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ARTICLE INFO ABSTRACT
Keywords: Cognition is more engaged during early than later motor skill learning (MSKL), yet the impact of post-stroke
Stroke cognitive impairment (PSCI) and brain connectivity on early MSKL remains unclear. We hypothesized that

Motor learning early MSKL would be impaired in people with chronic stroke compared to healthy individuals (HI), and that this

}ézbzitiicon impairment would be associated with PSCI, lesion burden, and structural and functional connectivity. Fifty-three
Neiroimaging people with chronic stroke and twenty-one mean age-matched HI completed a comprehensive neuropsycho-
Connectivity logical assessment and trained with their contralesional/non-dominant upper limb on a speed/accuracy trade-off

task across two sessions, one-week apart. Early and late MSKL were modelled and related to PSCI. To identify
neural substrates and predictors of post-stroke early MSKL, multimodal brain imaging included voxel-based
lesion symptom mapping, whole-brain microstructural integrity and structural-functional connectivity ana-
lyses. Both HI and people with stroke demonstrated typical MSKL patterns (retention and generalization), but HI
showed steeper early MSKL. PSCI correlated with poorer early MSKL. Lesions overlapping the corticospinal tract,
insula and frontal white matter tracts were associated with early MSKL deficits, while higher microstructural
integrity in the posterior corpus callosum correlated with better early MSKL. Structural and functional
connectome-based predictive modeling identified subcortical, temporal, visual-associative, and insular hubs with

Abbreviations: PSCI, Post-stroke cognitive impairment; MSKL, Motor skill learning; HI, Healthy individuals; UL, Upper limb; PFC, Prefrontal cortex; PPC, Posterior
parietal cortex; WM, White matter; WMT, White matter tract; MRI, Magnetic resonance imaging; SD, Standard deviation; NIHSS, National Institute of Health Stroke
scale; MoCA, Montreal Cognitive Assessment; RH, Right hemisphere; LH, Left hemisphere; DWI, Diffusion weighted imaging; Rs-fMRI, resting state functional MRI;
TOL-F, Tower of London-version of Freiburg; MRT, Mental Rotation test; TAP, Test of attentional performance; SAT, Speed accuracy trade-off; VOI, Volume of
interest; DTI, Diffusion tensor imaging; FA, Fractional anisotropy; MNI, Montreal Neurological Institute; ROI, Region of interest; PCA, Principal component analysis;
PC1, First principal component; VLSM, Voxel-based lesion symptom mapping; CPM, Connectome-based predictive modelling; LOOCV, Leave-One-Out Cross-Vali-
dation; BA, Brodmann area; ACR, Anterior corona radiata; SCR, Superior corona radiata; CC, Corpus callosum; CST, Corticospinal tract; SLF, Superior longitudinal
fasciculus; STG, Superior temporal gyrus; ITG, Inferior temporal gyrus; IOG, Inferior occipital gyrus; DMN, Default mode network; PLIC, Posterior limb of internal
capsule; EC, External capsule.
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interhemispheric connections as key predictors of early MSKL after stroke. These findings indicate that early
MSKL is selectively impaired in chronic stroke and related to PSCI and lesion burden. Multimodal neuroimaging
highlighted the role of an interhemispheric network involving sensorimotor, salience, and associative regions in
supporting early MSKL in chronic stroke.

Introduction

Stroke affects more than 12 million individuals worldwide each year
(Feigin et al., 2025). Despite advances in acute treatment and neuro-
rehabilitation, ~80% of stroke survivors exhibit persistent neurological
impairments. These include not only motor but also post-stroke cogni-
tive impairments (PSCI), which cover a diverse range of cognitive im-
pairments that may selectively impact divergent cognitive functions
(language, memory, attention) (Nys et al., 2007). These impairments
reflect focal lesions, but also widespread disruptions of distributed brain
networks supporting motor control and cognition (Grefkes and Ward,
2014; Siegel et al., 2016; Ward, 2017). Understanding how stroke le-
sions alter neural network connectivity and how spared circuits support
recovery is central to optimizing post-stroke neurorehabilitation. Motor
recovery after stroke is heterogeneous in both timing and outcome and is
driven by multiple neural mechanisms (Grefkes and Ward, 2014; Hatem
et al., 2016). While early improvements during the acute phase largely
reflect spontaneous biological recovery processes, long-term motor re-
covery depends on the (re)acquisition of goal-directed motor skills
through adaptive use of spared neural resources (Zeiler and Krakauer,
2013).

Motor skill learning (MSKL) is a multistage process, encompassing
rapid early performance gains followed by slower improvements,
retention, automatization, and generalization (Hardwick et al., 2013;
Krakauer and Mazzoni, 2011; Poldrack et al., 2005; Shmuelof and Kra-
kauer, 2011). In healthy individuals (HI), early stages of MSKL rely on
cognitive processes such as attention, action planning, and performance
monitoring, supported by prefrontal and parietal networks, whereas
later stages become increasingly automatized and sensorimotor in na-
ture (Doyon et al., 2003; Hardwick et al., 2018; Seidler et al., 2012; Tsay
et al., 2024). This stage-dependent shift suggests that early and late
phases of MSKL may be differentially vulnerable to PSCI and brain
damage, yet this distinction has been insufficiently examined in the
context of stroke.

