the observations
of z-scores to create pseudo weight coefficients, and the significance level of each voxel was calculated by
counting the number of pseudo weights larger than the real weight in 5000 permutations. VVoxels with
permutation-based p<0.05 were treated as statistically significant. We corrected for total infarct volume by
weighting the lesioned voxels in inverse proportion to the square root of total infarct volume prior to model

training.

SVR-ROI was performed using MATLAB (version R2018a). ROIs were defined using the AAL atlas (119
ROIs) (28) and ICBM-DTI-81 white matter tract atlas (50 ROIs) (29,30) in MNI-152 space (14). Infarct
volumes for each ROI were calculated in milliliters. Only ROIs damaged in at least 5 patients were included
in the analyses. Similar to the SVR-VLSM, a linear SVR model with feature selection was used (31). In the
feature selection step, ROIs with a univariate significant Pearson correlation (p<0.05) between infarct
volume and PSDS were selected. The parameter training and statistical inference of SVR-ROI corresponded
with the SVR-VLSM (optimal parameters in Supplementary Table 3). ROIs with permutation-based p<0.05
were treated as statistically significant. We corrected for total infarct volume by including it as covariate

alongside the ROI volumes in the SVR models.

Disconnection-symptom mapping

The association between anatomical disconnections and depressive symptoms was analyzed at the level of
individual voxels using SVR-VLSM. The same SVR-VLSM approach was applied (see section “Lesion-
symptom mapping”), but with two differences: disconnectome maps were entered as independent variable
instead of lesion maps, and we corrected for total disconnectome volume instead of total infarct volume.

Voxels with permutation-based p<0.05 were treated as statistically significant.
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External validation

To determine the external validity and reproducibility of our findings, we determined whether the
statistically significant ROIs identified in the SVR-ROI analysis were also associated with depressive
symptoms in an independent study sample from the Hallym VVCI cohort (N=459) (32). Study protocols and
patient characteristics were comparable to the Bundang VCI cohort, and lesion data was collectively
prepared in a previous collaboration between the two centers (13). In the Hallym VCI cohort, depressive
symptoms were measured using a validated Korean version of the 15-item Geriatric Depression Scale
(GDS-15) (33), which is a shorter version of the GDS-30 questionnaire. Details on patient characteristics
and selection for the validation sample are provided in the Supplementary Material. We followed the same
data processing steps as for the Bundang VCI cohort: GDS-15 scores were converted into standardized z-
scores and multiplied by -1, and infarct volumes per ROI were calculated using the AAL atlas (28) and
ICBM-DTI-81 atlases (29,30) in MNI-152 space (14). Significant ROIs were selected from the SVR-ROI
results (p<0.05), and these ROI volumes were entered in separate multiple linear regression model together
with age, sex, and education. This was done for both Bundang VCI and Hallym VCI datasets to allow for
direct comparison. As negative control, models were also built for three ROIs that were selected based on
the following criteria: 1) no association with PSDS in any of the analyses using GDS-30 in the main sample
(NB: if an ROI was significantly associated with PSDS in one hemisphere, the contralateral ROl was also
excluded); 2) 1 left supratentorial, 1 right supratentorial, and 1 infratentorial ROl were randomly selected
to ascertain spatial independence of the selected negative control ROIs. All ROI volumes underwent cube
root transformation to meet the normality assumptions of multiple linear models. Standardized betas (Stp)

were calculated for each ROI.

Ethics statement
Patient data was collected in accordance with study protocols approved by the Institutional Review Boards

of the Seoul National University Bundang Hospital and Hallym University Sacred Heart Hospital with a
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waiver of patient consent because of the retrospective nature of the study and minimal risk to the study
participants. Use of the acquired data for the current study was also approved by these Institutional Review

Boards.

Results

Study population

Demographic and clinical characteristics of the 553 included patients are provided in Table 1. Mean age
was 69 years (SD=11), 42% were female (N=233/553), and median years of education was 9 (IQR=6-14).
GDS-30 scores ranged from 0 to 30 (i.e. full range of scores), with a median of 13 (IQR=7-20). PSCI and
ADL impairment occurred in 58% and 25% of patients respectively, and median NIHSS was 3 (IQR=1-5).
GDS-30 and cognitive assessments generally took place in the first 6 months post-stroke, with a median
time interval of 105 days (IQR=11-168). Infarcts were generally small, with a median normalized volume

of 3.3 mL (IQR=1.1-15.1).

