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Background purpose: A substantial number of patients with acute ischemic
stroke (AIS) experience multiple acute lesions (MAL). We here aimed to
scrutinize MAL in a large radiologically deep-phenotyped cohort.

Materials and methods: Analyses relied upon imaging and clinical data from
the international MRI-GENIE study. Imaging data comprised both Fluid-
attenuated inversion recovery (FLAIR) for white matter hyperintensity (WMH)
burden estimation and diffusion-weighted imaging (DWI) sequences for the
assessment of acute stroke lesions. The initial step featured the systematic
evaluation of occurrences of MAL within one and several vascular supply
territories. Associations between MAL and important imaging and clinical
characteristics were subsequently determined. The interaction effect between
single and multiple lesion status and lesion volume was estimated by means
of Bayesian hierarchical regression modeling for both stroke severity and
functional outcome.

Results: We analyzed 2,466 patients (age = 63.4 £+ 14.8, 39% women), 49.7%
of which presented with a single lesion. Another 37.4% experienced MAL in
a single vascular territory, while 12.9% featured lesions in multiple vascular
territories. Within most territories, MAL occurred as frequently as single lesions
(ratio ~1:1). Only the brainstem region comprised fewer patients with MAL
(ratio 1:4). Patients with MAL presented with a significantly higher lesion
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volume and acute NIHSS (7.7 vs. 1.7 mland 4 vs. 3, prpr < 0.001). In contrast,
patients with a single lesion were characterized by a significantly higher WMH
burden (6.1 vs. 5.3 ml, pgpr = 0.048). Functional outcome did not differ
significantly between patients with single versus multiple lesions. Bayesian
analyses suggested that the association between lesion volume and stroke
severity between single and multiple lesions was the same in case of anterior
circulation stroke. In case of posterior circulation stroke, lesion volume was
linked to a higher NIHSS only among those with MAL.

Conclusion: Multiple lesions, especially those within one vascular territory,
occurred more frequently than previously reported. Overall, multiple lesions
were distinctly linked to a higher acute stroke severity, a higher total DWI
lesion volume and a lower WMH lesion volume. In posterior circulation stroke,
lesion volume was linked to a higher stroke severity in multiple lesions only.

maghnetic resonance imaging, acute ischemic stroke, lesion volume, multiple acute

ischemic lesions, quantitative imaging, Bayesian hierarchical regression

Introduction

The stroke field has seen substantial advancements in recent
years. This progress was particularly due to robust clinical trials
that have impacted treatment pathways (Puy and Cordonnier,
2022). Studies designed to improve our understanding of which
lesion metrics are important for stroke outcomes can contribute
to such progress in complementary ways, and support novel
therapeutical approaches.

Neuroimaging is a core element of modern acute stroke
management (Lovblad et al., 2015; Regenhardt et al., 2022b). It
has been unparalleled in its capacity to derive detailed lesion
characteristics. Especially after the introduction of elaborate
imaging modalities, such as diffusion-weighted imaging (DWI),
it became possible to reliably disentangle the acute versus
chronic, lacunar versus non-lacunar, and single versus multiple
nature of ischemic lesions. While all these lesion characteristics
deserve further exploration, this present work investigates single
versus multiple lesions.

An early computed tomography (CT)-based study estimated
the frequency of multiple lesions to be ~2% (Bogousslavsky,
1991). Later magnetic resonance imaging (MRI)-focused re-
evaluations, however, suggested a frequency in the range of
10-30% (Ay et al., 1999; Baird et al., 2000b; Roh et al., 2000; Wen
et al,, 2004; Caso et al., 2005; Cho et al., 2007; Mustanoja et al.,
2013; Depuydt et al., 2014; Novotny et al., 2017). These more
recent estimates indicate that multiple lesions are a common and
clinically relevant phenomenon. Concurrently, accumulating
evidence suggests associations between the presence of multiple
lesions and specific stroke etiologies, such as large-artery
atherosclerosis (Roh et al., 2000; Wen et al, 2004) and
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cardioembolism (Novotny et al, 2017). In addition, multiple
stroke lesions have also been linked to a higher initial stroke
severity (Novotny et al.,, 2019), higher risk of death (Wen et al.,
2004) and stroke recurrence (Wang et al., 2019).