After stroke, MSKL can be disrupted by direct damage to cortical or
subcortical structures or by disruption of their associated white matter
tracts (WMT). Successful learning often depends on compensatory
recruitment of spared or atypical networks, with cognitive resources
playing a particularly important role when canonical motor pathways
are compromised (Mulhern, 2023; Peng et al., 2024). Although PSCI is
common and clinically relevant, its contribution to specific stages of
MSKL remains poorly characterized, particularly in the context of local-
and network-level consequences of stroke (Forkel and Catani, 2018;
Ptak and Schnider, 2010; Tsiakiri et al., 2024). It remains unclear how
PSCI and distributed neural disruptions constrain early motor learning
in the chronic phase of stroke.

The present study aimed to investigate how PSCI and neural damage
influence early MSKL in people with chronic stroke. We hypothesized
that early MSKL will be impaired relative to HI, that PSCI severity will be
related to early MSKL performance, and that focal and network-level
disruptions in cognitive, sensorimotor and integrative hubs will pre-
dict impaired early MSKL.

Experimental procedures
Population

Procedures were approved by the local Ethics Committee and com-
plied with the Declaration of Helsinki. People with chronic stroke
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inclusion criteria were (1) supratentorial stroke (ischemic/haemor-
rhagic), (2) chronic phase (>6 months post-stroke) and (3) aged be-
tween 18 and 90 years. Exclusion criteria were (1) contraindications to
MRI, (2) chronic use of centrally acting drugs or alcohol abuse, (3)
pregnancy, (4) inability to understand, remember or execute commands
due to major cognitive impairment precluding participation (deter-
mined by a phone interview with stroke people or their caregiver), (5)
inability to execute commands due to major motor impairment (hemi-
plegia) precluding participation (determined by a phone interview), (6)
uncontrolled medical conditions. For HI, the inclusion criterium was age
18-90 years; exclusion criteria were: (1) history of neurological disease,
(2) drug/alcohol abuse, or (3) psychiatric disorder.

Twenty-one HI and 53 people with chronic stroke were included
(July 2017-March 2019, Table 1). Age and school level were not
significantly different between groups (p = 0.09 and 0.07, respectively).
People with chronic stroke were included 31 (17-66.5) months (median
(IQR)) after stroke (Fig. S1) and their overall neurological (NIHSS: 2
(0-4)) and cognitive impairments (Montreal Cognitive Assessment
(MoCA): 25.5 (23.75-28)) were mild. Stroke involved the non-dominant
hemisphere (i.e., controlling the non-dominant hand) of 36% of people
with stroke, 21% had a haemorrhagic stroke, and 43% a strictly
subcortical stroke. Twenty-three had a stroke in the right hemisphere
(RH) while 30 had a stroke in the left hemisphere (LH). RH were older
(RH: 65 + 11.2 years, LH: 55.6 years & 11.7, p = 0.004), but time since
stroke onset was similar (RH: 51 months + 54.3, LH: 52 + 63.1 months,
p = 0.31).

Study design

The research protocol took place over two weeks. Participants were
evaluated two times, with one session per week (D1 and D8). People
with chronic stroke first underwent a multimodal MRI session at base-
line (D1) composed of 3D T1, 64 directions diffusion weighted imaging
(DWI), and resting-state functional MRI (rs-fMRI) sequences. A
comprehensive neuropsychological assessment was then carried out

Table 1

Demographic data of HI and people with chronic stroke. M: male, F; Female,
Scholar level 1: primary education — 2: secondary education — 3: higher edu-
cation, D: Dominant, ND: Non-Dominant, cx: cortical, sub-cx: subcortical, mRS:
modified Rankin Scale, NIHSS: NIH Stroke Scale, MoCA: Montreal Cognitive
Assessment, PHQ-9: Patient Health Questionnaire 9, Wilcoxon or Pearson test
were used to test for group comparisons. Median (IQR), (%).

HI (n = 21) People with stroke (n P
=53)
Age (years) 56 (52-62) 60 (53-70) 0.09
Sex (M/F) 12M / 9F 38 M / 15F (28%)
(43%)
Dominant hand (R/L) 15R /6L 47R / 6 L (11%)
(29%)
Scholar level (1 < 2 < 3) 2(2-3) 2(1-2) 0.07
Time since stroke (months) 31 (17-66.5)
Damaged hemisphere 34D /19 ND (36%)
Localization (cortical/sub- 30 cx / 23 sub-cx
cortical) (43%)
Ischemic/Haemorrhagic 421/ 11H (21%)
mRS 1(1-2)
NIHSS 2 (04
MoCA 25.5 (23.75-28)
Fazekas scale 1(1-2)
Depression PHQ-9 -1(-3-0) —-5(-8--3) <0.001
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using a range of standardized scales, which were evenly distributed over
the protocol sessions, before the training on the MSKL task
(Supplementary Materials). The first half of the assessment took place on
D1, the second on D8.

After the neuropsychological evaluation, people with a chronic
stroke were trained with their contralesional UL on a MSKL task
(Fig. 1A). D1 was composed of a baseline (3 trials) followed by 20
training trials (23 trials in total), while D8 was composed of 3 retention
training trials followed by 20 (continued) training trials. D8 ended with
3 generalization trials. HI followed the same experimental design, using
their non-dominant UL; except that no MRI was performed and that
some neuropsychological scales were not evaluated (MoCA, Tulia and
Bells Test). They trained with their non-dominant UL.

