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Abstract

Acute ischemic stroke affects men and women differently in many ways. In particular,
women are oftentimes reported to experience a higher acute stroke severity than men. Here, we
derived a low-dimensional representation of anatomical stroke lesions and designed a sex-aware
Bayesian hierarchical modelling framework for a large-scale, well phenotyped stroke cohort.
This framework was tailored to carefully estimate possible sex differences in lesion patterns
explaining acute stroke severity (NIHSS) in 1,058 patients (39% female). Anatomical regions
known to subserve motor and language functions emerged as relevant regions for both men and
women. Female patients, however, presented a more widespread pattern of stroke severity-
relevant lesions than male patients. Furthermore, particularly lesions in the posterior circulation
of the left hemisphere underlay a higher stroke severity exclusively in women. These sex-
sensitive lesion pattern effects could be discovered and subsequently robustly replicated in two
large independent, multisite lesion datasets. The constellation of findings has several important
conceptual and clinical implications: 1) suggesting sex-specific functional cerebral asymmetries,
and 2) motivating a sex-stratified approach to management of acute ischemic stroke. To go
beyond sex-averaged stroke research, future studies should explicitly test whether acute therapies
administered on the basis of sex-specific cutoff volumes of salvageable tissue will lead to

improved outcomes in women after acute ischemic stroke.
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Introduction

Stroke affects more than 15 million people each year.' It is known to result in a
substantial overall degree of long-term impairment across men and women.” However,
numerous epidemiological studies indicate clinically relevant, sex-related differences in the
characteristics of ischemic cerebrovascular disease.*” For instance, women have a lower stroke
incidence than men when younger, yet this initially low women-to-men incidence ratio is
decisively reversed in the oldest age groups (>85 years).’ This drastic increase in stroke
incidence in older women indicates why expected demographical changes, i.e, an aging
population, will affect men and women differently: In the US, projections suggest ~200.000
more disabled women after stroke than men by 2030.’

Further sex differences relate to women more often presenting with non-classic stroke
symptoms, such as fatigue or changes in mental status®® and having a higher risk of delays in
hospital arrival.'®* Also, women feature a higher risk of cardioembolic stroke due to atrial
fibrillation,* which may contribute to the often observed higher acute ischemic stroke severity in
female patients.”® However, this excess in stroke severity in women has been found to persist
even after adjusting for their greater age at onset.'* Importantly, women seem to experience more
serious strokes despite comparable lesion sizes in men and women.® In fact, a similar
observation of sex-specific lesion volume effects was noted in case of aphasia, as smaller lesion

volumes were sufficient to cause aphasiain women, while larger ones were required in men.*®

Going beyond lesion volume, lesion symptom mapping studies have enriched our
understanding of anatomically unique lesion locations underlying specific symptoms post-
stroker8%° |n case of stroke severity, these analyses have determined widespread lesions in
white matter, basal ganglia, pre- and postcentral gyri, opercular, insular and inferior frontal
regions to be most relevant for a higher stroke severity, especialy if affecting the left
hemisphere®® While these lesion symptom studies have enabled to uncover eoquent lesion
locations in high spatial resolution, they have been systematically blind to any potential sex
disparities. If considered at all, sex was treated as a nuisance source of no interest and regressed
out prior to the main analysis.® Thus, none of the recently employed analytical approaches in
clinical neuroimaging allowed for a dedicated, explicit investigation of sex-specific lesion

pattern effects in relation to continuous outcome scores.
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To address these previous methodological constraints, the am of the current study was to
design and conduct a lesion symptom analysis that was capable of capturing male and female-
specific lesion patterns underlying stroke severity in a statistically robust and spatially precise
manner. For this purpose, we leveraged neuroimaging data originating from two large,
independent hospital-based cohorts gathering data of 1,058 acute ischemic stroke (AlS) patients.
We tailored and deployed sex-aware hierarchical Bayesian models to simulate predictions of
acute ischemic stroke severity and to elucidate the sex-specific effects of lesion patterns affecting
similar brain regions in women and men. We hypothesized to derive lesion congtellations
underpinning more severe stroke especially in women, potentially indicating sex-specific brain
function maps on the one hand and facilitating more sex-aware acute stroke treatment decisions
on the other hand. Such a sex-informed acute stroke care could eventually alleviate the burden of

disease on an individual patient level, yet also broader and socioeconomically relevant level.

Results

We here present a generative analysis of acute stroke severity, putting a particular focus
on sex-specific lesion pattern effects. As in previous work, we successively combined 1) the
automated low-dimensional embedding of high-dimensional lesion information via non-negative
matrix factorization (NMF)?, and 2) probabilistic modeling to simulate the prediction of the
acute stroke severity, as measured by the National Institute of Health Stroke Scale (NIHSS). We
thus first determined pivotal, general lesion pattern effects across all subjects and successively
concentrated on similarities and differences between men and women. We interpret explanatory
relevances on the level of NMF-derived low dimensional lesion representations, that we call
lesion atoms, as well as the same relevances transformed back to the level of the anatomical grey

matter brain regions and white matter tracts.

Stroke sample characteristics

The derivation cohort considered 208 female and 347 male patients (n=555 in total, 37%
females). The main outcome of interest was the acute NIHSS-based stroke severity within the
first 48 hours after stroke onset (mean(SD): 5.03 (5.95)). More than one fourth of stroke subjects
had a recorded hypertension (28.1%), 19.5% had the diagnosis of diabetes mellitus, 6.3% atrial
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fibrillation and 7.6% a pre-stroke diagnosed coronary artery disease. As expected based on prior
reports,** women had a higher absolute frequency of atrial fibrillation than men (9.1% vs. 4.6%;
c.f. Table 1 for further sex-specific numbers). Acute stroke lesion volume did not differ
significantly between men and women (two-sided t-test: p=0.98). Moreover, the numbers of
lesioned voxels within each cortical or subcortical grey matter brain region or white matter tract
did neither differ significantly between the sex categories, nor between the left and right
hemisphere (all two-sided t-tests p>0.05, Bonferroni-corrected for multiple comparisons, c.f.

Supplementary Tables 1 and 2).

Anatomy of the extracted lesion atomsin stroke patient

We reduced the high-dimensional lesion voxel-space by first computing the number of
lesioned voxels within each of 109 cortical and subcortical grey matter regions, as well as 20
white matter tracts and subsequently employing unsupervised non-negative matrix factorization
to ten final lesion atoms. Derived low-dimensional lesion atoms were found to represent
anatomically plausible, hemisphere-specific lesion patterns. The centers of these lesion patterns
varied from anterior to posterior and subcortical to cortical regions and were broadly similar
between hemispheres (Figure 1A & B). In correspondence to the primary distribution of
individual lesions, most of these lesion atoms related to infarcts in the left and right MCA-supply
territories and to a lesser extent to infarcts in the posterior circulation. The maximum lesion
overlap was localized in left and right subcortical MCA and insular region (Figure 1C).
Subcortical and cortical lesion patterns were represented in separate leson atoms in the right
hemisphere, while they were captured in a joint lesion atom on the left. Therefore, we obtained
six lesion atoms in the right and four atoms in the left hemisphere.