Lesion-symptom mapping results

Infarct distribution was symmetrical and subcortical regions were more commonly damaged than cortical
regions (Figure 2A). Because of the large sample size, brain coverage was relatively high. In the SVR-
VLSM analyses, 52% of voxels of the MNI-152 template (944,338/1,827,240 voxels) were included. Parts
of the midbrain, temporal lobes, cerebellum, and anterior cerebral artery territory could not be included due
to infrequent involvement (i.e. damaged in <5 patients). In the SVR-ROI analyses, 167 out of 169 ROIls

were included.

SVR-VLSM results are shown in Figure 2B-C. Voxel clusters in the right amygdala, right pallidum, right
corona radiata, right sagittal striatum, bilateral hippocampi, bilateral fornices, and left cingulum of the
hippocampus were significantly associated with more PSDS (permutation-based p<0.05), after correction

for age, sex, education, total infarct volume, NIHSS score, ADL impairment and PSCI (Figure 2C and
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Supplementary Table 4). Voxel clusters in the left pallidum and right postcentral gyrus were also associated
with more PSDS after correction for age, sex, education and total infarct volume (Figure 2B), but no longer
statistically significant after additional correction for NIHSS score, ADL impairment and PSCI (Figure 2C).
SVR-ROI results are shown in Figure 2D-E. Total infarct volume was not univariately associated with more
PSDS, therefore it was not included in the SVR-ROI models as covariate. Regional infarct volumes in the
right amygdala, right pallidum and right hippocampus were significantly associated with more PSDS
(permutation-based p<0.05), after correction for age, sex, education, NIHSS score, ADL impairment and
PSCI (Figure 2E). Regional infarct volumes in the left fornix, splenium of the corpus callosum, and right
posterior corona radiata were also associated with more PSDS after correction for age, sex, education
(Figure 2D), but no longer statistically significant after additional correction for NIHSS score, ADL
impairment and PSCI (Figure 2E). No infarct locations were significantly associated with less PSDS in

either SVR-VLSM or SVR-ROI analyses.

Disconnection-symptom mapping results

Disconnections of nearly all supratentorial white matter fibers were included in the analyses, with a
symmetrical distribution (Figure 3A). Disconnectome-based analyses with SVR-VLSM revealed that
disconnections in the right parahippocampal white matter, right thalamus and pallidum, and right anterior
thalamic radiation were significantly associated (p<0.05) with more PSDS, after correction for age, sex,

education, total disconnectome volume, NIHSS score, ADL impairment and PSCI (Figure 3B).

External validation

Demographic and clinical characteristics of the validation sample (Hallym VCI, N=459) are shown in
Supplementary Table 5. Compared to the main sample (Bundang VCI, N=553), the validation sample was
younger (65 versus 69 years), had smaller infarcts (median infarct volume: 1.9 versus 3.3 mL), and had a

lower occurrence of PSCI (44% versus 58%) and ADL impairment (13% versus 25%). Brain lesion
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coverage was lower in the validation sample, particularly in the bilateral temporal and occipital lobes, due
to the smaller infarcts and smaller sample size (Supplementary Figure 2). Based on the SVR-ROI results
(Figure 2E), the right amygdala, right hippocampus, and right pallidum were selected as ROls for the
external validation (Table 2). In the validation sample, regional infarct volumes in the right amygdala (Stp=-
0.15, p=0.001) and right pallidum (Stp=-0.14, p=0.002) were significantly associated with more PSDS,
with slightly larger effect sizes than in the main sample (St=-0.11 and -0.09 respectively). By contrast, the
association with the right hippocampus was not confirmed (Stp=-0.03, p=0.5). ROIs randomly selected as

negative controls were not associated with PSDS in the validation sample (Table 2).

Discussion

In this large-scale lesion-symptom mapping study, we newly identified the right amygdala as infarct
location associated with PSDS, and further pinpointed the right pallidum as key location within the basal
ganglia. This finding was replicated in an independent cohort. Furthermore, we showed that structural
disconnections located in right thalamo-cortical and parahippocampal white matter were associated with
PSDS. This converging evidence demonstrates that infarcts and resulting structural disconnections located

in right frontal cortico-thalamic and limbic circuits are related to PSDS.