Neuropsychological assessment

Cognitive functions were assessed using 17 validated neuropsycho-
logical tests (Supplementary Materials) and evaluated over D1 and D8.
These tests were chosen to cover the principal cognitive functions
related to motor learning (Seidler et al., 2012).

During the first session (D1), visuospatial working memory was
assessed using Spatial and Arithmetical spans (Digit-gackwarps and
Digit-rorwarps) from the WAIS-III (Tulsky et al., 2003) (good test-retest
reliability and internal consistency). Visual working memory was eval-
uated using Corsi block tapping test (Corsi-gpackwarps and Corsi-gog-
warps) (Richardson, 2007) (adequate to good test-retest reliability and
construct validity). Visual spatial attention was evaluated using the
Bells’ Test (Gauthier et al., 1989) (high sensitivity and good inter-rater
reliability). The MoCA (Nasreddine et al., 2005) was used as a global
scale to evaluate / to detect (mild) cognitive impairments (excellent
sensitivity and good test-retest reliability and concurrent validity).
Planning abilities were evaluated using the Tower of London digital
version of Freiburg (TOL-F) (Shallice, 1982) (good construct, criterion
validity and adequate reliability). Patient Health Scale 9 (PHQ-9) was
used as behavioural measure of depression since depression can alter
motor recovery and cognitive functions (Assadi Khalil et al., 2024;
Hommel et al., 2015).

During session 2 (D8), visuospatial representation was evaluated
using the Mental Rotation test (MRT) (Vandenberg and Kuse, 1978)
(high internal consistency and good test-retest reliability). Various
subtests of the Test of Attentional Performance (TAP) (Zimmermann and
Fimm, 2002) were used to test alertness (TAP-Alertness1 and 2 and TAP-
Index Alert), visual attention (TAP-Visual attention), mental flexibility
(TAP-Flexibility, TAP-flex), inhibition (TAP-Go/NoGo) and working
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memory (TAP-Working Memory). The TAP is a standardized comput-
erized test battery with good test-retest reliability, norm-referenced
scores and established validity. Apraxia was tested using the Apraxia
Screen of TULIA (Vanbellingen et al., 2010) (excellent inter-rater reli-
ability, high sensitivity and specificity for detecting apraxia). These tests
were chosen to cover the principal cognitive functions related to MSKL
(Seidler et al., 2012).

Although sensorimotor impairments were not formally analysed, the
selected people with stroke had a clinical diagnosis of motor impair-
ments (clinical medical file) and the motor impairments were confirmed
using phone interviews discussing difficulties in performing daily ac-
tivities. The people with stroke were divided into three categories: (near-
Jnormal use of the hand, reduced use, or non-use (plegic) hand.

Robot

The REAplan® (AXINESIS, Wavre, Belgium) is an UL endpoint robot
(Baguma et al., 2020; Gilliaux et al., 2014; Riga et al., 2022), consisting
of a large screen and an interactive robotic arm with a handle and
forearm support allowing motion in the horizontal plane (Fig. 1B)
(Fig. 1). At each session, a calibration was performed to individually
adjust the height of the horizontal plane, so that the elbow was
comfortably flexed at 90°. Data (X-Y positions, velocity, force exerted on
the handle) were recorded at 80 Hz and stored for offline processing
with custom Matlab® routines (MATLAB and Statistics Toolbox Release
2016b, The MathWorks Inc., Natick, MA, US).

Data analysis

MSKL

MSKL was assessed using the CIRCUIT task implemented on the
REAplan® robot. The CIRCUIT task allowed to measure improvements
of speed-accuracy trade-off (SAT), retention and generalization, as has
been demonstrated in HI and people with stroke (Gerardin et al., 2022).
Although formal psychometric properties such as minimal clinically
important difference (MCID) have not yet been established for this task-
specific robotic MSKL metric, the SAT has demonstrated construct val-
idity, sensitivity to learning and reproducibility across multiple inde-
pendent cohorts individuals and acute and chronic stroke populations
(Baguma et al., 2020; Gathy et al., 2024; Gerardin et al., 2022; Riga
et al., 2022).

Participants were instructed to complete as many laps as possible on
a complex circuit with a cursor controlled through the robotic handle
(speed constraint) while keeping the cursor within the track (accuracy

1 week
Neuropsy. || Baseline | MSkL Neuropsy. || Baseline MSkL MSKL
MRI assessmt 1minx3 || 1 min x 20 — 1minx3 1minx20 || 1minx3
ok D8

Fig. 1. Study design and robotic environment. A. Study design. On the first day (D1), people with a stroke underwent a multimodal MRI session. All participants were
trained on a MSKL task (CIRCUIT) over the two sessions (D1 and D8), one week apart from each other. On D1, participants performed 3 baseline trials and then 20
training trials. On D8, 3 retention blocs were followed by 20 training trials and 3 additional generalization trials. Neuropsychological tests were administered across
the two sessions (D1 and D8) before training on robot. HI did not undergo the MRI and a part of the cognitive evaluation. B. CIRCUIT task. The CIRCUIT task on the
REAplan® robot was used to quantify MSKL. The participant used the handle to control the cursor and to complete as many laps as possible for 1 min while keeping
the cursor within the track. MRI: Magnetic Resonance Imaging, MSKL: Motor skill learning.
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constraint). On D1, after three baseline trials of 1 min, 20 training trials
of 1 min were performed with the same circuit, separated by rest periods
of 30 s. One week later, on D8, participants performed 3 retention trials
with the same circuit to quantify D1-D8 retention, and then continued
MSKL training with 20 trials on the same CIRCUIT task. Afterwards, a
generalization test was performed by introducing a 90°-tilted version of
the same circuit track (NEW CIRCUIT, NC) for three 1-min trials.