The low-dimensional representation of lesion topographies served as input for fully
probabilistic, hierarchical linear regression models to explain acute stroke severity: We here first
examined general effects across all patients, on the level of lesion atoms and on the level of
individual anatomical brain regions. Subsequently, we refined analyses and integrated an
additional hierarchy capturing sex-specific effects. We here stratified for male and female status
and scrutinized sex-specific effects of lesion atoms and anatomical brain regions. Of note, we
corrected all of these analyses for the covariates age, sex, stroke lesion volume, white matter

lesion volume and relevant comorbidities (atrial fibrillation, hypertension, diabetes mellitus and
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coronary artery disease). By including an indicator variable of sex in the model, we captured the
general non-lesion pattern specific portion of stroke severity difference between men and

women.

Lesion atom and regional relevance for stroke severity

Out of the ten derived lesion atoms, six atoms possessed a substantia explanatory
relevance for acute stroke severity. This relevance was inferable from posterior distributions of
lesion atom parameters that did not substantially overlap with zero. In the right hemisphere, the
most relevant lesion atom included subcortical regions, i.e. thalamus, putamen and globus
pallidum, as well as the brainstem (mean of the posterior distribution=3.8, highest probability
density interval of the posterior distribution covering 90%-certainty (HPDI)=1.85-5.66,
Supplementary Figure 1). In the left hemisphere, the most relevant leson atom, was
characterized by both subcortical and cortical regions (posterior mean=3.05, HPDI=2.33-3.77,
Supplementary Figure 1). Affected left and right subcortical regions were similar, whereas | eft
cortical affected regions additionally included inferior frontal, insular and superior temporal

gyrus regions as well as pre- and postcentral gyri.

Once projected back to the level of individual grey matter regions and white matter tracts,
similarities and disparities between left and right hemisphere became apparent as well.
Subcortical regions, most notably putamen, globus pallidus and several white matter tracts
(anterior thalamic radiation, corticospinal tract, inferior fronto-occipital fasciculus, superior
longitudinal and uncinate fasciculus) explained higher stroke severity, independent of the
lesioned hemisphere (Figure 2). Likewise, cortical pre- and postcentral as well as insular and
opercular regions explained higher stroke severity in both the left and right hemisphere. In
contrast, further cortical effects were more pronounced and more widespread in the left
hemisphere. These enhanced |eft-sided effects mainly related to middle and inferior frontal gyri,

aswell as superior and middle temporal gyri.

In summary, we derived stroke severity-linked lesion patterns that highlighted the general
importance of subcortical grey matter regions and white matter tracts, as well as of bilateral
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cortical motor regions, and additional left-lateralized cortical regions, likely underlying language

function.

Differencesin lesions patterns between men and women

Subsequently, we concentrated on sex differences in eloguent lesion patterns. We refined
our Bayesian model and introduced a hierarchical structure that allowed lesion atom effects on
stroke severity to vary by sex. Previous findings suggest a higher stroke severity in women in
general, the extent of which cannot be sufficiently explained by neither their advanced age, nor
differencesin lesion volume.®

Main patterns of explanatory relevances remained similar to the preceding analysis across
all subjects: For both men and women, the same two lesion atoms, that had already emerged in
the joint analyses, had the highest explanatory relevance. The right-hemispheric leson atom
denoted subcortical regions, anongst others representing thalamus, putamen and globus pallidum
(men: posterior mean=2.81, HPDI=0.796-4.85, women: posterior mean=3.00, HPD1=0.641-5.3,
Figure 3, lesion atom 3). The lesion atom in the left hemisphere combined the same subcortical
structures and additional cortical regions, all of them in proximity to insular cortex in the left
hemisphere (men: posterior mean=3.00, HPDI=2.02-3.96, women: posterior mean=2.52,
HPDI=1.43-3.49, Figure 3, lesion atom 7).

Women presented with generally more widespread explanatory relevances as seven out
of ten lesion atoms posterior distributions did not overlap with zero (Figure 3, leson atoms 1,
3,5-8,10). In men, only four lesion atoms posterior distributions did not overlap with zero

(Figure 3, lesion atoms 2-3,7-8).

Once projected back to the level of individual brain regions, these more widespread
lesion pattern effects in women were also visible, in particular regarding cortical grey matter
regions (c.f., Figure 3 & 4). Manifest differences between men and women emerged for two
specific leson atoms: For women, lesion atoms 1 and 10 had substantial higher explanatory
relevances, i.e. the distribution of the difference between posterior distributions of male and
female patients did not overlapping with zero (Figure 5). Leson atom 1 was mainly

characterized by right-sided frontal, insular and opercular as well as pre- and postcentral regions.
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Lesion atom 10 primarily represented regions in the left PCA-territory (left hippocampus,
thalamus, precuneus & further occipital regions).

Ancillary analyses

Sex differences in both of these lesion atoms 1 and 10 remained observable after
downsampling the group of men with milder NIHSS stroke severity, i.e. after harmonizing both
the ratio of women-to-men as well as their stroke severity (p>0.1 in all cases). Lesion atom 1
comprised significant sex differences as indicated by difference distributions not overlapping
with zero in three out of 20 random downsampling analyses. When difference distributions
overlapped with zero, the posterior parameter distribution of lesion atom 1 still substantially
differed from zero exclusively for women, yet not for men in all but one case (Supplementary
Figure 2A). Even more convincing results, suggesting robust sex differences, were obtained for
lesion atom 10: In nine out of 20 random downsampling analyses, difference distributions did
not overlap with zero and the majority of remaining posterior distributions differed from zero for
women only, but not for men (in 7 out of 11 cases, Supplementary Figure 2B). In further
ancillary analyses, we aimed to explore the effects of sexual hormones, such as estrogen, which
are known to be markedly affected by menopause.”* We stratified the entire group of patients
according to their sex and an age cutoff of 52 years, the median age at menopause.” While any
of the sex differences for lesion atoms 1 and 10 observed in the main analysis disappeared in the
analysis of all men and women below the age of 52 years, these sex-specific effects in lesion
atoms 1 and 10 became even more apparent when restricting the analysis to all men and women
above the age of 52 years. However, no conclusive contrast was found between women above
and below the age of 52 years (Supplementary Figure 3).

Replication analyses

Similar main findings were noticed when repeating analyses in a completely independent,
multisite dataset.” Once again, we extracted ten lesion atoms that captured typical stroke
patterns in the left and right hemisphere in low dimensions (Supplementary Figure 4). Lesion
atoms of the development and replication dataset were highly correlated, indicating our
unsupervised approach facilitated the recovery of similar lesion topography embeddings in both
independent datasets (Supplementary Table 3).
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The most relevant regions explaining stroke severity were also located subcorticaly in
the left and right hemisphere as well asin bilateral pre- and postcentral gyri and left-hemispheric
insular and opercular regions (Supplementary Figure 5A). Women, once again, presented
more widespread eloquent lesion patterns compared to men (Supplementary Figure 5B& C). In
particular, we found substantial differences between men and women in a lesion atom that
predominantly comprised left-hemispheric posterior cerebral artery-supplied regions (difference
distribution: mean=-2.68, HPDI=-4.92- -0.733 (i.e. no overlap with zero), leson atom 10). In
combination with our ancillary downsampling analyses, sex differences relating to the lesion

atom characterizing left-sided PCA-supplied regions were the most pronounced and robust.