Lesion volume has long been known to explain substantial
variability in acute and chronic stroke outcomes (Louvbld
et al., 1997; Baird et al., 2000a; Thijs et al., 2000; Vogt et al.,
2012; Regenhardt et al, 2022a). This explanatory capacity
rendered lesion volume a clinically important prognostic
marker. Conceivably, a higher lesion volume in the case of
multiple lesions could readily explain the association with less
favorable outcomes. However, the links between single and
multiple lesion status, lesion volume and stroke outcomes
have not been assessed thoroughly. This omission may largely
be due to the unavailability of individual lesion volume
information in many large stroke databases. Altogether, the in-
depth investigation of lesion volume interaction effects with
other lesion characteristics may be particularly important: More
and more studies indicate that the association between lesion
volume and outcomes is more complex than initially believed.
For example, the links between lesion volume and long-term
functional outcomes were shown to differ for small and large
lesions (Ospel et al., 2021). Further work indicated that only a
fraction of the endovascular treatment benefit could be traced
back to the reduction in lesion volume (Al-Ajlan et al., 2016).

We here build upon a large, uniquely well-phenotyped
imaging dataset of patients with acute ischemic stroke
(AIS) originating from the international, multi-site MRI-
Genetics Interface Exploration (MRI-GENIE) study (Giese
et al., 2017) to investigate three main research aims: First,
we focused on phenotyping multiple versus single ischemic
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lesions in radiological terms. We here primarily computed the
occurrence of multiple versus single ischemic lesions while
taking information on the individual vascular territory into
account. In the following, we evaluated whether there were any
differences in sociodemographic and clinical characteristics of
patients presenting with either multiple or single acute ischemic
lesions. In final analyses, we assessed the interaction effects
of multiple versus single lesions and lesion volume on acute
stroke severity and chronic functional outcomes. With respect
to these final analyses, we aimed to evaluate the hypothesis
that lesion volume relates to stroke outcomes in varying ways
depending on multiple versus single lesion status. Altogether,
the unique availability of (i) a large dataset of multimodal
clinical MRI scans and clinical information, (ii) extensive
automated segmentations of acute infarct lesions and white
matter hyperintensity (WMH) lesions in combination with (iii)
comprehensive manual scan evaluations by neuroradiologist
experts (Drake et al., 2020) allowed us to perform analyses with
an unprecedented level of detail.

Materials and methods
Stroke patient sample

The present study relied on data of patients with
AIS gathered for the international MRI-Genetics Interface
Exploration (MRI-GENIE) study (Giese et al., 2017), which,
itself, was based upon the Stroke Genetics Network (SiGN)
collaboration (Meschia et al., 2013). In brief, this study’s primary
aim was to facilitate the genetic analysis of acute and chronic
cerebrovascular neuroimaging phenotypes with an emphasis on
creating a large database of acute and well-characterized MRI
scans. While MRI-GENIE recruited 3,301 patients overall, we
here focused on patients with complete radiological reports
and discernible acute infarct diffusion-weighted imaging (DWI)
lesions (n = 2,468). Patients gave written informed consent
in accordance with the Declaration of Helsinki. The study
protocol was approved by Massachusetts General Hospital’s
Institutional Review Board (Protocol #: 2001P001186 and
03P000836).

Neuroimaging data and structured
reporting tool

MRI-Genetics Interface Exploration patients underwent
acute MRI examinations. Most examinations occurred within
the first 48 h of hospital admission and featured DWI, as well
as FLAIR sequences. In view of the multi-site character of the
study, a variety of imaging parameters have been employed.
A comprehensive overview is given in the Supplementary
material. Two board-certified neuroradiologists (JW and MD)
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manually reviewed all individual scans. They captured detailed
information on lesion location (e.g., side, vascular territory)
and further lesion characteristics (e.g., cortical/subcortical,
single/multiple, lacunar/non-lacunar lesions for supratentorial
strokes). An ischemic injury was classified as “multiple
ischemic lesions stroke” if there were either multiple lesions
within any of the predefined anatomical areas, or if there
were distinct lesions in more than one of the predefined
anatomical areas. Vascular territories encompassed the
anterior cerebral artery (ACA), middle cerebral artery (MCA),
posterior cerebral artery (PCA) and vertebrobasilar territory
(cerebellum and brainstem), each coded separately for
the left and right hemispheres. Importantly, lesions did
not have to occur in multiple vascular territories to be
considered as multiple lesions. Therefore, we also assigned
the multiple status within one vascular territory. It must
be noted that borders are not distinct between vascular
territories and substantial variation exists between individuals.
Hence, the association of lesions to vascular territories is
somewhat subjective for such border-zone areas. An exhaustive
description of the structured reporting tool used can be found
in Drake et al. (2020). Furthermore, DWI lesion volume, as
well as WMH burden were estimated from automatically
generated segmentations of DWI-defined stroke lesions
(Wuetal,, 2019) and FLAIR-defined WM lesions, respectively
(Schirmer et al., 2019).