The speed was the cursor's velocity (cm/s) and the error was defined
as the distance (cm) between the actual trajectory of the cursor and the
ideal trajectory (the centre of the track). SAT was calculated in 3-s
epochs, yielding 20 bins per 1-min run. The SAT was computed as
follows:

SAT = speed/error (in arbitrary units, a.u.)

Baseline MSKL was defined as the performance on the first of the
three baseline trials of D1 [D1T1]. Early MSKL was defined as the per-
formance progression during the first half of training trials on D1, and
was calculated as the difference between trial 12 and trial 1: [D1T12 —
D1T1]. Late MSKL on D1 was defined as [D1T23 — D1T13]. One-week
retention was computed as [D8T1 - D1T23], and total MSKL as
[D8T23 — D1T1]. Generalization was assessed as [NCT1 — D1T1], where
NCT1 refers to the first trial of the NC. The generalization drop was
defined as [NCT1 - D8T23] and learning within the NC as [NCT3 —
NCT1]. Our primary focus was the relationship between PSCI and early
MSKL on D1 in people with chronic stroke.

MRI scanning

People with stroke were scanned on a 3 Tesla MRI scanner (Siemens
Verio, Germany) with a 32-channel head coil. A 3D anatomical T1-
weighted MRI (Riga et al.,, 2022) acquired in the sagittal plane
covering the whole brain was acquired with the following parameters:
field of view (FOV): 256 x 256 mmz, matrix size: 256 x 256, slice
thickness: 1 mm, pixel size: 1 mmz, voxel size: 1 mm?3, repetition time
(TR): 1600 ms, echo time (TE): 2.39 ms, flip angle (FA): 9°, number of
slices: 176, no gap.

DWI was acquired with the following parameters: FOV: 256x256
mm?, matrix size: 128x128, slice thickness: 2 mm, pixel size: 1 mm?,
voxel size: 2 mm®, TR: 7800 ms, TE: 99 ms, 64 diffusion directions, b-
value: 1000, number of slices: 50, no gap.

rs-fMRI was acquired by repeated single-shot echo-planar imaging
with the following parameters: FOV: 240 x 240 mm?, matrix size: 64 x
64, slice thickness: 3 mm, pixel size: 3 mm? voxel size: 3 mm?, TR: 1800
ms, TE: 23 ms, FA: 80°, number of slices: 35, no gap (whole brain slice
order ascending and interleaved). The whole brain was acquired 200
times (200 volumes).

MRI preprocessing

Lesion analysis. Using the T1 anatomical sequence, the infarcted zone
(T1 positive) was manually delineated and defined as a volume of in-
terest (VOI) under the supervision of a senior neuroradiologist. The
delineation used MRIcron (Rorden et al., 2007) on the T1 volume in
native space. T1 images were normalized into standard Montreal
Neurological Institute stereotactic space (MNI-152) using Statistical
Parametric Mapping (SPM) (Penny et al., 2007), and the native VOIs
were normalized using the same parameters of normalization. Overlay
maps were created, showing the extent of stroke lesions of the whole
pool. Individual lesion masks were used to assess lesion volume (mm?®).

Functional MRI. rs-fMRI data were pre-processed and analyzed using
BrainVoyagerTM (Brain Innovation, version 23.2) (Goebel et al., 2006).
A linear trend removal excluded scanner-related signal drift, temporal
high-pass filter removed frequencies lower than 0.005 Hz and correction
for head movements used a rigid body algorithm for rotating and
translating each functional volume in 3D space. Data were corrected for
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time differences in acquisition of different slices. Data were co-
registered with their 3D-T1 scans and normalized in the MNI space.
All co-registrations were verified, and movement corrections were
optimized, using a sinc interpolation. Because spontaneous low-
frequency fluctuations could be contaminated by non-neural signals,
additional pre-processing steps were added. Regression analyses were
performed to remove artifacts due to residual motion (six movement
regressors were obtained via rigid body correction of head motion
implemented in BrainVoyager™) and changes in ventricles (the signal
from a ventricular region of interest (ROIs) defined in each subject). The
final data were smoothed in the spatial domain using a Gaussian filter,
with full width at half maximum (FWHM) of 5 mm. We used Brain-
Voyager™ and a customized Matlab code to calculate cross-correlations
between the average time-course signals extracted from 280 ROlIs,
intersected with each subject’s individual brain mask. These regions
were derived from the Brainnetome atlas (246 ROIs) (Fan et al., 2016)
and the SUIT cerebellum atlas (34 ROIs) (Diedrichsen, 2006), resulting
in 39,060 pairs of functional connectivity per subject.

Diffusion MRI. Elikopy pipeline (Dessain, 2024) was used to preprocess
the DWI images (brain extraction (Hoopes et al., 2022), thermal
denoising (Veraart et al., 2016), correction for susceptibility induced
distortions, eddy-current distortion and head-motion correction
(Andersson and Sotiropoulos, 2016) using FSL (v6.0.7.8) (Smith et al.,
2004). The unavailability of an unweighted DWI with reversed phase-
encoding led us to use Synb0-DISCO (Schilling et al., 2019) for the
synthetization of a distortion-free unweighted DWI from the T1-
weighted image.

Post-processing through Elikopy involved mathematical reconstruc-
tion of the DWI acquired in 64 directions to obtain the diffusion tensor
imaging (DTI) mathematical model and individual DTI-derived maps of
fractional anisotropy (FA) normalized in MNI space(Dessain, 2024).

Structural connectivity analysis was analyzed using the human
Brainnetome atlas as for rs-fMRI data (Fan et al., 2016) which was
registered using a two-step process with a Python™ implementation of
the ANTS (Advanced Normalization Tools) algorithm (Avants et al.,
2008) to each subject’s DWI space as described above. Streamlines were
generated using MRtrix3's TCKGEN and filtered with SIFT to better
match underlying fiber densities. Non-inclusive matrices were used,
considering only direct tracts connecting ROI pairs, resulting in
weighted 280 x 280 structural connectivity matrices for each individ-
ual. A rigid registration first aligned the DWI data to the T1 MRI subject
space. Next, a non-rigid transformation was applied to align the T1
subject space with the MNI template space. The resulting trans-
formations were applied to register the atlas ROIs to each subject’s DWI
space, followed by a 2-mm dilation of the ROIs to include the white-gray
matter interface. Structural connectivity matrices were generated by
counting the number of streamlines passing through each ROI pair,
resulting in a weighted 280 x 280 connectivity matrix for each
individual.

Statistical analyses

Behavioural measurements

Analyses were conducted in RStudio (version 2024.4.2.764) using R
(R Foundation for Statistical Computing, 2018, Austria, Vienna, version
4.4.1).

Wilcoxon tests were used to investigate differences in neuropsy-
chological assessment between HI and people with stroke. To summarize
the neuropsychological scores into a single “global cognitive outcome”
per subject within a common frame, we computed a Principal Compo-
nent Analysis (PCA) using standardized scores (z-scores) from both HI
and people with stroke scores. The PHQ-9 z-score was included in the
PCA to account for the influence of depression PSCI (Hommel et al.,
2015). For the retained cognitive scales, weights were assigned by the
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PCA, indicating their contribution to the first principal component
(PC1). Each participant’s score on these scales was multiplied by the
corresponding PC1 loading and summed to obtain an individual score
representing global cognition. Exploratory post-hoc analysis was con-
ducted to associate specific domains of cognition with early MSKL
through Spearman correlations. Neuropsychological scales included in
the PCA were grouped into four cognitive domains (working memory,
executive functions, attention, and visuospatial processing). Composite
scores were computed by averaging z-standardized test scores within
each domain.

Wilcoxon tests were used to analyse the evolution of SAT at specific
timepoints (Baseline, early MSKL, late MSKL, total MSKL, retention,
generalization, generalization drop). Learning curves were plotted and
smoothed with a loess algorithm using a span of 0.75 and a tricubic
weighting to describe the kinetics of SAT over the whole protocol.
Levene test was used to assess variance difference between groups. An
ANCOVA model was also computed to account for baseline difference
between the groups. Linear regression analyzed the relationship be-
tween global cognition and specific MSKL progressions (early and late
MSKL).

Group comparisons were repeated separately for LH and RH sub-
groups to explore potential hemispheric differences as lesion side might
influence both cognitive status and MSKL trajectories (Cano et al., 2025;
Mani et al., 2013). Skewness analyses were used to rule out potential
floor/ceiling effect of one of these subgroups. A multiple linear regres-
sion model was performed with early MSKL as dependant variable and
global cognition, age, lesion volume, lesioned hemisphere and baseline
SAT (D1T1) as predictors. Model assumptions were checked through
residual diagnostics and variance inflation factors, and results are re-
ported with regression coefficients, standard errors, p-values, and 95%
confidence intervals.

Neuroimaging

Intensity histograms and cluster tables were produced for the overall
lesion map and then separately for LH and RH lesion maps. Mean and SD
lesion volumes were compared using a Welch two-sample t-test in
RStudio.

VLSM was conducted using the non-parametric MRIcron toolbox
(NPM, NiiStat) (Rorden et al., 2007) for associations between lesion
location and early MSKL. Brunner-Munzel rank-order test was applied to
voxels lesioned in at least 10% of people with stroke. Analyses were first
performed on unflipped VOIs assuming asymmetrical brain organization
with lesion volume as covariate. Exploratorily, analyses were repeated
on flipped VOIs to increase statistical power. Statistical maps were
corrected using a Freedman-Lane permutation (—3,000 permutations),
with corrected threshold of p < 0.05. The same procedure was repeated
without covariates, using normal permutations (3,000). Significant
clusters were localized using MNI coordinates, MRIcroGL (Rorden and
Brett, 2000), the Human Brain Atlas (Mai, 4th Ed.) (Mai et al., 2008), the
BioIlmage Suite MNI2TAL converter (Papademetris et al., 2006), and the
JHU white matter atlas ICBM 1 mm) (Wakana et al., 2004).

To identify associations between preserved WMT integrity and early
MSKL, FA maps were analyzed using ANCOVA in BrainVoyager™, with
early MSKL as predictor of interest and lesion volume as covariate to
control for confounding effects. A voxelwise threshold of p < 0.0001 was
applied, with spatial smoothing (FWHM), and multiple comparison
correction via Monte Carlo simulations (1,000 iterations, estimated
smoothness = 5.92), leading to a minimum cluster size for significance
set at 154 voxels. Significant voxels were overlaid on a WM atlas
(Wakana et al., 2004) to identify corresponding tracts.

Connectome-based Predictive Modelling (CPM) was used for early
MSKL prediction, separately for functional and structural connectivity
(Shen et al., 2017). Connectivity matrices were computed for each
participant, representing pairwise connection strengths across brain
regions (ROIs). Connectivity values were used without nonlinear
transformation (non-sigmoidal).
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Within each training set, edges significantly correlated with early
MSKL (uncorrected p < 0.05) were identified and split into positively
and negatively correlated networks. Consistent with the original CPM
framework (Shen et al., 2017), the uncorrected threshold was used at the
edge-selection stage to allow the model to capture distributed network-
level effects rather than relying on individually significant connections,
while controlling for overfitting through cross-validation and permuta-
tion testing for each participant. Network strength was calculated by
summing the weights of all retained edges within each network.

Linear regression models were then used to predict individual
behavioral scores based on network strength. Covariates (age, sex, a 4-
level categorical variable encoding lesion side and hand dominance,
and lesion volume) were included to control for potential confounding
factors. Model performance was assessed using a Leave-One-Out Cross-
Validation (LOOCV) framework, in which each individual with stroke
was iteratively held out as the test case (Shen et al., 2017). Importantly,
at each LOOCYV iteration, edge selection, network definition, network
strength computation, and model fitting were performed exclusively on
the training set, ensuring that no information from the held-out partic-
ipant was used during model construction and thereby minimizing the
risk of overfitting. Predicted scores for the left-out participant were then
compared against actual behavioral values, and predictive accuracy was
evaluated by fitting a regression line between predicted and observed
outcomes across participants (Shen et al., 2017).

Statistical significance was assessed using permutation testing (3,000
iterations), in which behavioral labels were randomly shuffled prior to
CPM model training within the same LOOCV framework, generating a
null distribution of prediction accuracies against which the observed
correlation was compared (Shen et al., 2017).

Bioimage Suite connectivity viewer (Papademetris et al., 2006) was
used to visualize the three highest-degree nodes and most predictive
edges, mapping them back onto brain anatomy to highlight network
features most strongly associated with early MSKL.

Results
Neuropsychological contributors to global cognition

Group-level neuropsychological and depression scores are detailed
in Table 2. The MoCA, Apraxia screen of Tulia, and Bells' Test were
excluded due to limited specificity or ceiling effects. Additionally, four
tests (PHQ-9, TAP Alertness 2, TAP Index Alert, and TAP Go/NoGo)
were removed from the PCA (Fig. S2) as they were considered to mea-
sure a different construct (Fig. S3). The first component of the final PCA
explained 40.1% of the variance and represents a “global cognitive
outcome” encompassing neuropsychological functions relevant to MSKL
(Seidler et al., 2012), common to both groups. Impairment in global
cognition among people with chronic stroke confirmed the presence of
PSCI (F = 5.2, p = 0.025, Table 2 and Table S2). The respective con-
tributions (loadings) of individual neurocognitive scales to global
cognition are detailed in Fig. S4.

Post-hoc exploratory analyses revealed significant associations be-
tween all cognitive domains and early MSKL. The strongest relationship
was observed for attention (p = 0.52, p < 0.001), followed by executive
functions (p = 0.40, p = 0.0032), working memory (p = 0.30, p =
0.031), and visuospatial processing (p = 0.29, p = 0.036). Although
effect sizes varied across domains, all associations remained statistically
significant, suggesting that multiple cognitive processes contribute to
early MSKL (Table S3).

Impaired MSKL in chronic stroke

SAT trajectories were broadly similar between stroke people and HI,
although people with stroke started from a lower baseline (D1T1: 6.8 +
3.6 [a.u.] (mean + SD) vs 9.5 + 3.6 in HI, t = 2.9, p = 0.005; Fig. 2;
Table S34; Fig. S5). Early MSKL diverged significantly between groups,
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Table 2

Neuropsychological assessment. a b ¢ represents the lower quartile (a), median
(b), and upper quartile (c) for continuous variables, respectively. MoCA, Bells'
test and Apraxia screen of Tulia were not assessed in HI. Wilcoxon tests were
used for group comparisons. Rows highlighted in grey correspond to the 10
scales included in the final PCA, providing global cognition. TAP: Test of
Attentional Performance, MoCA: Montreal Cognitive Assessment.

HI(n=21) People with stroke Statistic Test
(n =53)
Tower of London 17 44 54 13 34 54 F175=0.25P =
(ToL-F) 0.62
TAP-Alertness 1 14 24 34 210 24 F17,=88,P=
0.004 *
TAP-Alertness 2 814 24 21018 F7,=36,P=
0.063
TAP-Index alert 1218 31 103873 Fy72=25,P=
0.12
TAP-Visual attention 38 62 66 16 62 66 F,7,=08,P=
0.37
TAP-Flexibility 46 79 92 74273 Fy72=10,P =
0.002 *
TAP-Go/NoGo 58 58 62 3458 62 F172=0.12,P =
0.73
TAP-working 24 38 69 7 24 46 Fi172=25,P=
memory 0.12
Mental Rotation test 27 33 42 25 32 40 F175=0.79,P =
0.38
Digit span, forwards 667 566 Fi72=79,P=
0.006 *
Digit span, 455 345 Fi70=77,P=
backwards 0.007 *
Spatial spans, 566 566 F172=0.1,P=
forwards 0.76
Spatial spans, 446 456 F175=0.22,P =
backwards 0.64
MoCA / 24 26 28
Apraxia screen of / 111212
Tulia
Bell’s Test (number / 30.533 34
bells)
Depression scale -3-10 -8-5-3 F172=24,P <
PHQ-9 0.001 *
Global cognition 0.11 1.0 —1.69 -0.43 0.85 Fi170=52,P=
1.62 0.025 *

with HI showing steeper improvements and significantly greater gains
(early MSKL: 15.7 + 3.3 [a.u.]) than people with stroke (10.8 + 7.3, t =
3.37, p = 0.001). People with stroke also exhibited higher variance
during early MSKL (52.9 &+ 7.3 a.u.) compared to late MSKL (10.9 £ 3.3,
F = 4.85, p < 0.001), while HI showed similar variance across both
phases (23.5 + 4.8 vs 21.1 + 4.6, F = 1.12, p = 0.8). Both groups dis-
played typical asymptotic-like learning curves with rapid early SAT
improvement followed by slower gains. No significant between-group
differences were observed during late MSKL (F = 0.1, p = 0.75).

Long-term retention of SAT improvement was observed between D1
and D8, despite an initial performance drop on the first block of D8
(Table S34). Introducing the NC also caused an incomplete SAT drop (i.
e. with significant improvement retained compared to baseline indi-
cating generalization), followed by rapid improvement. HI out-
performed people with stroke on one-week retention, early MSKL on D8,
total MSKL, and generalization drop (Table S4).

ANCOVA revealed poorer early MSKL in people with stroke
compared to HI after controlling for baseline performance (p = —3.29,
SE = 1.74, p < 0.001), confirming that the distinct early MSKL patterns
are not solely attributable to baseline differences but reflect genuine
group differences during early MSKL.

Compared to RH-damaged people with stroke, LH-damaged people
with stroke showed significantly better early MSKL (F = 5.7, p = 0.021),
even after adjusting for age (Est = -4.27, p = 0.042). Baseline perfor-
mance did not significantly differ between groups (F = 2.1, p = 0.15),
nor did late MSKL (F = 0.36, p = 0.55; Fig. S6, Table S5).
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Relation between cognition and early MSkL in chronic stroke

Regression analyses in people with stroke revealed that more severe
PSCI (lower global cognition scores) was associated with poorer early
MSKL (r = 0.44, p = 0.001; Fig. 2), but not with late MSKL (r = 0.1, p =
0.4).

A multiple regression model indicated that better global cognition
was a significant positive predictor of early MSKL (Est = 0.98; SE = 0.41,
p = 0.023), and that larger lesion volume was a significant negative
predictor (Est = -0.000027; SE = 0.000013; p = 0.044). Age (Est =
-0.077, SE = 0.079; p = 0.33), stroke laterality (Est = 1.61, SE=1.91; p
= 0.4) and baseline performance (D1T1; p = 0.071) were not significant
predictors of early MSKL. The overall model was significant (F = 6.56, p
< 0.001) and explained 35% of the variance in early MSKL (adjusted R?
= 0.35).

Standardization of predictors and outcome using z-scores revealed
the number of SD change in the outcome per 1 SD increase in the pre-
dictor. Global cognition was the strongest predictor (standardized beta
= 0.28, partial R? = 0.28), followed closely by lesion volume (stan-
dardized beta = —0.27, partial R = 0.26), indicating that global
cognition contributed most to the model in terms of effect size.

Voxel-based lesion symptom mapping

Due to one technical failure during MRI acquisition, imaging data
were analyzed for 52 out of 53 people with stroke (29 LH and 23 RH,
Fig. S7). Mean lesion volume did not significantly differ between LH and
RH people with stroke: although LH stroke had a smaller mean volume
(21.8 + 36.7 mm3), the high variance observed in RH stroke (63.3 +
99.2 mm3) resulted in a non-significant difference (t = -1.91, p = 0.07).
This substantial disparity in volume and variance warranted its inclu-
sion as a nuisance covariate to control for volume-related bias in voxel-
wise and connectivity analyses.

VLSM did not reveal any significant cluster (BM range: z > 2.95; z
(0.05) < 1.63), in either unflipped or flipped data.

The analysis was repeated without the covariate (lesion volume),
revealing one significant cluster in unflipped images associated with
impaired early MSKL (BM range: —1.74 < z < 3.72; z (0.05) = 3.54).
This cluster encompassed the right posterior insula and external capsule
(EC) and overlapped with the corticospinal tract (CST) at the level of the
posterior limb of the internal capsule (PLIC) and superior corona radiata
(SCR) (z = 3.57; cluster size: 154 mm?, peak MNI coordinates: 28,
—17,18; Fig. 3). In flipped images, two clusters of lesioned voxels were
associated with impaired early MSKL (BM range: —3.175 < z < 4.96; z
(0.05) = 3.89). The first expanded over the anterior corona radiata
(ACR), superior and middle frontal gyri (cluster size: 78 mm?, peak MNI
coordinates: —21,36,15), while the second involved the supramarginal
gyrus (SMG) and superior longitudinal fasciculus (SLF) (cluster size: 34
mm3, peak MNI coordinates: —34, —24, 21) (Fig. 3).

No significant clusters were identified in relation to late MSKL.

Whole brain microstructural integrity

The analysis using whole-brain FA maps revealed a significant
cluster spanning the splenium and posterior midbody of the corpus
callosum (CC), where WM integrity correlated with early MSKL (2,744
mm?’, peak MNI: 4, —27, 21; r = 0.59; p < 0.0001; Fig. 4). Higher FA
values-indexing better WM microstructural integrity—correlated with
greater early MSKL.

Functional and structural connectivity

Using DWI and rs-fMRI within the CPM framework, we explored
structural and functional connectivity patterns that predict inter-
individual differences in early MSKL among people with chronic stroke.

Structural connectivity analysis included 47 of 53 people with stroke
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Fig. 2. MSKL in HI and people with stroke, and regression with global cognition in people with stroke. Left panel: MSKL model for HI (red) and people with stroke
(blue) quantified through SAT across two sessions one week apart. The x axis represents the number of trials (23 on D1 and 23 on D8, plus 3 trials during learning
with the NC). SAT is expressed in arbitrary units (a.u.). Each dot represents the group’s mean SAT value for the corresponding trial; the shaded area indicates + 1 SD.
The blue box highlights early MSKL on D1 (early MSKL: 12 first trials). Right panel: Regression analysis between global cognition summarized by the global cognition
score (10 cognitive tests), and early MSKL in people with chronic stroke. The regression line is shown in blue; with the grey shaded area representing the confidence
interval (CI). Each dot corresponds to one individual with stroke. People with stroke in the LH and RH were separately color-coded (RH: green, LH: pink). A sig-
nificant correlation was observed only for early MSKL (r = 0.44, p = 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

(6 were excluded due to incomplete cerebellar coverage). Predicted and
observed early MSKL values were significantly correlated (r = 0.5, p <
0.001) after 3,000 permutations (p < 0.001; Fig. S8A). The top predic-
tive connections identified via cross-validation involved 3,208 positive
and 308 negative edges (<10% of 39,060 edges defined by the atlas).
Only the top 1% of nodes (n = 3 out of 280), with predictive edges
spanning both hemispheres, were retained (Fig. 5, Table S6). The most
predictive positive nodes were located in the right thalamus (pulvinar,
degree = 60, MNIL: 13,-27,8), right superior temporal gyrus (STG,
Brodmann Area (BA) 22, belonging to the default mode network (DMN),
degree = 43, MNL: 56,-12,-5) and left putamen (degree = 49, MNIL:
—17,3,-9). The same left putamen node also presented a negative edge
with the left insula (BA13, MNI: —34,18,1).

Functional connectivity analysis (n = 52) also yielded significant
predictions of early MSKL (r = 0.52, p < 0.001), confirmed after 3,000
permutations (p < 0.001, Fig. S8B). Of the 39,060 edges, 136 were
positive and 922 were negative (~3%). Again, only the top 1% of nodes
were analyzed (Fig. 5, Table S6), revealing key nodes with positive edges
in the left inferior occipital gyrus (IOG, lingual gyrus, BA18 (visual-
associative network), degree = 25, MNL: —18,-99,2) and right inferior
temporal gyrus (ITG, BA20 (ventral visual-associative network), degree
= 23, MNIL:40,0,-43). Two nodes with negative edges were associated
with poorer early MSKL: the same right ITG node and the right insula
(BA13 (salience/cingulo-opercular network), degree = 28, MNI: 38,5,5;
Fig. 5).

Discussion

In people with chronic stroke, early (but not late) MSKL with the
contralesional UL was impaired compared to HI, and poorer early MSKL
was associated with PSCI. PSCI and lesion volume emerged as key
explanatory variables of early MSKL impairment in people with chronic
stroke. Lesions affecting the insular-capsular, frontal and parietal re-
gions, along with critical WMT (CST and SLF) were linked to impaired
early MSKL, while microstructural integrity of the posterior CC corre-
lated with early MSKL capacity. Both structural and functional connec-
tivity (inter- as well as intra-hemispheric) predicted early MSKL in
chronic stroke.
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MSKL profiles in HI and people with stroke

HI showed rapid gains early on D1 (early MSKL), followed by shal-
lower improvement (late MSKL), long-term retention on D8, and
generalization of skill improvements. People with chronic stroke
showed a similar pattern with the contralesional UL, though starting
from a lower baseline and with a flatter early MSKL slope, widening the
gap with HI during the early phase. Late-phase MSKL slopes became
similar across groups, and people with stroke also retained performance
gains over one week and showed generalization. Beyond expected
overall poorer MSKL performances in people with stroke, the most
pronounced difference compared to HI was observed during early MSKL.

Importantly, early MSKL gains were more variable among people
with stroke, reflecting heterogeneity in PSCI profiles and lesion char-
acteristics (Fitts, 1992; Hyndman et al., 2008; Kim et al., 2022; Tsay
et al., 2024). Notably, RH stroke initially showed poorer early MSKL
compared to both LH stroke and HI. However, multiple regression model
showed that neither stroke laterality nor baseline SAT were predictors of
early MSKL in people with stroke. