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Smaller spared subcortical nuclei are associated
with worse post-stroke sensorimotor outcomes
in 28 cohorts worldwide
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Up to two-thirds of stroke survivors experience persistent sensorimotor impairments. Recovery relies on the integrity of spared
brain areas to compensate for damaged tissue. Deep grey matter structures play a critical role in the control and regulation of sen-
sorimotor circuits. The goal of this work is to identify associations between volumes of spared subcortical nuclei and sensorimotor
behaviour at different timepoints after stroke. We pooled high-resolution T;-weighted MRI brain scans and behavioural data in
828 individuals with unilateral stroke from 28 cohorts worldwide. Cross-sectional analyses using linear mixed-effects models
related post-stroke sensorimotor behaviour to non-lesioned subcortical volumes (Bonferroni-corrected, P < 0.004). We tested sub-
acute (<90 days) and chronic (>180 days) stroke subgroups separately, with exploratory analyses in early stroke (<21 days) and
across all time. Sub-analyses in chronic stroke were also performed based on class of sensorimotor deficits (impairment, activity
limitations) and side of lesioned hemisphere. Worse sensorimotor behaviour was associated with a smaller ipsilesional thalamic vol-
ume in both early (#=179; d=0.68) and subacute (# =274, d=0.46) stroke. In chronic stroke (7 =404), worse sensorimotor
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behaviour was associated with smaller ipsilesional putamen (d=0.52) and nucleus accumbens (d =0.39) volumes, and a larger
ipsilesional lateral ventricle (d=—0.42). Worse chronic sensorimotor impairment specifically (measured by the Fugl-Meyer
Assessment; 7 =256) was associated with smaller ipsilesional putamen (d =0.72) and larger lateral ventricle (d = —0.41) volumes,
while several measures of activity limitations (7 =116) showed no significant relationships. In the full cohort across all time
(n=828), sensorimotor behaviour was associated with the volumes of the ipsilesional nucleus accumbens (d=0.23), putamen
(d=0.33), thalamus (d = 0.33) and lateral ventricle (d = —0.23). We demonstrate significant relationships between post-stroke sen-
sorimotor behaviour and reduced volumes of deep grey matter structures that were spared by stroke, which differ by time and class
of sensorimotor measure. These findings provide additional insight into how different cortico-thalamo-striatal circuits support
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post-stroke sensorimotor outcomes.
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Graphical Abstract
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SMALLER SPARED SUBCORTICAL NUCLEI ARE ASSOCIATED WITH WORSE
POST-STROKE SENSORIMOTOR OUTCOMES IN 28 COHORTS WORLDWIDE

In subacute stroke, worse outcomes are associated with a
smaller ipsilesional thalamus.
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In chronic stroke, worse outcomes are associated with a
smaller ipsilesional putamen and nucleus accumbens and an
enlarged ipsilesional lateral ventricle.
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Introduction

Sensorimotor recovery after stroke relies on residual
motor architecture.' The majority of research in this area
has focused on the role of cortical regions within sensori-
motor networks, which often undergo significant reorgan-
ization and vary widely across individuals after stroke.
Spared subcortical nuclei also form key components of
corticothalamic and corticostriatal circuits that support
sensorimotor performance but have been less studied in
recent years. These structures may yield additional insight
into processes impacting stroke outcomes, given their
clearly defined boundaries, well-mapped inputs and out-
puts, and known associations with specific neurotransmit-
ters and genetic variants.”

As relay nodes for sensorimotor circuits in the brain,
subcortical nuclei not only play a critical role in the
maintenance and regulation of networks for motor learn-
ing, but they also subserve cognition, metabolic regulation,
and reward—all of which have been implicated as contrib-
utors to post-stroke outcomes, including sensorimotor

THALAMUS

Worse chronic sensorimotor impairment specifically is
associated with a smaller ipsilesional putamen and an
enlarged ipsilesional lateral ventricle.
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functioning and recovery.>™® Each structure in the cortico-
striatal-thalamic circuit has a distinct role in sensorimotor
control and possibly outcomes. For instance, the thalamus
is integral to the regulation of metabolism, sleep and
wakefulness, cognitive processing, and integrating sensori-
motor information,” and thalamic metabolism has been
shown to be disordered in the early weeks after stroke.>®
Similarly, the basal ganglia (e.g. caudate, putamen, globus
pallidus, and nucleus accumbens) are heavily involved in
motor control, learning and reward, with distinct roles for
each nuclei.”'” Direct damage to the thalamus and basal
ganglia is associated with poor sensorimotor behaviour
and recovery,*!! but the role of each spared subcortical
nuclei is unclear.

To date, these subcortical structures have been studied
only in modestly-sized samples, with varying results, and
with measurements from multiple regions often aggre-
gated as one (e.g. combined analysis of the thalamus and
basal ganglia). However, each nucleus has a characteristic
distribution of neurotransmitters and network connec-
tions; identifying specific non-lesioned subcortical nuclei
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could provide more precise neurobiological targets for
therapeutics to potentiate recovery.

In addition, inter-individual variability and the hetero-
geneity of brain changes after stroke pose challenges to
the identification of neural targets in spared tissue.
Addressing this issue requires large, diverse, and appro-
priately powered sample sizes with high-resolution brain
MRIs. Although acute stroke research has successfully
utilized pooled approaches with individual patient data to
examine acute treatment outcomes, >!? stroke rehabilita-
tion research has been slower to adopt this type of ap-
proach due to the complexity of combining elaborate
rehabilitation research protocols, differences in the site
and size of infarcts, diversity of the patient populations
recruited, and variety of the stroke neuroimaging and be-
havioural measures collected. To address these challenges,
we formed an international Stroke Recovery Working
Group through the Enhancing Neurolmaging Genetics
through Meta-Analysis (ENIGMA) Consortium to har-
monize and combine diverse individual patient data,
including high-resolution structural brain MRIs and be-
havioural outcome measures, across multiple research
centres.'"* Our ENIGMA Stroke Recovery Working
Group pools individual patient data across research sites
using a harmonized analytical pipeline and includes both
published and unpublished data. Compared to traditional
single-site analyses or retrospective meta-analyses, this ap-
proach allows for greater statistical rigour, testing of more
sophisticated hypotheses (e.g. subgroup analyses), and less
bias due to the inclusion of both published and unpub-
lished data across diverse cohorts.'>'® Furthermore,
pooled analyses with multi-site data increase heterogeneity,
which improves generalizability of findings, reduces re-
search inefficiency by leveraging previously collected data
to examine novel questions, and advances the field faster
than is achievable by prospective studies.'”

The current study pools data from 828 individuals
across 28 cohorts worldwide from the ENIGMA Stroke
Recovery Working Group to examine relationships be-
tween sensorimotor behavioural measures and volumes of
the ipsilesional and contralesional thalamus, putamen,
caudate, pallidum and nucleus accumbens. Enlargement
of the lateral ventricles was also examined as an indirect
measure of atrophy and vascular integrity.'®'” Given the
neurobiological events unique to early and subacute
stroke compared to chronic stroke, data were analysed
separately for individuals in the subacute (<90 days) and
chronic (>180days) stages.”® As an exploratory measure,
we also analysed relationships early after stroke
(<21 days), before post-stroke secondary structural atro-
phy is thought to be observed,*! to estimate whether sub-
acute associations are driven by early post-stroke changes
or likely existed prior to the stroke, as well as across all
time.

We hypothesized that thalamic volume would relate to
sensorimotor behaviour in early and subacute phases
after stroke, given its multiple roles in supporting cellular
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repair.>*> We further expected that smaller subcortical
volumes (reflecting atrophy of structures associated with
sensorimotor control) and larger ventricles (reflecting gen-
eral atrophy) would be related to worse chronic sensori-
motor behaviour.??

Furthermore, as sensorimotor behaviour encompasses
multiple classes of the International Classification of
Functioning, Disability, and Health (ICF), we conducted
separate subgroup analyses in chronic stroke to examine
if there are specific neural correlates of loss of body
structures and function (i.e. semsorimotor impairment)
versus loss of activity in daily tasks (i.e. activity limita-
tions).”* We anticipated that subcortical nuclei important
for direct sensorimotor control, such as the putamen,
would more strongly relate to impairment; conversely,
regions associated with reward and motivation, such as
the nucleus accumbens, should more strongly relate to ac-
tivity limitation. Finally, in chronic stroke, we also exam-
ined the impact of the side of the lesion. Based on
evidence of hemispheric specialization for motor behav-
jour after stroke,”> we hypothesized that the side of the
lesion would modify the relationship between non-
lesioned subcortical tissue volume and sensorimotor
behaviour.

Materials and methods

The current cross-sectional pooled analysis used data
from the ENIGMA Stroke Recovery Working Group,
which was frozen for this analysis on 22 May 2020. A
detailed overview of ENIGMA Stroke Recovery proce-
dures and methods are reported elsewhere.'* The retro-
spective data were collected across 28 different research
studies (i.e. cohorts) at 16 different research institutes in
10 countries. Data were collected in accordance with the
Declaration of Helsinki and in compliance with local eth-
ics review boards at each institute (see Supplementary

Table 1 for details).

Participants with at least one sensorimotor behavioural
outcome measure (see Behavioural Data Analysis) and a
segmented high-resolution (e.g. 1-mm isotropic) T;-weighted
(T1w) structural MRI of the brain (see MRI data analysis)
were included, yielding an initial dataset of 1285 individuals.
Only participants with unilateral ischaemic stroke or intra-
cerebral haemorrhage in subcortical and/or cortical regions
were included, while individuals identified as having bilateral
lesions or lesions in the brainstem or cerebellum were
excluded from this analysis. For any longitudinal observa-
tions, only the first time-point was used; the resulting data-
set was therefore cross-sectional. Fach brain region was
manually inspected for quality and overlap with the lesion
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(see MRI data analysis). Any individuals missing covariates
of age (n=150) or sex (n=89) were also excluded, yielding
a final sample of 828 individuals. As the relationships be-
tween brain volume and sensorimotor behaviour were
expected to change with time after stroke, the data were
divided into subacute stroke (<90days post-stroke) and
chronic stroke (>180days post-stroke). Exploratory analyses
looking only at early stroke (<21days post-stroke) and
across all times after stroke are also included.

To extract subcortical volumes, the brain imaging soft-
ware package FreeSurfer (version 5.3) was used to seg-
ment subcortical regions of interest (ROIs) from the Tlw
MRIs.?® Twelve ROIs were extracted: the left and right
thalamus, caudate, putamen, pallidum, nucleus accumbens
and lateral ventricles. For all analyses, these were charac-
terized as ipsilesional and contralesional with respect to
the lesioned hemisphere. Total intracranial volume (ICV)
was also quantified using FreeSurfer outputs. ENIGMA
scripts developed in-house were used to extract the vol-
ume of each ROI for each individual and to generate
quality control triplanar images of each segmented ROI
as done previously (http:/enigma.ini.usc.edu/protocols/).”
Given the variability of post-stroke neuroanatomy follow-
ing a lesion, trained research team members (A.Z.-P.,
A.S.) performed visual quality control for each ROI in
each subject. Any regions intersecting the lesion were
marked ‘lesioned’, and any regions not properly seg-
mented by FreeSurfer were marked ‘failed’. Regions fall-
ing in either category were excluded from further analysis
(for the full quality control protocol, see Appendix 1 in
ref 14). Sample sizes for each analysis and brain region
are reported in each results table.

Across cohorts, behavioural data were collected within
approximately 72h of the MRIL. To maximize the utility
of the full dataset, a primary sensorimotor bebaviour
score was defined for each study cohort using the stand-
ardized measure reported by that cohort which was most
commonly represented in the dataset overall (see
Supplementary materials). In order to aggregate the dif-
ferent measures across cohorts, for each measure, a frac-
tion of the maximum possible score was calculated, such
that O represented the worst sensorimotor performance
(severe deficits) and 1 represented the best sensorimotor
performance (no deficits). For example, the most common
measure used across cohorts was the Fugl-Meyer Motor
Assessment of Upper Extremities (FMA-UE),”” and a
score of 45 out of the maximum 66 possible points on
this assessment would be represented as 0.68.

In chronic stroke, we also examined behavioural meas-
ures that specifically captured impairment and activity
limitation. Impairment was measured by the FMA-UE,

S.-L. Liew et al.

whereas activity limitation was measured by the Action
Research Arm Test (ARAT)?*® and Wolf Motor Function
Test (WMFT).>’ These data were not examined in early
stroke due to the limited sample sizes with these
measures.

To examine the relationships between sensorimotor be-
haviour and non-lesioned subcortical volumes, we per-
formed linear mixed-effects regressions. A separate
regression model was run for the volume of each subcor-
tical ROI (outcome) using sensorimotor behaviour (e.g.
primary sensorimotor behaviour score, sensorimotor im-
pairment, or activity limitations) as the primary predictor
of interest. After ruling out collinearity (variance inflation
factor < 2.5), normalized age, ICV, and sex were
included as fixed effects. Research cohort was included as
a random effect. In chronic stroke, the effect of lesioned
hemisphere was examined by including an interaction
term between sensorimotor behaviour and side of
lesioned hemisphere to the model predicting subcortical
volume. This was not examined in subacute stroke due
to the smaller sample size. A likelihood ratio test was
performed to compare models with and without random
effects and showed that the random effects were always
significant. The regression assumptions of linearity, nor-
mality of the residuals, and homogeneity of the residual
variance were checked via visual inspection of residuals
versus fits plots as well as qqg-plots for both individual
observations and research cohorts. Potential influential
values for both observations and cohorts were assessed
using Cook’s distance with recommended thresholds.*®
As we detected influential observations in almost all anal-
yses, we re-ran the analyses using robust mixed-effect re-
gression, which reduces the weight of influential
observations in the models without excluding data.’!
Results did not differ between original and robust regres-
sion models. The results of the robust regression models
can be found in Supplementary materials.

For all regression analyses, beta coefficients are pre-
sented for the predictor of interest (e.g. sensorimotor be-
haviour, sensorimotor impairment, or activity limitations),
along with the sample size (n), standard error (SE), 95%
confidence interval (CI), degrees of freedom (df), standar-
dized effect size (d), t-value and uncorrected P-value.
Statistical significance was adjusted for multiple compari-
sons across the 12 ROIs using a Bonferroni correction
(P<0.004). Any significant fixed covariates are also
reported.

We also compared sensorimotor behaviour scores be-
tween left and right hemisphere stroke groups. The data
violated the Wilk-Shapiro test of normality for both
groups (LHS: W=0.89, P<0.001, RHS: W=0.89,
P <0.001). We therefore used a nonparametric Wilcoxon
rank sum test to compare independent group samples.
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All statistical analyses were conducted in R (version
3.6.3; R Core Team, 2020).>> The follow R libraries
were used for the statistical analyses: the [me function
from nmmle was used for the linear mixed-effects regres-
sions,>® the rlmer function from robusthmm was used for
the robust linear mixed-effects regressions,** and the rsta-
tix library was used for the Wilcoxon rank sum test.>* In
addition, influence. ME was used to detect influential values®®
and dplyr’” and tidyverse®® libraries were used for data
organization.

The deidentified summary data and code that support the
findings of this study are available upon reasonable re-
quest from the corresponding author. The data are not
all publicly available in a repository as they may contain
information that could compromise the privacy of re-
search participants. There are also data sharing restric-
tions imposed by some of the (i) ethical review boards of
the participating sites, and consent documents; (ii) nation-
al and trans-national data sharing laws; and (iii) institu-
tional processes, some of which require a signed data
transfer agreement for limited and predefined data use.
However, we welcome sharing data with researchers,
requiring that they become members of the ENIGMA
Stroke Recovery working group and submit an analysis
plan for a secondary project for group review. Once this
analysis plan is approved, access to the relevant data will
be provided contingent on data availability, local PI ap-
proval and compliance with all supervening regulatory

boards.

Results

Data from 828 individuals across 28 cohorts worldwide
were included (see Table
characteristics). Briefly, the median age was 63 years old
(interquartile range (IQR) 19years), and there were 516
males and 312 females.

In subacute stroke (<90 days; 7n=274), worse post-stroke
sens orimotor behaviour was significantly associated with
smaller volumes of the ipsilesional thalamus (nz=274,
d=0.46, P=0.002; Table 2; Fig. 1). Analysis of only
individuals within just the first 21 days post-stroke (n=179,
d=0.68, P<0.001) demonstrated the same result with a
stronger effect (Table 2).

In chronic stroke (>180days; #n=404), worse sensori-
motor behaviour was related to smaller volumes of the
ipsilesional putamen (d=0.52, P<0.001) and ipsilesional
nucleus accumbens (d=0.39, P=0.002), and a larger
volume of the ipsilesional lateral ventricle (d=—0.42,
p<0.001; Table 3; Fig. 1).

In chronic stroke, we examined brain-behaviour rela-
tionships using a measure of impairment (the FMA-UE
scale; #=256) and two measures of activity limitation

1 for an overview of cohort
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(WMFT, ARAT; n=116). Worse sensorimotor impair-
ment was associated with smaller ipsilesional putamen
(d=0.72, P=0.001) and larger ipsilesional lateral ven-
tricle volumes (d=-0.41, P=0.002; Table 4; Fig. 1).
We found no significant relationships between subcortical
volumes and measures of activity limitations (Table 4).

In chronic stroke, we further analysed the differences
between individuals with left hemisphere stroke (LHS,
n=214) versus right hemisphere stroke (RHS, 7=190)
by including lesioned hemisphere as an interaction term
in the model. There were no significant effects of the side
of the lesioned hemisphere on the relationship between
sensorimotor behaviour and subcortical volumes, and no
main  effects of the lesioned hemisphere (see
Supplementary material). Inclusion of the lesioned hemi-
sphere into the model did not change the main effects of
sensorimotor behaviour. We also examined whether there
were differences in behavioural scores for LHS and RHS
groups. The median sensorimotor behaviour score in
LHS was 0.80 (IQR=0.39) and in RHS was 0.74
(IQR =0.49). A Wilcoxon test showed no significant ef-
fect of lesioned hemisphere between groups (P=0.29, ef-
fect size r=10.053).

Finally, an exploratory analysis of the entire cohort
(N=2828) demonstrated significant relationships between
worse sensorimotor behaviour and smaller volumes of the
ipsilesional thalamus (d=0.33, P=0.001), putamen
(d=0.33, P<0.001), and nucleus accumbens (d=0.23,
P=0.004), and a larger
(d=-0.23, P=0.001; see Supplementary materials).

lateral ventricle volume

Discussion

We report the first international, multi-site pooled ana-
lysis with individual patient data using high-resolution
structural brain imaging in stroke rehabilitation research
and the largest study to date relating spared subcortical
brain volumes to post-stroke sensorimotor behaviour. We
identified novel, significant relationships between worse
post-stroke sensorimotor behaviour and smaller volumes
of spared deep grey matter structures, including the ipsile-
sional thalamus, putamen, and nucleus accumbens, as
well as general atrophy as indexed by enlargement of the
ipsilesional lateral ventricle. Notably, analyses included
only non-lesioned structures, and significant relationships
were found only in the ipsilesional hemisphere. These
findings suggest that, post-stroke, secondary subcortical
brain alterations related to sensorimotor behaviour occur
most prominently in the hemisphere directly affected by
the stroke. This was observed despite the fact that, after
stroke, atrophy and reorganization has been observed bi-
laterally.®® The identification of sensorimotor relation-
ships with these specific ipsilesional subcortical nuclei
may provide novel targets to improve stroke outcomes.
Our results support the hypothesis that different non-le-
sioned deep grey structures serve distinct roles in subacute
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Cohort ID n Females/Males Median age (IQR, min-max) Median sensorimotor
score
(IQR, min-max)
| 39 10129 6l (17,31-80) 0.65 (0.23, 0.0-0.9)
2 12 06/06 70 (12, 39-85) 0.50 (0.41,0.2-0.7)
3 14 06/08 60 (15, 33-85) 0.25 (0.22, 0.1-0.6)
4 19 06/13 44 (15, 30-68) 0.14(0.17,0.0-0.5)
7 42 14/28 56 (14, 18-80) 0.82 (0.35, 0.4-1.0)
8 8 02/06 62 (10, 39-75) 0.55(0.35, 0.0-1.0)
9 93 29/64 70 (16,24-88) 1.00 (0.07, 0.0-1.0)
10 24 05/19 59 (13, 42-74) 1.00 (0.02, 0.7-1.0)
11 29 10/19 57 (11,44-71) 1.00 (0.05, 0.1-1.0)
12 57 31726 71 (17,31-97) 0.65 (0.71, 0.0-1.0)
13 44 22/22 72 (18,33-91) 0.12(0.32,0.0-1.0)
15 14 06/08 57 (11, 45-74) 0.72 (0.25, 0.4-0.8)
17 16 05/11 59 (04, 45-68) 0.55 (0.23,0.2-0.7)
18 I 05/06 59 (07, 46-73) 0.65 (0.22, 0.5-0.9)
19 13 03/10 62 (21, 33-74) 0.84 (0.08, 0.8-0.9)
20 22 08/14 70 (13, 49-79) 0.91 (0.14, 0.3-1.0)
22 17 04/13 59 (30, 25-72) 0.63 (0.50, 0.0-0.8)
23 13 07/06 58 (08, 31-90) 0.42(0.17,0.3-0.8)
24 21 /10 63 (13, 32-78) 0.95 (0.00, 0.6—1.0)
25 26 10/16 65 (18, 37-88) 0.97 (0.20, 0.0-1.0)
26 24 14/10 49 (20, 25-71) 0.64 (0.14, 0.3-0.8)
28 26 07/19 62 (11,23-75) 0.75 (0.25, 0.3-1.0)
31 35 09/26 58 (12,21-86) 0.52(0.31,0.2-0.9)
32 7 03/04 62 (16, 38-72) 0.95 (0.44, 0.2—-1.0)
34 15 06/09 58 (11, 32-80) 0.82 (0.20, 0.6—1.0)
35 15 06/09 64 (18,31-83) 0.64 (0.52, 0.2-0.9)
38 8l 34/47 66 (19, 30-89) 0.85 (0.60, 0.0-1.0)
41 9l 33/58 70 (15, 32-89) 1.00 (0.02, 0.8-1.0)
Total 828 312/516 63 (19, 18-97) 0.82 (0.48,0-1)

Age and sensorimotor behavioural score data are shown as median [interquartile range (IQR), minimum-maximum values].

versus chronic stroke, which is not surprising given the
cascade of neurobiological and neuroinflammatory proc-
esses that occur early after stroke.***! Within 90 days
after stroke, only the ipsilesional thalamus showed detect-
able associations with post-stroke sensorimotor behaviour,
in line with recent research showing marked thalamic atro-
phy, especially within the first three months post-stroke.*”
A smaller thalamic volume could reflect cell loss and thal-
amic dysfunction, thereby limiting resources crucial for
early recovery.**” Importantly, we found that this relation-
ship is not only present but stronger in the first 21 days
post-stroke. As non-lesioned brain volumes within 6 weeks
after stroke are assumed to be similar to those before the
stroke,?! this finding suggests that larger thalamic volumes
prior to stroke could provide a neuroprotective effect.
Thalamic atrophy was recently associated with loss of ex-
trinsic and intrinsic connectivity between the thalamus and
the rest of the brain, suggesting that thalamic measures
may serve as an index of global brain function.*” Future
research using longitudinal datasets with greater spatial
specificity could relate changes in specific thalamic nuclei
to sensorimotor recovery to identify targets for neuropro-
tective or early stroke therapies.

Although further research is needed to pinpoint which
thalamic nuclei are specifically involved with sensorimotor

deficits reported here, we hypothesize that nuclei involved
in motor (e.g. ventral anterior nucleus, ventrolateral nu-
cleus), sensory (e.g. ventral posteromedial nucleus, ventral
posterolateral nucleus), as well as higher order thalamic
regions such as the lateral posterior nucleus, which is
involved in integrating sensory input with cognitive func-
tions, should be related. Finally, a critical line of future re-
search is the evaluation of isolated thalamic infarctions
due to small arterial vessel disease and the possible rela-
tionship between these infarctions and post-stroke sensori-
motor behaviour.*?

In chronic stroke, reduced volumes of the ipsilesional
putamen and nucleus accumbens were consistently associ-
ated with worse sensorimotor behaviour. General atro-
phy, as indexed by a larger ipsilesional ventricle volume,
was also negatively associated with sensorimotor behav-
ioural measures. This is the first large-scale validation
showing volume of these specific structures as correlates
of sensorimotor behavioural outcomes in chronic stroke.
This finding augments existing stroke literature, which
has typically examined direct damage to combine subcor-
tical regions, without differentiating roles of the individ-
ual basal ganglia nuclei and thalamus. Here, we
specifically identify the putamen and nucleus accumbens,
which are key components of corticostriatal and
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Table 2 Relationships between non-lesioned subcortical volumes and sensorimotor behaviour in subacute and early

stroke

Subacute and early stroke

Brain region n Beta (CI) SE

Subacute stroke (<90 days)

Ipsilesional
Caudate 194 —0.01 (—0.51 t0 0.48) 0.25
Lateral ventricle 274 0.18 (—0.14 to 0.51) 0.16
Nucleus accumbens 245 0.24 (—0.14 to 0.62) 0.19
Pallidum 223 0.21 (—0.26 to 0.67) 0.24
Putamen 201 0.39 (—0.09 to 0.88) 0.25
Thalamus 210 0.69 (0.27-1.11) 0.21

Contralesional
Caudate 219 0.22 (—0.20 to 0.64) 0.21
Lateral ventricle 274 0.15 (—0.18 to 0.49) 0.17
Nucleus accumbens 253 0.15 (—0.23 to 0.52) 0.19
Pallidum 250 0.50 (0.07-0.92) 0.22
Putamen 229 0.37 (—0.05 to 0.79) 0.21
Thalamus 217 0.09 (—0.33 to 0.50) 0.21

Early stroke (<21 days)

Ipsilesional
Caudate 135 —0.09 (—0.67 to 0.48) 0.29
Lateral ventricle 182 0.25 (—0.11 to 0.61) 0.18
Nucleus accumbens 165 0.19 (—0.23 to 0.60) 0.21
Pallidum 157 0.12 (—0.39 t0 0.63) 0.26
Putamen 143 0.25 (—0.28 to 0.79) 0.27
Thalamus 137 0.79 (0.38-1.20) 0.21

Contralesional
Caudate 147 0.17 (—0.29 to 0.64) 0.24
Lateral ventricle 182 0.19 (—0.20 to 0.57) 0.19
Nucleus accumbens 170 0.30 (—0.09 to 0.69) 0.20
Pallidum 171 0.65 (0.19-1.11) 0.23
Putamen 158 0.26 (—0.21 t0 0.72) 0.24
Thalamus 150 0.20 (—0.28 to 0.67) 0.24

df t-value P-value d Significant
covariates

180 —0.06 0.954 —0.01 ICV

259 1.13 0.258 0.14 Age, ICV

231 1.26 0.210 0.17 Age

209 0.87 0.387 0.12 ICV

187 1.6l 0.109 0.24 Age, ICV

197 3.21 0.002 0.46 Age, ICV

205 1.04 0.298 0.15 ICV

259 0.92 0.361 0.11 Age, ICV

239 0.77 0.443 0.10 Age, ICV

236 2.30 0.022 0.30 ICV

215 1.75 0.081 0.24 Age, ICV

204 041 0.679 0.06 Age, ICV

125 —0.32 0.749 —0.06 ICV

172 1.37 0.173 0.21 Age, ICV

155 0.90 0.369 0.14 Age

147 0.46 0.644 0.08 ICV

133 0.93 0.354 0.16 Age, ICV

128 3.82 <0.001 0.68 Age, ICV

137 0.74 0.461 0.13 ICV

172 0.96 0.337 0.15 Age, ICV

160 1.53 0.127 0.24 Age

161 2.79 0.006 0.44 ICV

148 1.10 0.274 0.18 Age, ICV

141 0.82 0411 0.14 Age, ICV

Results from linear mixed-effects models of individuals with subacute stroke (top) and early stroke (bottom). Results in bold indicate significance with a Bonferroni correction for
multiple comparisons (P < 0.004). The beta coefficient for sensorimotor behaviour (beta) with 95% confidence interval (Cl), along with the sample size (n), standard error (SE),
degrees of freedom (df), standardized effect size (d), t-value and uncorrected P-value are reported, in addition to significant fixed covariates, including age, sex and intracranial

volume (ICV).

mesolimbic circuits, and which both represent key dopa-
minergic targets in the brain.

Specifically, within the corticostriatal circuit, the puta-
men receives direct cortical signals from the primary
motor, premotor, and sensory cortices and relays them to
the thalamus to modulate motor control. Interestingly, al-
though the caudate also relays input to the thalamus, it
receives its inputs from multimodal association cortices
and visual regions—not primary motor regions—and did
not have a significant brain-behaviour relationship in our
analyses. This distinction suggests that post-stroke sen-
sorimotor behaviour is primarily associated with subcor-
tical nuclei specifically receiving direct sensorimotor
input. In line with this, we found that smaller putamen
volumes related to both worse sensorimotor behaviour
generally and impairment specifically, as evidenced by the
association with the FMA-UE in chronic stroke. This
finding is in line with previous work showing that direct
damage to the putamen relates to post-stroke gait impair-
ment,** upper limb impairment* and spasticity,*® all def-
icits which overlap with the behavioural measures used

here. In addition, secondary atrophy of the putamen has
been reported after cortical stroke and is associated with
infarct volume®” and post-stroke cognitive deficits.*® The
relationship between chronic sensorimotor behavioural
deficits and atrophy of the ipsilesional putamen after
stroke, however, has not previously been reported. As at-
rophy of the putamen has been associated with a wide
variety of neuropsychiatric and neurodegenerative disor-
ders,*” including Alzheimer’s disease,’® multiple sclerosis,
attention deficit disorder'* and Huntington’s disease,'® it
is possible that the integrity of the putamen is required
not only for specifically sensorimotor behaviour but also,
more generally, for overall healthy brain functioning.
While the ipsilesional nucleus accumbens was signifi-
cantly related to chronic sensorimotor behaviour in gen-
eral, it was neither related to sensorimotor impairment
(FMA-UE) nor to activity limitation. However, the analy-
ses on impairment and activity limitations had less statis-
tical power to detect relationships. The nucleus
accumbens is a key component of the ventral striatum
and implicated in fear, stress, and anxiety disorders’' as
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Figure | Relationships between post-stroke sensorimotor behaviour and non-lesioned subcortical volumes. Non-lesioned
subcortical regions (D, bottom right) that relate to sensorimotor behaviour from linear mixed-effects models of people with subacute (A, top
left) and chronic (B, bottom left) stroke. Non-lesioned subcortical volume relationships with chronic sensorimotor impairment are shown in
C (top right). There were no significant volume relationships with chronic activity limitations. Colours represent the beta estimate () for
sensorimotor behaviour from each model. Warmer colours represent stronger positive relationships (e.g. larger brain volumes relate to
better behaviour), and cooler colours represent stronger negative relationships (e.g. larger brain volumes relate to worse behaviour).

well as the dopaminergic modulation of reward-based
behaviours.”® As such, this region may impact more com-
plex aspects of motor performance, such as motivation, en-
gagement, and participation, which may not be reflected in
metrics of impairment or activity. A number of studies
show decreases in ventral striatal processes such as reward
sensitivity, motivation, and apathy after stroke,”® and post-
stroke hypoactivity in the nucleus accumbens has been iden-
tified during reward-based decision-making tasks.* Thus the
nucleus accumbens may affect sensorimotor behaviour by
influencing reward and motivation,” which could impact
use of the affected limb in daily tasks. Pharmacological
methods to modulate the dopaminergic system and promote
motor recovery following stroke have been widely studied,
with dopamine expected to influence multiple domains of
behaviour, including motor control, motor learning and af-
fective disorders. However, individual outcomes from
pharmacological methods vary widely.’® Future research

may investigate whether individual differences in the volume
and connectivity of the nucleus accumbens predict who may
benefit from dopaminergic treatment.

In chronic stroke, we also detected an association be-
tween an enlarged ipsilesional lateral ventricle and poor
sensorimotor behaviour. This relationship was only sig-
nificant at the chronic stage and was exclusive to the
ipsilesional lateral ventricle, which may be due to hydro-
cephalus ex vacuo. Ventricular enlargement post-stroke
may also be influenced by small vessel disease (i.e. leu-
koaraiosis), although this is typically observed bilateral-
ly."” Enlargement of the bilateral lateral ventricles has
also been associated with generalized brain atrophy that
occurs during ageing and with impaired cognitive func-
tion.”” The contrast between ipsilesional and contrale-
sional ventricles may provide unique insight into the
specific impact of the stroke versus general ageing on
chronic stroke sensorimotor outcomes.
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Table 3 Relationships between non-lesioned subcortical volumes and sensorimotor behaviour in chronic stroke

Chronic stroke

Chronic stroke (> 180 days)

Brain region n Beta (CI) SE

Ipsilesional
Caudate 193 0.27 (—0.28 to 0.82) 0.28
Lateral ventricle 404 —0.70 (—1.04 to 0.36) 0.17
Nucleus accumbens 289 0.72 (0.27-1.18) 0.23
Pallidum 225 0.30 (—0.23 to 0.84) 0.27
Putamen 207 1.01 (0.45-1.57) 0.28
Thalamus 169 0.08 (—0.60 to 0.75) 0.34

Contralesional
Caudate 345 0.08 (—0.31 to 0.48) 0.20
Lateral ventricle 404 —0.39 (—0.70 to 0.07) 0.16
Nucleus accumbens 344 0.21 (—0.22 to 0.65) 0.22
Pallidum 359 0.20 (—0.20 to 0.60) 0.20
Putamen 355 0.21 (—0.18 to 0.60) 0.20
Thalamus 329 —0.24 (—0.60 to 0.12) 0.18

df t-value P-value d Significant
covariates
169 0.98 0.330 0.15 ICV
378 —4.04 <0.001 —0.42 Age, ICV
264 3.15 0.002 0.39 Age
200 1.11 0.267 0.16 ICV
183 3.54 <0.001 0.52 Age
146 0.22 0.827 0.04 Age
320 0.41 0.679 0.05 ICV
378 —2.42 0.016 —0.25 Age, ICV
319 0.96 0.339 0.11 Age
334 0.97 0.332 0.11 Sex, ICV
330 1.06 0.291 0.12 Age, ICV
304 —1.29 0.196 —0.15 Age, ICV

Results from linear mixed-effects models of individuals with chronic stroke. Results in bold indicate significance with a Bonferroni correction for multiple comparisons (P < 0.004).
The beta coefficient for sensorimotor behaviour (beta) with 95% confidence interval (Cl), along with the sample size (n), standard error (SE), degrees of freedom (df), standardized
effect size (d), t-value and uncorrected P-value are reported, in addition to significant fixed covariates, including age, sex and intracranial volume (ICV).

Our results also suggest that there are distinct brain—
behaviour relationships for different ICF dimensions of
sensorimotor behaviour. Chronic motor impairment, as
measured by the FMA-UE, was associated with a smaller
ipsilesional putamen and larger ipsilesional ventricle,
which may provide an indication of corticostriatal circuit
integrity as well as more general brain functions essential
for sensorimotor control. In contrast, there were no sub-
cortical associations with activity limitations in the cur-
rent study, possibly related to the smaller sample size.
Activity limitations may also be more strongly related to
the integrity or function of distributed regions across
whole brain networks rather than subcortical struc-
tures,”®*? given that functional performance can be influ-
enced by psychosocial factors to a greater degree than
impairment measures.

Findings did not indicate a significant effect of lesioned
hemisphere on the relationship between chronic sensori-
motor behaviour and spared subcortical volumes. These
results are surprising, given that the large majority of
patients were likely left hemisphere dominant for motor
control, and previous research has identified specialized
hemispheric  in stroke.”
However, previous research has primarily focused on cor-
tical regions and functional activity, rather than subcortical
structures. Side of stroke injury may not directly impact
sensorimotor relationships with spared subcortical volumes.

Finally, the current results represent the first large-scale,
multi-site analysis utilizing harmonized high-resolution
brain imaging and behavioural measures in the field of
stroke rehabilitation. The fact that the current results,
using diverse stroke rehabilitation data, fit with existing
literature and reveal new findings is further confirmation
that such an approach is not only feasible and effective,

sensorimotor control after

but also beneficial for moving the stroke rehabilitation

field forward.

A key limitation of pooling multi-site data is inconsistent
variables across cohorts, limiting subgroup analyses and
reducing the number of included covariates. Models only
included the covariates age, sex and intracranial volume;
however, many additional demographic variables, such as
duration and type of rehabilitation received, handedness,
race, educational level and comorbidities, may influence
these relationships. Although sex was not a significant
covariate in the majority of our analyses, it is also worth
noting that previous research has shown that women dif-
fer from men in the distribution of risk factors and
stroke subtype, stroke severity, and outcomes.®®®! Future
work with should more carefully examine the role of sex
in post-stroke sensorimotor outcomes. In addition, larger
sample sizes for different sensorimotor outcome measures
would provide greater support for the current findings.
Related, small high-resolution MRI samples (7 <50) at
earlier time points of stroke (i.e. <7days, defined as
acute’’) with sensorimotor behavioural outcomes limited
our ability to specifically examine acute brain-behaviour
relationships or to examine relationships between impair-
ment versus activity limitations in acute or subacute
stroke in the current analysis. The ENIGMA Stroke
Recovery Working Group recommends following consen-
sus guidelines for greater harmonization of prospectively
collected data to facilitate more precise pooled analyses
across all times after stroke.'*®

Lesion overlap with subcortical regions and poor seg-
mentation of subcortical regions due to lesion-induced
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Table 4 Relationships between non-lesioned subcortical volumes and two measures of sensorimotor behaviour (im-

pairment, activity limitations)

Chronic sensorimotor impairment and activity limitations

Brain region n Beta (CI)
Sensorimotor impairment in chronic stroke
Ipsilesional
Caudate 94 0.92 (—0.06 to 1.89)
Lateral ventricle 256 —0.74 (—1.20 to 0.27)
Nucleus accumbens 171 0.58 (0.01-1.15)
Pallidum 120 0.76 (0.01-1.51)
Putamen 104 1.50 (0.61-2.39)
Thalamus 84 0.33 (—0.72 to 1.38)
Contralesional
Caudate 222 0.06 (—0.44 to 0.57)
Lateral ventricle 256 —0.51 (—0.88 to 0.14)
Nucleus accumbens 222 0.21 (—0.31 t0 0.73)
Pallidum 231 0.20 (—0.33 t0 0.73)
Putamen 229 0.10 (—0.38 to 0.58)
Thalamus 211 —0.40 (—0.88 to 0.07)
Activity limitations in chronic stroke
Ipsilesional
Caudate 52 —0.63 (—1.80 to 0.53)
Lateral ventricle 116 —0.71 (—1.46 to 0.04)
Nucleus accumbens 86 0.77 (—0.31 to 1.85)
Pallidum 64 0.71 (—0.25 to 1.67)
Putamen 65 0.71 (—0.62 to 2.04)
Thalamus 56 0.94 (—0.36 to 2.25)
Contralesional
Caudate 96 —0.07 (—0.98 to 0.84)
Lateral ventricle 116 —0.72 (—1.44 t0 0.01)
Nucleus accumbens 107 —0.34 (—1.17 to 0.49)
Pallidum 103 —0.15 (—0.98 to 0.68)
Putamen 100 0.06 (—0.91 to 1.03)
Thalamus 92 0.28 (—0.51 to 1.06)

SE df t-value P-value d Significant
covariates
0.49 77 1.87 0.065 0.43 ICV
0.24 237 -3.13 0.002 —0.41 Age, ICV
0.29 153 2.02 0.045 033 Age
0.38 102 2.02 0.046 0.40 -
045 87 3.34 0.001 0.72 -
0.53 68 0.62 0.537 0.15 -
026 204 0.25 0.806 0.03 ICV
0.19 237 —-2.70 0.007 —0.35 Age, ICV
026 204 0.80 0.425 0.11 Age
027 213 0.74 0.459 0.10 Sex
024 211 0.41 0.68I 0.06 Age, ICV
0.24 193 —1.67 0.096 —0.24 Age, ICV
0.58 44 —1.09 0.280 —0.33 -
0.38 108 —1.88 0.062 —0.36 Age, ICV
0.54 78 1.42 0.159 0.32 -
0.48 56 1.47 0.146 0.39 -
0.67 57 1.06 0.292 0.28 -
0.65 48 1.45 0.153 0.42 -
0.46 88 —0.15 0.885 —0.03 -
0.37 108 —1.95 0.054 —0.38 Age, ICV
0.42 99 —0.8l 0.420 —0.16 Age
0.42 95 —0.35 0.728 —0.07 Sex
0.49 92 0.12 0.903 0.03 Age
0.39 84 0.71 0.482 0.15 Age, ICV

Results from linear mixed-effects models in individuals with chronic stroke of sensorimotor impairment (top) compared to activity limitations (bottom). Results in bold indicate sig-
nificance with a Bonferroni correction for multiple comparisons (P < 0.004). The beta coefficient for sensorimotor impairment/activity limitations (beta) with 95% confidence inter-
val (Cl), along with the sample size (n), standard error (SE), degrees of freedom (df), standardized effect size (d), t-value, and uncorrected P-value are reported, in addition to

significant fixed covariates, including age, sex and intracranial volume (ICV).

distortions resulted in a variable sample size for each ROI,
potentially limiting the power to detect relationships in
regions with smaller samples. Furthermore, exclusion of indi-
viduals with lesioned or incorrectly segmented ROIs may
have disproportionately excluded individuals with larger
lesions, who may be more severely affected. This could have
biased the sample towards more mild-to-moderately impaired
patients. Future studies using information about the lesions
(lesion location, volume, and overlap) derived from accurate-
ly segmented lesion masks for each observation could ad-
dress these In addition to lesion information,
additional quantification of neuroimaging markers of intra-
cranial small vessel disease, such as white matter hyperinten-
sities and perivascular spaces, could provide a deeper
understanding of the relationship between small vessel disease
and the observed results.

Finally, many of these subcortical regions are also crit-
ical for and related to post-stroke cognition, mood, sleep,
learning and other traits of interest. While this analysis
was limited to sensorimotor behavioural measures to
maximize available data for analysis, these findings may

issues.

not be unique to sensorimotor behaviour. Future studies
should assess the relationship between these subcortical
volumes and additional stroke outcome measures.

Conclusion

This international collaborative analysis revealed signifi-
cant relationships between post-stroke sensorimotor be-
haviour and volumetric measures of the residual
ipsilesional thalamus, putamen, nucleus accumbens, and
lateral ventricle at different times after stroke—brain met-
rics that may reflect overall brain health and network in-
tegrity and could lead to the identification of novel

neural targets for stroke rehabilitation.

Supplementary material

Supplementary ~ material is  available at  Brain
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Gianfranco Spalletta, Shraddha Srivastava, Jill Stewart, Cathy Stinear,
Anisha Suri, Myriam Taga, Wai Kwong Tang, Gregory Thielman,
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