Clinical data

Sociodemographic ~ and  clinical data  comprised
information on age, sex, stroke severity, stroke etiology,
and comorbidities/cardiovascular  risk  factors.  Stroke

etiology was captured via the causative classification of
stroke system (CCS) (Arsava et al., 2010), stroke severity
was measured via the National Institutes of Health Stroke
Scale during the acute hospital stay (NIHSS, 0-42, 0: no
measured deficits, 42: maximum stroke severity). Functional
outcomes were captured via the modified Rankin Scale
(mRS, 0: no symptoms at all, 6: death) at 3-6 months.
Comorbidities included hypertension, coronary artery disease,
diabetes mellitus, atrial fibrillation, history of smoking
and prior stroke.

Descriptive statistics and group
comparisons: Occurrence, spatial
distribution, and clinical effects of
single and multiple lesions

Our primary focus was the characterization of multiple

ischemic lesions, i.e., their frequency of occurrence, spatial
predilection, and associations to clinical factors and stroke
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outcomes. Multiple lesions were defined as >1 ischemic lesion,
which could be located either within one vascular territory
or multiple vascular territories. Patients were categorized
according to the number of lesions and the number of
involved vascular territories: Single lesion in a single vascular
territory, multiple lesions in a single vascular territory, two
single lesions in two vascular territories, multiple lesions
in two vascular territories, and so forth. Subsequently, we
compared the frequency of single versus multiple lesions
within each vascular territory. These descriptive statistics
are reported as means and associated standard deviations
(SDs). Associations of single versus multiple lesion status
with clinical characteristics were evaluated via two-sample
t-tests or Fisher’s exact tests as appropriate. The level
of significance was set to p < 0.05 after correction for

multiple comparisons.

Bayesian hierarchical regression:
Interaction effects of multiple lesions
and lesion volume with respect to
stroke severity and functional outcome

In more granular analyses, we scrutinized the links between
lesion volume and single versus multiple lesion status (as
the exposures of interest) and stroke severity and unfavorable
functional outcome (mRS > 2) (as the outcomes of interest).
These analyses were motivated by the hypothesis that patients
with multiple stroke lesions would experience more severe
strokes despite similar lesion volumes. Initially, we performed
analyses for all stroke patients with available stroke severity
and functional outcome data. Subsequently, we stratified for
anterior versus posterior strokes. We excluded patients with
lacunar stroke in the analysis of anterior circulation stroke
patients, given that they, per definition, exclude multiple
lesions. Lacunar stroke was defined as a single subcortical
supratentorial lesion smaller than 1.5 cm. The same analysis
without the exclusion of patients with lacunar stroke is included
in our Supplementary material. We explained acute stroke
severity by means of Bayesian hierarchical linear regression.
Similarly, we employed Bayesian hierarchical logistic regression
to explain 3-6-months unfavorable functional outcomes. The
choice of these Bayesian models was motivated by the ease
with which interaction effects can be evaluated: The hierarchical
structure of the Bayesian models allowed us to estimate the
effect of lesion volume on stroke outcomes separately for
multiple and single ischemic lesions. However, since both of
these estimates were obtained in the same model, we could
directly compare these estimates and quantify their difference.
The usage of Bayesian hierarchical models was furthermore
supported by their successful application in several of our
previous stroke outcome studies (Bonkhoff et al., 2020, 2021a,
2022b). Log-transformed total DWT lesion volume represented
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the input to explain stroke severity, i.e., the acute NIHSS
score, or unfavorable functional outcomes, i.e., mRS > 2, as
the output. Single versus multiple lesion status was integrated
via the hierarchical structure of our model. In this way,
we obtained an estimate of the association of DWI lesion
volume with stroke severity separately for those patients with a
single versus those with multiple lesions (c.f., Supplementary
material for model specifications). As in previous work
(Bonkhoff et al., 2021b, 2022a), we determined whether group
estimates substantially differed via checking the overlap with
zero for the difference distributions of posteriors (single -
multiple lesions).

Data availability and coding
environment

Data can be made available to researchers for the
purpose of reproducing the here reported results, pending
the permission for data sharing by Massachusetts General
Hospital’s institutional review board. Analyses were
implemented in Python 3.7, hierarchical models relied on

pymc3 (Salvatier et al., 2016).

Results

We included a total of 2,466 MRI-GENIE patients with
available MRI examinations and visible acute DWI stroke
lesions in this study [mean age (standard deviation (SD)]: 63.4
(14.8), 39.0% women, Table 1).

Patients with a single ischemic lesion in a single vascular
(1,225/2,466), 50.3%
experienced multiple ischemic lesions (1,241/2,466). Most

territory constituted 49.7% while
of these patients with multiple lesions had all their lesions
within one vascular territory (37.4%, 922/2,466). Further
multiple lesion constellations were comparably less frequent:
4.1% (102/2,466) patients with a single lesion in a first and
multiple lesions in a second vascular territory, 3.2% with two
single lesions in two vascular territories. Figure 1 presents a
visual overview of these lesion and territory constellations.

A total of 196 patients (8.0%) presented with bilateral
stroke (ACA, MCA, PCA, and cerebellar strokes, excluding the
brainstem). Furthermore, 138 strokes (5.6%) occurred in both
supra- and infratentorial territories and 46 (1.9%) in both the
anterior and posterior circulation.

When evaluating each vascular territory separately, the
frequency of multiple versus single lesions remained largely the
same, i.e., ~50% (from 43% for right ACA to 55% for right
cerebellum, Table 2). The brainstem represented a noteworthy
exception: Single lesions within the brainstem were four times
more likely than multiple lesions (81 vs 19%).
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TABLE 1 Clinical characteristics of included MRI-Genetics Interface Exploration (MRI-GENIE) patients with acute ischemic stroke (AIS).

All patients Patients with a single  Patients with multiple ~ Group

(n =2,466) lesion (n = 1,225) lesions (n =1,241)  differences

Age (mean, SD) 63.4 (14.8) 63.1 (14.4) 63.7 (15.1) 0.32
Sex (female) 39.0% 37.7% 40.2% 0.39
Comorbidities and Hypertension 65.4% 66.6% 64.2% 0.32
vascular risk factors

Diabetes mellitus 23.6% 24.2% 23.0% 0.58

Atrial fibrillation 14.7% 12.4% 16.9% 0.006*

CAD 17.4% 16.9% 18.0% 0.58

Smoking (never) 43.7% 43.3% 44.2% 0.70
Stroke etiology Cardio-aortic embolism 15.9% 13.7% 18.1% 0.009*

Large artery 23.1% 16.0% 30.1% <0.001*

atherosclerosis

Small artery occlusion 14.9% 26.0% 4.0% <0.001*

Other etiology 7.2% 5.7% 8.6% 0.01*

Undetermined etiology 38.9% 38.6% 39.2% 0.77
DWI lesion volume (ml, median, iqr) (n = 1,011, 484 with multiple) 3.6 (20.0) 1.7 (11.2) 7.7 (30.4) 0.001*
WMH burden (ml, median, iqr) (n = 856, 413 with multiple) 5.9(13.2) 6.1 (14.4) 53(11.3) 0.05*
NIHSS-based stroke severity (mean, SD) (n = 1,011, 484 with multiple) 5.4 (5.6) 4.6 (4.8) 6.3 (6.3) <0.001*
NIHSS-based stroke severity (median, iqr) (n = 1,011, 484 with multiple) 3(5) 4(7) 3(4)
Modified Rankin Scale (median, iqr) (n = 747, 395 with multiple) 2(2) 2(2) 1(2) 0.32

Numbers are presented for the entire group of patients, as well as stratified based on single lesion versus multiple lesions. Statistical group differences between patients with single and
multiple lesions were evaluated via two-sample ¢-tests or Fisher’s exact tests (level of significance p < 0.05, FDR-corrected for multiple comparisons). Asterisks mark statistically significant
group differences after correction for multiple comparisons. Bold values represent the significant p-values.

Single lesion in single
territory ~==<__

1
Single
territory

‘E_ 1% and less each for combinations of
more than two single or multiple lesions

Multiple
territories

~ Multiple lesions in two territories

\ . &
\One single lesion and
o . . . 0 o
Multiple e multiple lesions in further territories
lesions in single territory

FIGURE 1

Sunburst plot of lesion and territory constellations. Most lesions, i.e., 87%, occurred within one vascular territory and the majority out of these
were characterized as a single lesion [nine vascular territories: anterior cerebral artery (ACA left/right), middle cerebral artery (MCA left/right),
posterior cerebral artery (PCA left/right) and vertebrobasilar territory (cerebellum left/right and brainstem)].
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Different clinical characteristics for
patients with single and multiple
lesions

There were no significant differences in age or sex between
patients with a single lesion and those with multiple lesions
[mean (SD) age 63.1 (14.8) years, 37.7% women vs. 63.7
(15.1) years, 40.2% women]. Similarly, patients with single vs.
multiple lesions did not differ significantly in the frequencies
of the comorbidities hypertension (66.6 vs. 64.2%), diabetes
mellitus (24.2 vs. 23.0%) and coronary artery disease [16.9 vs.
18.0%, all p-values > 0.05 after False Discovery Rate (FDR)-
correction for multiple comparisons]. However, significantly
more patients with multiple lesions had a diagnosis of atrial
fibrillation (12.4 vs. 16.9%, prpr-value = 0.005). Furthermore,
patients with multiple lesions were more likely to be non-
smokers (43.3 vs. 50.0%, prpr-value = 0.002). With respect
to stroke etiology, stroke patients with multiple lesions were
significantly more likely to be diagnosed with cardioembolic and
large artery occlusion strokes (cardioembolic: 13.7 vs. 18.1%,
prpr-value = 0.008; LAO: 16.0 vs. 30.1%, prpr-value < 0.001),
as well as strokes of the category “other etiology” (5.7 vs. 8.6%,
prpr-value = 0.01). In contrast, patients with single lesions more
frequently experienced small artery occlusion strokes (26.0 vs.
4.0%, prpr-value < 0.001).