Discussion

We here combined a novel probabilistic lesion symptom mapping technique with
empirical lesion data originating from two large independent cohorts of 1,058 AIS patients to
derive and validate sex-specific lesion patterns underlying NIHSS-based acute stroke severity.

Across al patients, lesion patterns highlighted the relevance of bilateral subcortical and
white matter regions, as well as bilateral cortical motor regions and left-lateralized cortical
insular and opercular regions, likely representing regions underlying language function. This
digtribution of main weights was rendered particularly plausible, given that the NIHSS scale
assigns the majority of its points to motor and language functions. Additionally, results from
both of our cohorts, and those results originating from established voxel-wise lesion symptom
mapping analyses”® were very similar. This congruency increased the confidence in our
methodological approach, as well asin the accuracy and reproducibility of results.

When eventually comparing men and women, elogquent lesion patterns were generally
more widespread in female patients, implying that more regions contributed to stroke severity in
women. These sex discrepancies were particularly pronounced for lesions affecting left-
hemispheric regions of the posterior circulation. Lesions in these regions led to a substantially
higher stroke severity in women only, indicating sex-specific distributions of brain function and

potentially far-reaching implications for future treatment decisions in men and women.
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Discussing ascertained sex-specific findings in further detail: First of all, we could not link
sex differences in stroke severity to differences in total normalized lesion volume, or in any
normalized lesion volume of the atlas-based brain regions and white matter tracts. Rather, similar
lesion patterns appeared to lead to more severe strokes in women only, yet not in men. Stroke
severity in men was predominantly explained by four specific lesion patterns, denoting bilateral
subcortical and left-sided insular and opercular regions. Women presented with similar eloguent
lesion patterns, but were characterized by several further relevant lesion patterns. These
additional lesion patterns did not possess any relevance in men, therefore, the female-specific
effects can be consdered more spatially widespread. Most noticeably, lesions in the vascular
territory of the left PCA, amongst other regions affecting left hippocampal, thalamic regions, left
fusiform, lingual and intracalcarine cortex as well as left precuneus and cuneal cortex, explained
a disproportionally high stroke severity in women than men. This difference was stably
observable across datasets and did not appear to represent an artifact of slightly greater stroke

severity in women or imbalanced numbers of men and women in our sample.

It is important to note that the strongest sex differences, that we observed, were strictly
lateralized to the left hemisphere. Previous research suggests that male or female sex and
respective sex hormones contribute to induce functional cerebral asymmetries.”” Men appear to
have a stronger hemispheric asymmetry; however, while robustly replicated, determined effect
sizes have been very small.® Such an enhanced asymmetry in men was also found in some early
lesion studies on intelligence.® However, further early lesion studies suggest that lateralization
differences between the sexes might be even more complex: Inglis and colleagues underline that
female brains may be asymmetric to a comparable degree, yet in different ways.**>! In particular,
they found that |eft-hemispheric lesions in women led to both verbal and performance scale IQ
deterioration, while only one quality — either verbal or performance — was affected in al other
lesion and sex constellations.***? Our outcome measure, NIHSS-based stroke severity, cannot be
broken down and thus does not allow for conclusions on very specific functions, such as verbal
and performance scale 1Q. This level of granularity hampers a direct comparison to earlier
studies. Nonetheless, we aso find that particularly women are vulnerable to left-hemispheric
lesions. Indeed, we can relate this excess vulnerability of female versus male patients to

anatomically precise lesion locations in left-hemispheric PCA-territory, eg., featuring
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hippocampal, thalamic and precunea regions. Deduced from the existing knowledge on these
regions physiological functions, we may suppose lesions in these regions more likely underlie
(higher) cognitive, than, for example, basic motor functions. This predilection of specific
anatomical regions within the left hemisphere could also explain differences that arose in earlier
lesion studies as these studies stratified patients only based on left- or right-sided lesion locations
without appreciating any greater spatial detail of lesions, ®* #

Altogether, a sex-specific lateralization effect, comparable to the considerable extent and
gpatial distribution of the one that we detected in two independent datasets, has neither been
described in previous lesion studies, nor studies focused on sex discrepancies in functional
cerebral asymmetries in healthy adults.?® Conceivably, this discrepancy between previous reports
and our findings may originate from i) employing the just mentioned greater anatomical
resolution in our study compared to early sex-aware lesion studies, ii) not explicitly considering
male or female phenotype in any of the recent lesion symptom studies”?**3343 and iii) the fact
that our lesion symptom analysis jointly investigated effects of functional asymmetry and the
capacity for acute compensation, e.g., by means of brain plasticity.

Intriguingly, we furthermore witnessed signs of an interaction effect of sex with age, when
stratifying the entire sample based on the median age at menopause®® While there was no
difference between men and women below the age of 52 years, the difference relating to the left-
hemispheric PCA-territory was even more pronounced in men and women above the age of 52
years. This constellation was thus suggestive of a critical influence of sexual hormones, that are
dramatically changed in women after menopause.*

Altogether, sex differences in brain organization in general and in stroke incidence and
outcome in particular are to a large extent attributed to the influence of sex steroid hormones,
with estrogen likely being the most prominent one.***" These hormones are assumed to unfold
their effects via irreversible organizational and reversible activational mechanisms. The former
effect implies the facilitation of definite male or female tissue phenotypes, while the latter
requires the presence of the hormone for an effect.* Any sex difference that changes with
menopause is thus rather caused via activational hormonal pathways. An example of sex
differences in stroke thought to be due to activational hormonal effects is the reduced stroke risk

due to the pre-menopausal cycle of estrogens. This protective effect islost after menopause® and
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could — so far — not be reestablished by hormone replacement therapy independent of the time of
initiation.***° Experimental research has furthermore shown that female animals experience
smaller stroke lesions than male animals.** This effect could be neutralized by ovariectomy and
consequently a decrease in estrogen levels.*? It was interpreted as hormone-linked sex-specific
sensitivity to cerebral ischemia®** In fact, male-specific cell cultures of hippocampal neurons
and astrocytes seem to be more vulnerable to ischemia than female-specific cedll cultures* and
even ischemia-independent research indicates an important role of estrogen in sustained
hippocampal structural plasticity and associated cognitive function.*>°

The effect of age that we witnessed here — stronger sex-specific effectsin older patients and
no sex-specific effects in younger patients — also hints at an activational nature of the apparent
sex disparities. While our outcome measure of global stroke severity does not allow for fine-
grained evaluations of implicated functions, let alone hippocampus-linked cognitive functions, it
is nonetheless notable that hippocampal regions, that were markedly susceptible to hormonal
influences as outlined above, contributed to the female-specific lesion patterns uncovered in our

study.

Independent of their exact origin, the sex-sensitive effects, that we observed in brain-
behavior associations underlying stroke severity, entail important clinical implications. Since
lesions of any kind explained more severe stroke in women, rescuing the same (normalized)
amount of brain tissue — for example by thrombolysis or mechanical thrombectomy —islikely to
have a more beneficial effect in female than male patients. This resulting expectation is well in

74849 o

line with previous reports on enhanced therapy response to intravenous thrombolysi
more advantageous long-term outcome in women compared to men in clinical mechanical
thrombectomy studies.® Interestingly, the just recently published study on sex discrepancies
after thrombectomy by Sheth and colleagues ascertains these outcome differences between men
and women despite comparable infarct volumes and reperfusion rates.

Most previous studies have, however, relied on sex-independent, general cutoffs of
salvageable tissue volumes to, for example, decide upon whether to undertake mechanical
thrombectomy in the later time window.” Future clinical treatment studies could therefore
systematically test varying cutoffs for men and women, hypothesizing that rescuing a lesser

amount of tissue in women would still be sufficient for a noticeable positive treatment response.
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Furthermore, it may be particularly essential to take into account this female-specific salvaging
effect for lesons in the posterior circulation territory of the left hemisphere and future
thrombectomy studies could evaluate, whether female patients benefitted more from
endovascular reperfusion of more distal PCA-occlusions.

Consequently, a very effective step towards tailored medical stroke care®®*

may simply
lie in more sex-aware acute treatment decisions. Sex-specific guidelines on stroke prevention’
could be complemented by sex-specific guidelines on acute treatment decisions; enhancing sex-

sensitive stroke care and ultimately increasing the benefit for both men and women.

Limitations and futuredirections

We did not have any access to information on the hormonal status in women. Instead, we
here assumed the same median age of menopause for all female patients. Employing the actual
age at menopause, as well as increasing the number of younger patients in general would have
allowed for purer conclusons on the potential organizational or activational character of
findings. After all, the availability of the exact level of estrogens would have been most
desirable, as previous studies indicate that sex-specific functional cerebral asymmetries may
even vary during the menstrual cycle.?” Therefore, future studies could attempt to gather data on
hormonal status and also to recruit more balanced numbers of men and women of pre- and
postmenopausal status. Additionally, it might be promising to test links between implicated brain
regions and sex-specific genetic underpinnings, as it was recently introduced for healthy
population samples™*°

Furthermore, we here explored sex disparities in lesion patterns of global stroke severity,
which already allows for conclusions on broad clinical implications of our findings. Nonethel ess,
future studies could immerse into sub-items of the NIHSS or behavioral tests evaluating more
specific brain functions at acute and chronic stages. This would be a promising approach to trace
back our most prominent sex-specific finding, the relevance of the left PCA-territory, to specific
brain functions and explain it in further depth. Incorporating outcomes from more chronic time
points would furthermore allow for more definite conclusions on more long-term effects and for
example their socioeconomic meaning.

Similarly, the spatial resolution of our Bayesian hierarchical approach stays within the
realms of typical lesion patterns and backtransformed atlas brain regions. While a focus on
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individual atlas regions and potentially even subregions within these atlas regions may be most
attractive, it is important not to neglect spatial biases in any spatially more precise, likely voxel-
wise, univariate analysis.”®

Lastly, while we did account for inter-individual differences in important comorbidities,
such as atrial fibrillation, and the total volume of white matter hyperintensity lesions, we did not
investigate any interactions of these variables with the patient’s sex status. Since first evidence
suggests sex-specific effects of white matter integrity on stroke outcome,”’ future studies are
warranted to include not only acute, yet aso chronic markers of brain health in a sex-aware

manner.

Conclusions

Stroke severity is often reported to be more severe in women than men. Previous
methodology did not allow the evaluation of whether lesion patterns led to these sex differences
in outcomes. By deriving a low-dimensional lesion representation and employing Bayesian
hierarchical modelling, we here uncovered considerable sex discrepancies in lesion patterns
explaining stroke severity. While bilateral subcortical and left-hemispheric inferior frontal,
superior and middle temporal regions, i.e., presumed motor and language regions, explained
more severe strokes in both men and women, effects in women were more widespread and
similar lesions underlay more severe strokes in women compared to men. In particular, lesionsin
the posterior circulation of the left hemisphere led to a higher stroke severity exclusively in
women. These differences were robustly replicated in a second independent, international multi-
site lesion dataset and could not be explained by sex differences in lesion volume or more severe
stroke in women in general. Altogether, these findings may enhance acute stroke care by
motivating more sex-sensitive treatment decisions, for example female and male-specific cut-
offs of salvageable tissue for the administration of thrombolysis and thrombectomy. Thereby, our
findings hold promise to represent a crucial step towards individualized medicine.
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M ethods

Participant recruitment

Acute ischemic stroke (AIS) patients (n=555), considered as development cohort in this
study, were admitted to Massachusetts General Hospital and enrolled as of part the Genes
Associated with Stroke Risk and Outcomes Study (GASROS; mean age (standard deviation
(SD)): 65.0 (14.8) years, 37% females, c.f., Table 1 for sex-specific numbers).>®* Inclusion was
generally considered for any AIS patient that met the following criteria; i) adult patients >18
years of age, ii) admitted to the emergency department with signs and symptoms of AIS, and iii)
neuroimaging confirmation of an acute infarct. Only subjects with MRI data obtained within 48
hours from stroke onset as well as complete data on stroke severity and stroke risk factors were
included in this study (i.e., complete case analyses, c.f. supplementary materials for a sample
size judtification). Subject gave written informed consent in accordance with the Declaration of

Helsinki. The study protocol was approved by the local Institutional Review Board.
Stroke patient characteristics and imaging

Patients were examined by trained, board-certified vascular neurologists. The recorded
sociodemographic and clinical variables included age, sex, and common vascular risk factors
(hypertension, diabetes mellitus type 2, atrial fibrillation (AF), coronary artery disease (CAD)).
Stroke severity was captured by the acute NIHSS (0: no symptoms, 42: maximum stroke
severity).

Each patient was scanned within 48h of admission, standardized clinical imaging
protocols included DWI (in the majority of cases on 1.5T General Electric Signa scanners, and a
few cases on 1.5 or 3T Siemens scanners, repetition time (TR) 5,000 ms, minimum echo time
(TE) of 62 to 117 ms, field-of-view (FOV) 220 mm field-of-view, 5-mm dlice thickness with a 1-
mm gap, and 0 mm?2 (b-zero) and 1000 smm?2 b-values) and axial T2 FLAIR images (TR
5,000 ms, minimum TE of 62 to 116 ms, Tl 2,200 ms, FOV 220-240 mm). Ischemic tissue
lesions were manually outlined using semi-automated algorithms®® Raters were blinded to

clinical outcomes.
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M agnetic resonance imaging: Preprocessing

Individual images were spatially normalized to standard Montreal Neurological Institute
(MNI-152) space: We first linearly realigned both DWI and FLAIR images with an MNI
template. Subsequently, we co-registered the DWI image to the FLAIR image, denoised the
images™ and lastly employed the unified segmentation algorithm to non-linearly normalize the
FLAIR image after masking lesioned tissue.®” The same transformation was applied to the DWI
image as well as the corresponding binary lesion mask. The quality of normalized lesion masks
was carefully inspected by two experienced raters (A.K.B, M.B). Insufficient quality,
predominantly arising from moderate to severe motion artifacts and/or moderate to severe
normalization errors led to the exclusion of subjects (c.f. supplementary materials for details).
The volume of white matter hyperintensity lesions was obtained via a previously developed,
fully automated deep learning-based segmentation pipeline of the white matter hyperintensities
on FLAIR images.®®

Following previous work,?* we successively combined 1) the automated low-dimensional
embedding of high-dimensional lesion information, and 2) probabilistic modeling to explain the
acute stroke severity, as measured by the NIHSS. While we initially determined eloquent lesion
patterns across al subjects, we subsequently refined analyses to investigate sex differences on

different levels of our Bayesian hierarchical model.
Derivation of alow-dimensional lesion representation

In view of the high-dimensional lesioned voxel space, we first captured the number of
lesioned voxels within 109 brain regions as defined by the Harvard-Oxford atlas.® More
precisely, these brain regions represented 47 cortical and 7 subcortical grey matter brain regions
per hemisphere, as well as the brainstem. White matter damage was read out in form of lesion
load per 20 John-Hopkins-University (JHU)-atlas defined white matter tracts (7 hemisphere-
specific tracts, 6 bilateral tracts).®® Thus, these steps resulted in 129 parcels in total. To
eventually extract reoccurring, archetypical lesion patterns in our stroke population, we
performed NMF? on the log-transformed brain region- and tract-wise lesion load. By these

means, we obtained ten lesion atoms. Advantages in employing NMF may be seen in i) the
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enhanced interpretability of estimated features, ii) NMFs multivariate nature, which,
importantly, may decrease the distortion of functional localization compared to voxe-wise

approaches. '

Explaining inter-individual differencesin acute stroke outcomes

These ten NMF-derived lesion atoms, containing information on individual lesion
patterns, served as neuroimaging-derived input to our Bayesian hierarchical linear regression
model ® to explain acute stroke severity. As in previous work, we aimed to obtain fully
probabilistic model parameter estimates that could inform us about each lesion atom’s influence
on the outcome. While we first computed the impact of lesion atoms across all subjectsin afirst
Bayesian model, we refined analyses in a subsequent step and introduced a hierarchical lesion
atom structure for a second model. This new hierarchy allowed the stratification for an
individual’s sex, i.e., we could estimate the lesion atom influence on the outcome in women and
men separately. Hence, we obtained separate lesion patterns for men and women.

Prior to carrying out the Bayesian model, lesion atom data, as well as the stroke severity
outcome score were corrected for lesion volume.®” In addition, our model took into account the
effects of (normalized) age, age’, sex, and the presence of the following comorbidities:
hypertension, diabetes mdllitus type 2, atrial fibrillation, coronary artery disease and lastly the
log-transformed white matter hyperintensity lesion volume. Importantly, we included sex as a
variable in the model to capture sex differences in stroke severity that were independent of lesion
patterns. If, for example, stroke severity was generally higher in women, without any link to the
actual lesion distribution, this effect would be represented by the posterior parameter of this sex
variable, yet not in the sex-specific lesion atom posterior parameter estimations. In contrast, sex-
specific lesion atom parameters would indicate interaction effects on the outcome, i.e. effects
that were specific to an individual’s sex and the precise lesion atom.

The full Bayesian hierarchical mode specification was as follows:
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Hyperpriors
hyper_o_ 8 ~ Halfcauchy(5)
o_ Pmi ~ Halfcauchy(hyper_o_f)
hyper mu_S ~ Normal(u = 0, o = 10)
mMU_ Bms ~ Normal (u = hyper_mu_j, o = 10)

Priors
Z~Normal(u=0,0=1)
Briomi~Normal(u=¢_mu, o= 0 f)
Page ~ Normal(u = 0, o = 10)
Pagerage ~ Normal(p = 0, ¢ = 10)
Psex ~ Normal(u=0,0=1)
Brypertension ~ Normal(u= 0, o = 1)
Biabetes ~ Normal(u =0, 6= 1)
Patrial fibrillation ~ Normal(u = 0, ¢ = 1)
Beoronary artery disease ~ Normal(u = 0, 6 = 1)

Likelihood of linear model
NIHSS est = Z+ f110 [SeX]* NMF-Componenti-i0+ fage * AQE fagerage * AQE 2+ B * Sex +
+ Bhypertension * hypertenSl on + Bdiabetes * diabetes+ Batrial fibrillation * atrial fibrillation + Bcoronary artery

disease ¥ COronary artery disease

Mode likelihood
eps ~ Halfcauchy(20)
stroke_severity ~ Normal(u = NIHSS es, o = eps)

We employed the No U-Turn Sampler (NUTS), a kind of Monte Carlo Markov Chain
agorithm (setting: draws=5000),%® to draw samples from the posterior parameter distributions.

Ancillary analyses
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Our patient sample comprised a mild male-female imbalance (63% male, 37% female
patients) and a higher mean NIHSS score for females (NIHSSyen: 4.7, NIHSSyomen: 5.6).
Therefore, we tested the robustness of our findings by repeatedly downsampling the larger group
of men to the same size and comparable stroke severity as the group of women (c.f.
supplementary materials for details). Additionally, we aimed to explore whether possible sex
differences were more likely to be of organizational or activational hormonal nature. Since we
did not have access to the precise hormonal status in women, we stratified our sample based on
an age cutoff of 52 years, according to the median age at menopause.® Therefore, we repeated
main analyses in i) a sample of women only (below versus above 52 years of age, 41 younger
and 167 older patients), ii) men and women below the age of 52 years (71 male and 41 female
patients), iii) men and women above the age of 52 years (276 male and 167 female patients).

Replication analysis

We repeated analyses in a completely independent dataset of 503 ischemic stroke patients
(age: 65.0 (14.6), sex: 40.6% female, NIHSS: 5.48 (5.35)), acquired within the framework of the
multi-site MRI-GENIE study,® to test the robustness of our findings (c.f. supplementary

materialsfor details).

Code availability

Preprocessing of MRI images was conducted in a Matlab 2019b framework (The
Mathworks, Natick, MA, USA), the packages Statistical Parametric Mapping (SPM12;
http://www_fil.ion.ucl.ac.uk/spm/) and the ancillary package SPM _Superres
(https://github.com/brudfors/spm_superres). Further analyses were implemented in Python 3.7
(primarily packages: nilearn® and pymc3™). Full code for reproducibility and reuse is available
here: www.github.com/TO_BE_ADDED
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Figures

A Right-hemispheric lesion atoms

B Left-hemispheric lesion atoms
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Figure 1. Archetypical stroke patterns, lesion atoms, as resulting from non-negative matrix
factorization-based dimensionality reduction. A pattern-discovery framework derived
coherent patterns of stroke lesion topographies directly from the segmented high-resolution brain
scans from 555 sroke patients. This unsupervised approach led to the derivation of
predominantly right-hemispheric (A) or left-hemispheric (B) lesion patterns. In case of either
one hemisphere, individual lesion atoms represented anatomically coherent cortica and
subcortical brain regions and respective white matter tracts and had varying emphases on more
anterior, medial and posterior regions. In particular, leson atoms 6 and 10 denoted the vascular
supply territory of the posterior circulation. While subcortical basal ganglia lesions and cortical
lesions in anterior and insular regions were combined in a single lesion atom on the left side of
the brain, these patterns were characterized by two separate lesion atoms on the right side of the
brain. C. Similarity of lesion patterns across patients. The maximum lesion overlap was
localized subcortically and in proximity of insular regions in the left and right vascular supply
territory of the middle cerebral artery. There were neither significant region-wise differences
between men and women, nor between left and right hemisphere (Supplementary Tables 1 and
2). Some lesion atoms did not comprise any substantial contributions from subcortical brain
regions and are shown in transparent.
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Figure 2. Local brain regions explaining NIHSS-based stroke severity across 555 subjects.
A. Relevant cortical grey matter regions. Shows collection of marginal posterior parameters

from the hierarchical model to explain high vs. low symptom severity (NIHSS). Lesions

affecting pre- and postcentral gyri, as well as opercular and insular regions of both hemispheres
explained a higher stroke severity. Further brain-behavior effects were l€eft lateralized: Multiple

regions including left middle and inferior frontal gyrus as well as superior and middle temporal

explained a higher stroke severity only when affecting the left hemisphere. B. Relevant

subcortical grey matter regions and white matter (WM) tracts. While bilateral subcortical
regions in general had substantial effects on stroke severity, the highest weights were assigned to
the putamen and caudate, as well as anterior thalamic radiation, corticospinal tract and inferior

fronto-occipital fasciculus of the left and right hemisphere.
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Figure 3. Sex-specific posterior distributions of all ten leson atom parameters and overall
whole-brain region-wise relevance to explain stroke severity in women (left) and men
(right). Our Bayesian framework was purpose-designed to enable fully probabilistic estimation
of the parameter that quantify the associations of the ten lesion atoms with stroke severity. These
posterior parameter distributions are shown in outer circles, corresponding lesion atom
renderings are presented in the subjacent circle (right-hemispheric lesion atoms. shaded in
yellow-olive, left-hemispheric lesion atoms. orange-yellow, distributions that substantially
diverged from zero are non-transparent). Lesion atom 7 of the left hemisphere and lesion atom 3
of the right hemisphere had the highest weights, implying a high relevance in explaining stroke
severity, in both men and women. In view of seven relevant leson atoms in women (lesion
atoms: 1, 3, 5, 6, 7, 8, 10), yet only four of such relevant leson atoms in men (lesion atoms.
2,3,7,8), lesion patterns were more wide-spread in women compared to men. This female-
specific more wide-spread pattern becomes additionally apparent in whole-brain renderings of
region-wise relevances explaining stroke severity, as visualized in circle centers (c.f., Figure 4
for details).
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Figure 4. Local brain regions explaining stroke severity in (A) 208 women and (B) 347 men.

In both men and women, subcortical lesions affecting grey matter regions and white matter tracts

explained higher stroke severity. Similarly, cortical presumptive bilateral motor and left-

lateralized language regions (e.g. especialy bilateral pre- and post-central gyri, left-sided inferior

frontal and superior, middle temporal gyri) also explained higher stroke severity. In difference to

men, women featured more widespread and also more pronounced lesion pattern, including a

greater range of cortical regions contributing to stroke severity, e.g. the left inferior temporal

gyrus, left angular gyrus and lateral occipital cortex, lingual gyrus as well as precuneus and

cuneal cortex gyrus. These differences in eloquent lesion patterns arose despite comparable tota

lesion volumes for men and women (two-sided t-test: p>0.05).
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Figure 5. Two lesion atoms showed a substantially stronger stroke-induced symptoms in
women than men. A. Lesion atom 1. Less than 5% of samples of the difference distribution
between men and women (i.e., posterior parameter distribution of leson atom 1 in men —
posterior parameter distribution of lesion atom 1 in women) overlapped with zero, suggesting a
substantially larger lesion atom 1 effect in women. This specific lesion pattern represented right-
hemispheric lesions in frontal, insular and pre- and post-central regions (difference distribution:
mean=-0.70, HPDI=-1.41- -0.02). B. Lesion atom 10. Lesions in left-sided brain regions of the
posterior circulation caused more severe strokes specifically in women (difference distribution:
mean=-1.82, HPDI=-3.16- -0.319). The sex difference for lesion atom 10 can be considered
more pronounced and robust, given it was reliably observable in ancillary downsampling
analyses and was replicated in an independent dataset of stroke patients.

Table 1. Patient characteristics. Mean (SD) unless otherwise noted. The groups of male and
female patients were compared via two sample t-tests or fisher's exact test as appropriate.
Asterisks indicate significant differences between men and women after Bonferroni-

correction for eight multiple comparisons.

All  participants | Women Men (n=347)

(n=555) (n=208)
Age 65.0 (14.8) 67.7 (16.3) 63.3 (13.5) p=0.001*
Sex 63 % male, 37% | - -

female
NIHSS (median, | 3(6) 3(6) 3(5) p=0.09
interquartile range)
Normalized  stroke | 13.7 (29.9) 13.6 (31.8) 13.7 (28.7) p=0.98
lesion volume (ml)
White matter | 11.5 (13.5) 12.1(13.3) 11.1 (13.6) p=0.42
hyperintensity leson
volume (ml)
Hypertension 28.1% 29.3% 27.4% p=0.63
Diabetes mellitus | 19.5 % 17.8% 20.5% p=0.51
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type 2

Atrial fibrillation 6.3 % 9.1% 4.6% p=0.05
Coronary artery | 7.6 % 6.7% 8.1% p=0.62
disease
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Supplementary materials

Development: GASROS

Sample size derivation

We had access to 668 patients with manual lesion segmentations. 579 out of these 668
patients had complete data with respect to clinical variables (i.e., age, sex, stroke severity,
comorbidities, WMH lesion volume). Quality control of normalization results of structural
images led to the secondary exclusion of 24 out of these 579 patients, leaving 555 patients for

final analyses.

A Right-hemispheric lesion atoms with predictive relevance B Left-hemispheric lesion atoms with predictive relevance
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Supplementary Figure 1. Posterior distributions of leson atom parameters that
substantially diverged from zer o. Right-hemispheric lesion atom 3 and left-hemispheric lesion

atom 7 presented the highest predictive relevances of stroke severity.
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Ancillary analyses: Downsampling

To harmonize the entire sample with respect to the number of included men (n=347,
63%) and women (n=208, 37%) and their acute stroke severity (mean NIHSSyen: 4.7,
NIHSSomen: 5.6, p=0.09), we downsampled the larger group of men. We did so proportional to
the number of women with i) NIHSS scores between 0 and 9 (n=167) and ii) those with NIHSS
>9 (n=41). That is, we chose we randomly chose 167 out of 289 male patients with an NIHSS
between 0 and 9 and 41 out of 58 for an NIHSS>9. We repeated this downsampling step 20
times. In the following, we performed the same Bayesian hierarchical modelling analysis
as outlined for the entire sample (Methods: Predicting inter-individual differences in
acute stroke outcomes). We specifically evaluated the stability for the main findings of

sex-specific relevances of lesion atoms 1 and 10 in these 20 analyses.
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Downsampling analyses: Sex-specific posterior distribution as well as their difference for lesion atom 1
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Supplementary Figure 2A
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Downsampling analyses: Sex-specific posterior distribution as well as their difference for lesion atom 10
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Supplementary Figure 2B. Downsampling resultsfor lesion atom 10.
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Ancillary analyses: Stratifying for age at median menopause

A Male and female patients above the age of 52 years
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Supplementary Figure 3. Posterior parameter distributions for lesion atoms 1 and 10 that
featured substantial sex-differencesin the main analysis. These differences were pronounced
in the sample of older subjects (above median age of menopause, A), yet not visible in the

sample of younger subjects (B) and women only (C).

Replication: MRI-GENIE

AIS patients in the replication dataset originated the MRI-GENIE study (Giese et al.,
2017). Out of 2,765 automatically segmented lesions (Wu et al., 2019), 1,920 (70.1%) passed
internal quality control by two raters (M.B., A.K.B.). Included and excluded patients did not
differ with respect to age, sex, NIHSS stroke severity and Rankin Scale-based functiona
outcome (p>0.05, Bonferroni-corrected for four comparisons). Lesions were spatially normalized
to MNI-space (Wu, 2019).

Initial NIHSS-based stroke severity was available for 942 MRI-Genie patients from six
international centers. We excluded those subjects that were enrolled in the GASROS study to
prevent an overlap of data between the development and replication cohort (n=150).
Automatically segmented lesion outlines were available for 503 out of the remaining 792
patients with information on stroke severity. Thus, these 503 patients (age: 65.0 (14.6), sex:
40.6% female, NIHSS: 5.48 (5.35)) originating from five centers constituted the finally included
sample. Subject gave written informed consent in accordance with the Declaration of Helsinki.

The study protocol was approved by the local Institutional Review Board.

L ow-dimensional lesion embedding via non-negative matrix factorization
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We once again estimated ten lesion atoms that represented typical voxel-wise lesion
pattern. The derived lesion atoms could be matched with those atoms estimated for the data in
the development cohort, which facilitated the comparison of results further (Supplementary

Table 3).

A Right-hemispheric lesion atoms B Left-hemispheric lesion atoms

Q .

Lesion atom 2 Lesion atom 5 Lesion atom 7

20 patients
@ & | 2 patients

C Lesion overlay of all subjects

Lesion atom 3

A Al §h5)

e mﬁw i

Supplementary Figure 5. Predictiverelevances of individual brain regionsfor all (A), male
(B) and female patients (C). Once again, female patients featured a more wide-spread pattern,
particularly comprising brain areas in the posterior circulation.
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Supplementary Table 1. GASROS: Region-wise lesion load: Women versus Men

Region p-value
(uncorr ected)

Left Frontal Pole 0.477797

Right Frontal Pole 0.263196

Left Insular Cortex 0.623683
Right Insular Cortex 0.668166
Left Superior Frontal | 0.259522
Gyrus
Right Superior 0.350696
Frontal Gyrus
Left Middle Frontal 0.593531
Gyrus
Right Middle Frontal | 0.655923
Gyrus
Left Inferior Frontal 0.635593
Gyrus, pars
triangularis
Right Inferior Frontal | 0.998832
Gyrus, pars
triangularis
Left Inferior Frontal 0.313860
Gyrus, pars
opercularis
Right Inferior Frontal | 0.352246
Gyrus, pars

opercularis

Left Precentral Gyrus | 0.595556
Right Precentral 0.632829
Gyrus

Left Temporal Pole 0.439277
Right Temporal Pole | 0.247065
Left Superior 0.885566
Temporal Gyrus,
anterior division
Right Superior 0.052039
Temporal Gyrus,
anterior division
Left Superior 0.695050
Temporal Gyrus,

posterior division
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Right Superior 0.083229
Temporal Gyrus,
posterior division
Left Middle Temporal | 0.374946
Gyrus, anterior
division

Right Middle 0.224931
Temporal Gyrus,
anterior division
Left Middle Temporal | 0.747529
Gyrus, posterior
division

Right Middle 0.035304
Temporal Gyrus,
posterior division
Left Middle Temporal | 0.836148
Gyrus,
temporooccipital
part

Right Middle 0.192435
Temporal Gyrus,
temporooccipital
part

Left Inferior 0.234397
Temporal Gyrus,
anterior division
Right Inferior 0.439294
Temporal Gyrus,
anterior division
Left Inferior 0.321735
Temporal Gyrus,
posterior division
Right Inferior 0.116188
Temporal Gyrus,
posterior division
Left Inferior 0.359574
Temporal Gyrus,
temporooccipital
part

Right Inferior 0.423237
Temporal Gyrus,
temporooccipital
part
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Left Postcentral 0.466984
Gyrus

Right Postcentral 0.533380
Gyrus

Left Superior Parietal | 0.596876
Lobule

Right Superior 0.953112

Parietal Lobule
Left Supramarginal 0.318368
Gyrus, anterior
division

Right Supramarginal | 0.349039
Gyrus, anterior
division

Left Supramarginal 0.222934
Gyrus, posterior
division

Right Supramarginal | 0.690429
Gyrus, posterior
division

Left Angular Gyrus 0.913403
Right Angular Gyrus 0.872942
Left Lateral Occipital | 0.928957
Cortex, superior
division

Right Lateral 0.147406
Occipital Cortex,
superior division
Left Lateral Occipital | 0.908688
Cortex, inferior
division

Right Lateral 0.497017
Occipital Cortex,
inferior division
Left Intracalcarine 0.585950
Cortex
Right Intracalcarine 0.734185
Cortex
Left Frontal Medial 0.435434
Cortex
Right Frontal Medial | 0.255211
Cortex
Left Supplementary | 0.295065
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Motor Cortex
Right Supplementary | 0.432800
Motor Cortex

Left Subcallosal 0.936340
Cortex
Right Subcallosal 0.184688
Cortex
Left Paracingulate 0.119655
Gyrus
Right Paracingulate 0.366302
Gyrus

Left Cingulate Gyrus, | 0.131270
anterior division
Right Cingulate 0.227723
Gyrus, anterior
division

Left Cingulate Gyrus, | 0.234907
posterior division
Right Cingulate 0.076956
Gyrus, posterior
division

Left Precuneous 0.298808
Cortex
Right Precuneous 0.061540
Cortex
Left Cuneal Cortex 0.439996
Right Cuneal Cortex 0.419243
Left Frontal Orbital 0.956730

Cortex
Right Frontal Orbital | 0.204938
Cortex
Left 0.170628

Parahippocampal
Gyrus, anterior
division

Right 0.504188
Parahippocampal
Gyrus, anterior
division

Left 0.738172
Parahippocampal
Gyrus, posterior
division



https://doi.org/10.1101/2020.09.25.308742
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.25.308742; this version posted September 27, 2020. 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.

Right 0.125294
Parahippocampal
Gyrus, posterior
division

Left Lingual Gyrus 0.868898
Right Lingual Gyrus 0.477157
Left Temporal 0.346220
Fusiform Cortex,
anterior division
Right Temporal 0.333411
Fusiform Cortex,
anterior division
Left Temporal 0.696451
Fusiform Cortex,
posterior division
Right Temporal 0.112155
Fusiform Cortex,
posterior division

Left Temporal 0.972054
Occipital Fusiform

Cortex

Right Temporal 0.337810
Occipital Fusiform

Cortex

Left Occipital 0.920538
Fusiform Gyrus

Right Occipital 0.782067
Fusiform Gyrus

Left Frontal 0.512516
Operculum Cortex

Right Frontal 0.553160
Operculum Cortex

Left Central 0.546674
Opercular Cortex

Right Central 0.990687
Opercular Cortex

Left Parietal 0.994660
Operculum Cortex

Right Parietal 0.899730

Operculum Cortex
Left Planum Polare 0.899961
Right Planum Polare | 0.344581
Left Heschl's Gyrus 0.978979
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Right Heschl's Gyrus | 0.870910

Left Planum 0.512938
Temporale
Right Planum 0.843906
Temporale

Left Occipital Pole 0.906986
Right Occipital Pole 0.672426

Left Thalamus 0.735479
Left Caudate 0.777656
Left Putamen 0.844976
Left Pallidum 0.457279
Brain-Stem 0.710584
Left Hippocampus 0.929137
Left Amygdala 0.174550
Left Accumbens 0.662623
Right Thalamus 0.339350
Right Caudate 0.526285
Right Putamen 0.454647
Right Pallidum 0.422775
Right Hippocampus 0.884551
Right Amygdala 0.404086
Right Accumbens 0.090341
anterior thalamic 0.796381
radiation |

anterior thalamic 0.246850
radiation r

corticospinal tract | 0.326721
corticospinal tract r 0.342797

cingulum 1 0.277307
cingulum 2 0.457179
cingulum 3 0.487403
cingulum 4 0.206520
forceps major 0.985519
forceps minor 0.015499
inferior fronto 0.731981
occipital fasciculus |

inferior fronto 0.397616

occipital fasciculus r
inferior longitudinal | 0.210069
fasciculus |
inferior longitudinal | 0.646654
fasciculus r
superior longitudinal | 0.519947
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fasciculus |
superior longitudinal | 0.560994
fasciculus r
uncinate fasciculus | | 0.524774

uncinate fasciculusr | 0.909213
superior longitudinal | 0.798199
fasciculus (temp) |
superior longitudinal | 0.271656
fasciculus (temp) r

Supplementary Table 2. GASROS: Region-wise lesion load: L eft ver sus Right hemisphere

Region p-value
(uncorr ected)

Frontal Pole 0.100289

Insular Cortex 0.671948

Superior Frontal 0.284874

Gyrus

Middle Frontal Gyrus | 0.097747

Inferior Frontal 0.488408

Gyrus, pars

triangularis

Inferior Frontal 0.322880

Gyrus, pars

opercularis

Precentral Gyrus 0.492943

Temporal Pole 0.972531

Superior Temporal 0.492798

Gyrus, anterior

division

Superior Temporal 0.737939

Gyrus, posterior

division

Middle Temporal 0.240025

Gyrus, anterior

division

Middle Temporal 0.216577

Gyrus, posterior

division

Middle Temporal 0.386096

Gyrus,

temporooccipital
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part
Inferior Temporal 0.254205
Gyrus, anterior
division
Inferior Temporal 0.995351
Gyrus, posterior
division

Inferior Temporal 0.805314
Gyrus,
temporooccipital
part

Postcentral Gyrus 0.218225
Superior Parietal 0.941650
Lobule
Supramarginal Gyrus, | 0.854804
anterior division
Supramarginal Gyrus, | 0.435747
posterior division

Angular Gyrus 0.249257
Lateral Occipital 0.451869
Cortex, superior

division

Lateral Occipital 0.837318
Cortex, inferior

division

Intracalcarine Cortex | 0.211154
Frontal Medial 0.694675
Cortex

Supplementary 0.110900
Motor Cortex

Subcallosal Cortex 0.403666
Paracingulate Gyrus | 0.350138
Cingulate Gyrus, 0.205851
anterior division

Cingulate Gyrus, 0.399188
posterior division

Precuneous Cortex 0.558571
Cuneal Cortex 0.343832
Frontal Orbital 0.908159
Cortex

Parahippocampal 0.323093

Gyrus, anterior
division
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Parahippocampal 0.305976
Gyrus, posterior

division

Lingual Gyrus 0.020182

Temporal Fusiform 0.748740
Cortex, anterior
division

Temporal Fusiform 0.460176
Cortex, posterior

division

Temporal Occipital 0.110897
Fusiform Cortex

Occipital Fusiform 0.107983
Gyrus

Frontal Operculum 0.866187
Cortex

Central Opercular 0.549560
Cortex

Parietal Operculum 0.423082
Cortex

Planum Polare 0.476743
Heschl's Gyrus 0.540898
Planum Temporale 0.714736
Left Occipital Pole 0.139288
Thalamus 0.451667
Caudate 0.811544
Putamen 0.614842
Pallidum 0.127428
Hippocampus 0.317666
Amygdala 0.361732
Accumbens 0.255285
anterior thalamic 0.680600
radiation

corticospinal tract 0.464777
inferior fronto 0.972171

occipital fasciculus
inferior longitudinal | 0.162673

fasciculus
superior longitudinal | 0.002034
fasciculus
uncinate fasciculus 0.382741

superior longitudinal | 0.274158
fasciculus (temp)
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Supplementary Table 3. Matching of lesion atoms via correlations.

Development cohort: | Replication cohort: Number | Pearson  correlation  of
Number of leson atom of lesion atom NM F-weights. p-value
1 1 1.5¢%

2 land4 1:1.8¢%and 2: 6.16

3 3 1.46™

4 8 466"

5 4 1.8¢*

6 5 8.2¢™

7 6 (and 7) 3:1.9¢* (and 9: 3.4e™)
8 9 2.16%

9 9 3.6e™

10 10 1.5¢%
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