The relationship between infarct location and PSDS has been extensively studied, yet previous findings
varied widely. Early studies were limited by technical constraints and could only consider relatively crude
spatial characteristics, such as hemispheric lateralization or lobar involvement (5). Although recent lesion-
symptom mapping studies provided a higher spatial resolution, they still lacked consistent evidence, likely
due to modest sample sizes and subsequent limited lesion coverage and inclusion of mixed pathologies. In
our large homogeneous sample we achieved high brain coverage (i.e. 52% compared to <25% in most

monocenter lesion-symptom mapping studies (26)) and performed state-of-the-art analyses at a detailed
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spatial resolution, and thereby created the most comprehensive picture of strategic infarct locations for

PSDS to date.

A recent systematic review and meta-analysis found that infarcts in the basal ganglia were significantly
associated with PSDS (4). We confirm and extend these findings by pinpointing the pallidum, and more
specifically the ventral pallidum (i.e. based on the VLSM analyses), as key anatomical structure within the
basal ganglia. This increased anatomical detail is important, because the basal ganglia consist of a multitude
of structures and projections, within which the ventral pallidum is a core component of the limbic loop (34).
Furthermore, we identified the right amygdala as strategic infarct location, which has only been suggested
once before in a study in 68 stroke patients (35). This limited prior evidence on the amygdala might be due
to its infrequent involvement and subsequent limited statistical power in smaller studies, considering that
the amygdala is supplied by the anterior choroidal artery (36) which only accounts for 8% of patients with
acute ischemic stroke (37). An important strength of our study is that we externally validated the relevance
of these locations in an independent dataset. Despite the use of a different version of the GDS and
differences in cohort characteristics (i.e. age, infarct size, and presence of functional impairment), the right
amygdala and pallidum showed comparable associations with PSDS in both stroke cohorts. This

demonstrates the robustness and generalizability of our findings.

Recent evidence suggests that PSDS can result from interruptions of functional brain networks caused by
infarcts (9). Our complementary lesion- and disconnection-symptom mapping approaches provide an
integrated perspective, showing that both infarct location and structural disconnections are important. Our
voxel-based analyses showed a clear pattern of involvement of voxel clusters in limbic system structures,
including the amygdala and ventral pallidum, but also the hippocampus, fornix, cingulate gyrus, and
cingulum of the hippocampus. Meanwhile, the disconnetome-based analysis showed specific involvement
of tracts connecting the right frontal cortex to the pallidum and thalamus, and from the thalamus to the
parahippocampal white matter. Taking these findings together, the right limbic and frontal cortico-basal
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ganglia-thalamic circuits consistently emerge as key brain networks, in which both direct damage to key

brain structures and disruption of connecting pathways are linked to PSDS.

The pathophysiology of PSDS is complex and involves a combination of biological and psychosocial
factors (3). Our findings strengthen the notion that lesion location is a contributing biological factor, and
suggest a central role of the limbic system. This is in line with evidence from studies on depression as
primary psychiatric disorder. Decreased amygdala and hippocampus volumes were found in patients with
depression, and functional MRI and PET studies have reported changes in metabolism or activity in the
amygdala and hippocampus (38). Diffusion tensor imaging-based studies have reported structural
alterations to fronto-striato-thalamic white matter tracts in patients with depression (39). Meanwhile, white
matter hyperintensities are also thought to contribute to depressive symptoms in elderly people through
disruption of structural brain networks (i.e. following the “vascular depression” hypothesis) (40,41). White
matter hyperintensities located in (pre)frontal and temporal regions have been associated with depressive
symptoms (42-45), which aligns with locations identified in our disconnectome-based analyses. This
suggests that vascular damage to the fronto-limbic circuits represents a common mechanism of depressive

symptoms in cerebral small vessel disease and acute ischemic stroke (5).

Post-stroke physical and cognitive deficits have also been linked to PSDS, indirectly suggesting that PSDS
may be a psychological reaction to these deficits (3,46). Our results were independent of measures of stroke
severity, physical disability and cognitive impairment, which supports the notion of a direct effect of

infarcts on the depressive symptoms.

A notable observation is that most of the infarct locations associated with PSDS were located in the right
hemisphere, even though our lesion coverage of the right and left hemisphere was nearly symmetrical. The
impact of lesion laterality in PSDS has been a topic of extensive discussion in the field, but no clear pattern
has been found. A recent meta-analysis found no association with laterality in 60 studies, neither in the
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pooled analysis nor in subgroup analyses stratified by study phase (i.e. acute, subacute, and chronic) (4).
Evidence on lateraterality from other neuroimaging research on depression (e.g. EEG, fMRI, PET) is also
inconclusive (47). Our results should therefore not be interpreted as specific to the right hemisphere, but

rather to highlight the importance of specific brain structures and networks.

Some limitations to our study must also be noted. First, the GDS-30 was designed as a screening tool. While
the questionairre allows us to reliably quantify the number of depressive symptoms, it is not suitable for
determining a formal diagnosis of post-stroke depression. A formal diagnosis might be more relevant from
a clinical perspective, but would require elaborate evaluation by a psychiatrist, which might prove difficult
to achieve in large-scale stroke studies. Second, information on clinical history of depression was not
collected, therefore we could not take potential influence of pre-stroke symptoms into account. Third, our
analysis of structural disconnections was based on a brain connectivity template, and not the actual brain
connectivity of individual patients, therefore patient-specific variability in brain connectivity might not be

fully accounted for.

Our study contributes to the knowledge of the pathophysiology of post-stroke depression by highlighting
the involvement of specific brain structures and connections (3). As a next step, the value of strategic infarct
location as a prognostic imaging marker could be assessed using predictive modeling, similar to a recent
study on PSCI prediction (48). If successful, this could facilitate early identification of patients at risk of
developing PSDS, permit more timely intervention and treatment of these debilitating symptoms, and

thereby lower the burden on both patients and caregivers.
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Figure 1. Flowchart of patient selection
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Figure 2. Lesion prevalence map and lesion-symptom mapping results (N=553)

Z=-23 -18 -13 -8
A) Lesion prevalence map

Infarct frequency: N =5 >30

B) SVR-LSM results (corrected for age, sex, education, infarct volume)

&

C) SVR-LSM results (add. correction for NIHSS, ADL impairment, PSCI)

250008880

D) SVR-ROI results (corrected for age, sex, education)

Hipp Fornix Pall Thalamus

Hipp Pall
B Univariable p<0.05 Multivariable p<0.05

Results are depicted on the Montreal Neurological Institute 152 T1 1mm template (Fonov et al. 2011). (A) Infarct prevalence map
showing voxels that are damaged in >5 patients (total N=553). Only colored voxels were included in subsequent analyses. (B-C)
Results of voxel-based lesion-symptom mapping (SVR-VLSM). First, feature selection was performed using univariable voxel-
based lesion-symptom mapping (two-sample t-test; p<0.05). Next, linear SVR-VLSM was performed on these selected voxels
(shown in red and cyan). Significant voxels from the SVR-LSM analysis are shown in red (p<0.05 based on 5000 permutations);
feature-selected but non-significant voxels are shown in cyan. (D-E) Results of region of interest-based lesion-symptom mapping
(SVR-ROI). ROIs were defined by the AAL grey matter atlas and ICBM-DTI-81 white matter tract atlas in MNI-152 space. First,
feature selection was performed using regional infarct volumes and total infarct volume (Pearson correlation; p<0.05). Note that
total infarct volume was not selected in this step. Next, linear SVR-ROI was performed on these selected ROls (shown in red and
cyan). Significant ROIs from the SVR-ROI analysis are shown in red (p<0.05 based on 5000 permutations); feature-selected but
non-significant voxels are shown in cyan. Abbreviations: NIHSS = National Institutes of Health Stroke Scale, ADL = Activities of
Daily Living, PSCI = post-stroke cognitive impairment, Amg = amygdala, Hipp = hippocampus, Pall = pallidum, SCC = splenium
of the corpus callosum, PCR = posterior corona radiata, Cing = cingulate gyrus.
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Figure 3. Structural disconnection prevalence map and disconnection-symptom mapping results

Z=-23 -18 -13 -8 2
A) Disconnectome prevalence map

Disconnection frequency. N =5

B) SVR-LSM results (corrected for age, sex, education, disconnectome
volume, NIHSS, ADL impairment, PSCI)

B Univariable p<0.05 Multivariable p<0.05

Results are depicted on the Montreal Neurological Institute 152 T1 1mm template (Fonov et al. 2011). (A) Structural disconnection
prevalence map showing voxels that are affected in >5 patients (total N=553). Only colored voxels were included in subsequent
analyses. (B) Results of voxel-based disconnection-symptom mapping (SVR-LSM). Note that this method is the same as for the
infarct location-based analysis (see Figure 2B-C), but using the map of disconnections caused by the infarct as determinant instead
of the infarct itself. First, feature selection was performed using univariable voxel-based lesion-symptom mapping (two-sample t-
test; p<0.05). Next, linear SVR-LSM was performed on these selected voxels (shown in red and cyan). Significant voxels from the
SVR-LSM analysis are shown in red (p<0.05 based on 5000 permutations); feature-selected but non-significant voxels are shown
in cyan. Abbreviations: NIHSS = National Institutes of Health Stroke Scale, ADL = Activities of Daily Living, PSCI = post-stroke
cognitive impairment.
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Table 1. Demographic and clinical characteristics of study sample (N=553)

Demographics and clinical characteristics

Total sample (N=553)

Age (years), mean (SD) 69.0 (11.0)
Female, N (%) 233 (42%)
Years of education, median (IQR) 9 (6-14)
NIHSS at admission, median (IQR) 3 (1-5)
K-1ADL score, median (IQR) 0.10 (0.00-0.42),
(missing N=4)
ADL impairment (K-IADL score > 0.43) 137 (25%)
(missing N=4)
Hand preference, N (%0) (missing N=2)
Right 534 (97%)
Left 6 (1%)
Ambidextrous 11 (2%)
Vascular risk factors, N (%)
Hypertension 422 (76%)
Hyperlipidemia 135 (24%)
Current smoker 119 (22%)
Past smoker 113 (20%)
Diabetes Mellitus 179 (32%)
Atrial fibrillation 84 (15%)

(missing N=27)

Neuropsychiatric and cognitive assessment

Time interval between stroke onset and neuropsychiatric and cognitive assessment

105 (11-168),

(days), median (IQR), range range 1-361
GDS-30 scores, median (IQR), range 13 (7-20), range 0-30
Presence of post-stroke cognitive impairment, N (%) 323 (58%)

(missing N=10)

Brain MRI

Time interval between stroke onset and MRI (days), median (IQR), range

5 (4-6), range 0-41

Total infarct volume in ml*, median (IQR), range

3.3(1.1-15.1),
range 0.04-535.1

Missing data is noted behind the respective variable, when appropriate. Valid percent is indicated in cases with missing data.
“Normalized volumes after registration to the MNI-152 template. Abbreviations: IQR, interquartile range; MRI, magnetic

resonance imaging; SD, standard deviation.
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Table 2. External validation of identified regions of interest in an independent dataset

Bundang VCI (N=553) Hallym VCI (N=459)
Original sample Validation sample

Model: age , sex, education, | Standardized p- N patients | Standardized B p- N patients
and ROI volume B for ROI value with ROl | for ROI volume | value | with ROI

volume damaged damaged
Right amygdala -0.11 0.007 37 -0.15 0.001 32
Right hippocampus -0.08 0.043 57 -0.03 0.478 38
Right pallidum -0.09 0.023 65 -0.14 0.002 67
Left insula (negative control)* 0.01 0.800 128 -0.03 0.478 85
Middle cerebellar peduncle 0.01 0.847 101 0.01 0.821 77
(negative control)*
Right middle occipital gyrus -0.03 0.480 56 -0.07 0.113 39
(negative control)*

Linear regression was used to determine whether region of interest (ROI) volumes of the significant regions from the SVR-ROI
analyses (see Figure 2E) were associated with post-stroke depressive symptoms in an independent dataset. Post-stroke depressive
symptoms were measured with the 30-item Geriatric Depression Scale (GDS) in the Bundang VVCI cohort, and the 15-item GDS in
the Hallym VCI cohort. ROIs were defined by the AAL grey matter atlas and ICBM-DTI-81 white matter tract atlas in MNI-152
space. ROI volumes underwent cube root transformation before statistical analyses. Each ROl volume was entered together with
age, sex and level of education as independent variables, and GDS scores (i.e. converted into z-scores and multiplied by -1, so
lower scores indicated more PSDS) as dependent variable. Standardized betas and p-values are reported for both the original sample
and validation sample to allow for comparison.

*Models were also built for three ROIs that were not associated with PSDS in the Bundang VCI cohort to strengthen the
generalizability of the findings.
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