We also had access to information on lesion volume and
acute stroke severity for a subset of 1,011 patients (n = 484
patients with multiple lesions, 47.9%). Patients with multiple
lesions presented both with a higher stroke severity [NTHSS
4.6 (4.8) vs. 6.3 (6.3), prpr-value < 0.001], as well as a higher
lesion volume [median (IQR) 1.7 (11.2) ml vs. 7.7 (30.4) ml,
prpr-value = 0.001]. Despite this higher lesion volume in the
case of multiple lesions, lesion distributions themselves were
qualitatively similar. In case of both multiple and single lesions,
there was a predilection for subcortical infarcts in vicinity to the
lateral ventricles (Figure 2). On the other hand, patients with
single lesions were characterized by a significantly larger WMH
burden [median (IQR) 6.1 (14.4) ml vs. 5.3 (11.3) ml, prpr-
value = 0.048]. Patients with single lesions and patients with
multiple lesions did not significantly differ in their post-stroke
functional outcome [median (IQR) mRS 2 (2) vs. 1 (2), prpr-
value = 0.29, information available for 747 patients (n = 395
patients with multiple lesions, 52.9%)].

Bayesian hierarchical regression:
Interaction effects of multiple lesions
and lesion volume with respect to
stroke severity

These analyses were conducted within the subsample of
1,011 patients with available lesion volume and stroke severity
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data. Lesion volume was positively linked to stroke severity
across all patients: These effects of lesion volumes were
comparable between patients with single and multiple lesions
(posterior distribution for single lesions: mean: 1.15, 90%
highest probability density interval (HDPI): 1.01-1.28, posterior
distribution for multiple lesions: mean: 1.21, 90% HPDI: 1.08-
1.33; difference of posterior distributions: mean: —0.06, 90%
HPDI: —0.11 to 0.003, hence overlapping with zero, Figure 3,
upper row). Findings remained the same, when considering only
those patients with anterior circulation strokes and excluding
patients with lacunar lesions: Once again, the effect of lesion
volume on stroke severity was comparable for patients with a
single and with multiple lesions (posterior distribution for single
lesions: mean: 1.56, 90% HPDI: 1.39-1.84, posterior distribution
for multiple lesions: mean: 1.57, 90% HPDI: 1.4-1.76; difference
of posterior distributions: mean: —0.012, 90% HDPI: —0.091
to 0.064; Figure 3, middle row, c.f., Supplementary material
for results without exclusion of lacunar stroke patients). In the
case of posterior circulation stroke, lesion volume had varying
effects on stroke severity depending on the single versus multiple
lesion status (posterior distribution for single lesions: mean:
0.208, 90% HPDI: —0.0698 to 0.477, posterior distribution for
multiple lesions: mean: 0.39, 90% HPDI: 0.127-0.619; difference
of posterior distributions: mean: —0.182, 90% HPDI: —0.314
to —0.0689, not overlapping with zero; Figure 3, bottom row).
Therefore, lesion volume had a more prominent role in stroke
severity in the sample of patients with multiple lesions in the
posterior circulation.

Bayesian hierarchical regression:
Interaction effects of multiple lesions
and lesion volume with respect to
functional outcomes

A total of 747 patients had available information on 3-month
functional outcomes. When analyzing the entirety of patients,
we once again ascertained positive links between lesion volume
and unfavorable functional outcomes. These effects did not
differ between the groups of patients with single and multiple
lesions (difference of posterior distributions: mean: 0.002, 90%
HPDI: —0.025 to 0.034). Results were qualitatively similar
for patients with anterior circulation stroke and non-lacunar
lesions. In case of posterior circulation stroke, lesion volume was
not markedly associated with unfavorable functional outcomes,
neither for single, nor for multiple lesions.

Discussion

We leveraged a large, exceptionally well-characterized
sample of 2,466 patients with AIS to investigate the intricacies
of multiple ischemic lesions. We found that multiple lesions
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were frequent and occurred in 50% of all patients. Most of the
multiple lesions occurred within one specific vascular territory.
Only a total of 13% of all patients had lesions in multiple vascular
territories. Combined lesions in both anterior and posterior
circulation brain region were rare (~2%). This low estimate
contrasted with an overall higher rate of bilateral stroke lesions
(~8%). Our data corroborate previously reported higher rates
of atrial fibrillation, cardioembolic and large artery occlusion
etiologies (Roh et al., 2000; Cho et al., 2007; Depuydt et al., 2014)
in patients with MAL. Similarly, stroke severity (Novotny et al.,
2019) was higher in patients with MAL. Furthermore, we could
gain novel insights into the links between single versus multiple
lesions and the volumes of DWI and WMH lesions. We found
that WMH lesion volume was significantly higher in patients
with single lesions. This observation can potentially be explained
by the higher prevalence of small vessel etiology in single
lesion stroke. However, it has to be noted that the absolute
difference was only 0.8 ml. In contrast, DWI lesion volume
was significantly higher in those patients experiencing multiple
lesions. What is more, for posterior circulation lesions, our
findings suggest that lesion volume is linked to a higher stroke
severity in the case of only multiple, but not single lesions.

Frequency of multiple lesions

Our finding that 50% of patients experience multiple lesions
is in stark contrast with reports of multiple lesions in ~2%
in the earliest studies (Bogousslavsky, 1991) and even with
those ones of up to ~30% in more recent studies (Roh et al.,
2000). These vastly varying numbers may arise due to both
differences in the scanner technical capabilities at the time of
study execution, as well as the definitions of multiple lesions.
Plausibly, the sensitivity of lesion detection has substantially
increased over the years. On the one hand, there was large-scale

TABLE 2 Number of patients with single and multiple lesions per
vascular territory and laterality.

Percent
multiple
lesions (%)

Number of
patients with
multiple lesions

Number of
patients with
single lesions

Left ACA 22 17 43.6
Right ACA 25 19 432
Left MCA 476 469 49.6
Right MCA 422 427 50.3
Left PCA 108 109 50.2
Right PCA 110 85 43.6
Left Cereb 93 81 46.6
Right Cereb 82 100 55.0
Brainstem 276 61 18.6

As expected, lesions occurred most frequently in MCA territory and least frequently in
ACA territory of both the left and the right hemisphere.
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transitions from CT to MRI scans. On the other hand, MRI
field strengths progressed from 1T and 1.5T to 3T MRI in many
places. A thinner slice acquisition may increase the sensitivity
even further (Erdur et al., 2019). We here only investigated MRI
scans which are more sensitive than early CT scans. However,
our multi-center imaging data was widely heterogeneous: Most
scans were acquired at a field strength of 1.5T, some at 3T, and
slice thicknesses varied from 2 to 7 mm.

The increase in the percentage of patients with multiple
lesions in our study may also stem from varying definitions
of multiple lesions. Our definition of “multiple” relied on
whether there were several topographically discrete, isolated,
unconnected lesions, independent of the actual vascular
territory. With that, our approach differs from many previous
studies. These studies rather considered lesions to be multiple
only, if they occurred in several vascular territories. If we had
applied this stricter criterion of multiple vascular territories
in our study, we would have observed multiple lesions in
only ~13% of the cases. Hence, this estimate would have
been substantially lower than the one of ~50%, if vascular
territories are not taken into account. Importantly, the exact
definitions of vascular territories differed in previous studies as
well: Some authors employed broad categories of hemisphere-
specific anterior, middle, and posterior cerebral artery strokes
(ACA, MCA, and PCA, respectively) (Erdur et al, 2019).
In contrast, other authors differentiated between more subtle
territories. Novotny et al. (2017), for example, additionally
incorporated individual leptomeningeal branches of the ACA
and MCA, the anterior choroidal artery (AchA) and numerous
perforating branches of arteries in the posterior circulation.
Baird and colleagues, on the other hand, modified criteria
introduced by Bogousslavsky et al. (1996). They discriminated
between the anterior cerebral artery, middle cerebral artery
(lenticulostriate, superior or inferior division), penetrating
artery in the deep basal ganglia or white matter, anterior
choroidal artery, and watershed strokes (Baird et al., 2000Db).
The extent of territories likely has an appreciable effect on
the frequency of single versus multiple lesions. Conceivably,
increasing the territory size leads to the count of fewer
multiple lesions.

There may not be an objectively superior way to define
multiple lesions. Practically, it may be safer to assume that
lesions are truly distinct and unconnected, when occurring
in separate vascular territories (Baird et al., 2000b). However,
false positives may have been more of a concern, when
working with low resolution (CT) images, but less so nowadays.
False positives here refer to situations in which lesions are
presumed to be multiple, while they are not. Altogether, it
may therefore be of importance to be aware of employed
MAL definitions when evaluating and comparing the results of
different studies. In this study, we decided to employ a non-
territory-based definition of multiple lesions to ascertain an
upper limit for the occurrence of multiple lesions. We hence
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1

Patients with multiple lesions (n=484)

FIGURE 2

W 50 patients

Lesion overlap for all patients and separately for those experiencing multiple and single lesions. Most lesions occurred subcortically,

predominantly affecting the white matter in the vicinity of lateral ventricles. Patients with multiple lesions had larger stroke lesions on average,
resulting in more extensive regions of substantial overlap. Qualitatively, the distribution of lesions was, however, comparable between patients
with multiple and single lesions. Please note that the size of the original cohort was decreased due to lesion segmentation and stroke severity

availability.

defined associations to clinical characteristics in this context, as
discussed in the following.

Multiple acute ischemic lesions and
links to clinical variables

The in-depth investigations of multiple lesions are of
particular clinical value if they augment our insights on potential
stroke etiologies and outcomes. This new knowledge could
then be instrumentalized to optimize preventative regimens and
acute treatments. The high frequency of multiple lesions of 50%
further underscores their relevance in general: Many patients
could potentially benefit from any optimization.

Despite differences in MAL frequency, we here observed
constellations of stroke etiologies in patients with single

Frontiers in Neuroscience

09

vs. multiple lesions similar to those described in previous
studies (Roh et al, 2000; Cho et al., 2007; Depuydt et al.,
2014). Cardioembolic and large artery occlusion etiologies
were significantly more common in patients with multiple
lesions. Patients with single lesions experienced significantly
more small artery occlusion etiology strokes. In line with
this pattern of associated etiologies, we could also ascertain
a significantly higher WMH lesion load in patients with only
single lesions and a higher frequency of atrial fibrillation
in patients with multiple lesions. However, one important
observation is that these differences in stroke etiology were
not absolute. Every stroke etiology occurred in both single
and multiple lesion stroke. For example, ~14% of patients
with a single lesion were still categorized as having had a
cardioembolic stroke. In contrast, 4% of patients with multiple
lesions were assigned small artery occlusion etiology. This
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FIGURE 3

Bayesian hierarchical modeling: Lesion volume effects on stroke severity depending on the multiple versus single lesion status. The left column
presents the lesion volume effects on stroke severity in the case of single lesions, while the middle column presents the lesion volume effects in
the case of multiple lesions and the right column represents their difference. A total of 292 patients with non-lacunar, anterior circulation
strokes had multiple lesions (hence 140 with single lesions). For posterior circulation stroke, 117 patients had multiple, and 104 patients had
single lesions. Effects can be considered substantial if the zero is not included in the 90% highest probability density interval (HPDI, indicated by
the dashed lines). Therefore, when analyzing all patients (upper row) or all patients with non-lacunar, anterior circulation strokes, lesion volume
was noticeably linked to stroke severity — stroke severity was higher, the higher the lesion volume, independent of single or multiple lesions.
However, for posterior circulation strokes, lesion volume had a substantial effect on stroke severity only in case of multiple lesions, yet not in
case of single lesions. These varying links between lesion volume and stroke severity for single and multiple lesions were underscored by a
difference distribution not overlapping with zero (right column, bottom row).

latter finding may be well in line with prior work that
described multiple lesions occurring in lacunar stroke (Caso
et al., 2005). Importantly, the authors of this referenced study
confirmed small artery disease as the underlying etiology
in ~57% of patients with multiple lacunar lesions. In the
remaining 43% of patients with multiple lacunar lesions,
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etiologies other than small artery disease were determined after
closer investigation.

Given these previous insights, it may thus be worth
reevaluating more atypical constellations of stroke etiology and
multiple vs. single lesion, such as small artery occlusion etiology
in patients with multiple lesions. An enhanced understanding of
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causes of multiple and single lesions could then have appreciable
therapeutic consequences for secondary prevention.

Short- and long-term stroke outcomes
and lesion volume

Previous studies focused on MAL reported varying findings
with respect to the acute stroke severity. Some authors observed
non-significant differences in NIHSS scores (Wen et al., 2004;
Depuydt et al., 2014), while others described higher NIHSS
scores, along with higher acute mRS scores in patients with
multiple lesions (Novotny et al., 2019). We here ascertained
further evidence for a significantly higher acute stroke severity
in patients with multiple lesions. Due to the availability of
information on individual stroke volumes, we could enrich
our investigations by additionally scrutinizing interaction effects
of single versus multiple lesion status and lesion volume on
outcomes. Of note, we determined similar links between lesion
volume and stroke severity in case of anterior circulation stroke
for both patients with single, as well as multiple lesions. This
finding suggests that a higher stroke severity in patients with
MAL may be primarily due to a correspondingly higher lesion
volume. However, the nature of these links changed when
focusing on patients with posterior circulation strokes. We here
saw a more pronounced increase in stroke severity in case of
multiple discrete lesions. In other words, the same lesion volume
was linked to a higher stroke severity in case of multiple, as
compared to single lesions. The brainstem, representing one of
the main regions affected by a stroke in the posterior circulation,
hosts numerous relevant nerve nuclei and the cortical spinal
tract in close spatial proximity. Multiple smaller lesions may
inevitably affect more of these centers than a larger, but single
lesion could. This circumstance could eventually result in the
proportionally higher stroke severity in multiple lesion stroke.
Intriguingly, we observed a predominance of single lesions in
the brainstem region that stood in stark contrast to all other
vascular territories: While multiple lesions usually occurred
in approximately half of all cases, they constituted only 19%
of brainstem lesions. Future studies are warranted to explore
potential explanatory mechanisms and study the effect this
difference may exhibit on the effect of lesion volume on
stroke outcomes.

All in all, the nature of associations differed depending on
the single versus multiple lesion status and affected vascular
territory. Therefore, these findings strongly support the notion
that links between lesion volume and stroke outcomes need
to be dissected with the greatest care possible. Future research
could take our approach to the next level and go beyond only
differentiating between anterior versus posterior circulation
stroke. Exemplarily, it could be promising to test for varying
effects of multiple and single lesions for individual brain regions
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and white matter tracts, as defined by common brain atlases
[e.g., the Harvard Oxford atlas (Desikan et al., 2006)].

Further, we did not note any significant group differences
with respect to more long-term, 3-6-months functional
outcome. These functional outcomes were measured on the
modified Rankin Scale that represents a global assessment of
the symptomatic consequences of stroke (0: no symptoms to 6:
death) (Van Swieten et al., 1988; Erler et al., 2022). The scale is
most frequently employed as a primary endpoint in acute stroke
treatment trials (National Institute of Neurological Disorders
Stroke rt-PA Stroke Study Group, 1995; Berkhemer et al., 2015;
Braun et al., 2021). Nonetheless, it captures stroke sequelae in
a rather coarse-grained way. Given this limitation, it is difficult
to elucidate whether the observed initial differences in stroke
severity were only short-lasting and not present anymore at
3 months (e.g., due to a proportionally greater recovery) or
were long-lasting, but too subtle to be detected. When compared
to single lesions, multiple ischemic lesions were previously
linked to a higher rate of death and stroke recurrence (Wen
etal., 2004), suggesting some prolonged effect. Eventually, future
investigations are needed to confirm that links between single
and multiple lesions and long-term functional outcome do also
not arise in case of larger sample sizes. Additionally, it would
be insightful to examine links to more sophisticated scales, such
as the Fugl-Meyer score (Fugl-Meyer et al., 1975) for motor
functions or the mini-mental state exam (Folstein et al., 1975)
for cognitive functions.

Strengths, limitations, and future
evaluations

Our large sample size, as well as detailed central reads of
individual scans by expert neuroradiologists are two essential
strengths of this study. The multi-center character may
also suggest a good generalization to stroke populations at
large. However, there are multiple important limitations. It
should be noted that severe stroke patients may have been
underrecruited in the original studies (c.f., our median NTHSS
of 3). Additionally, information on functional outcome was only
available in a subset of our patient sample. Further, the focus
on MRI scans may have introduced a selection bias, given that
patients with CT scans were not considered. Another limitation
is that we did not have readily available information on acute
stroke treatment. Therefore, associations to the frequency and
efficacy of thrombolysis and thrombectomy, as well as their
influence on the final lesion volume remain to be estimated
in future work. Similarly, it would have been interesting to
follow up on previous work that highlighted links between
multiple lesions and hyperviscosity (Roh et al, 2000), or
investigated symptomatic presentations suggesting multiple
lesions (Depuydt et al., 2014). However, we did not have access
to these clinical details. Lastly, we here focused on estimating
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effects for totral DWI and WMH lesions volumes and compared
stroke lesion distributions only qualitatively (Figure 2). Future
work could go one step further even and evaluate lesion
distributions and location in quantitative ways and additionally
employ techniques such as radiomics (Bretzner et al., 2021;
Regenhardt et al., 2021) or image contrast enhancement (Versaci
etal., 2015) to augment the imaging-based lesion information.

Conclusion

We here assessed a large and radiologically uniquely deep-
phenotyped cohort of patients with acute ischemic stroke and
present evidence that multiple ischemic lesions occur more
frequently than previously reported. Multiple ischemic lesions
were detected in almost half of all cases. In analyses leveraging
information on lesion volume, we uncovered distinct interaction
effects with multiple lesions and vascular territories: The link
between lesion volume and stroke severity was the same
for both single and multiple lesions in the case of anterior
circulation strokes. However, in the case of posterior circulation
stroke, lesion volume was linked to a higher stroke severity
in multiple lesion stroke compared to single lesion stroke.
However, this association did not carry through to ~3-to-6-
months functional outcome.
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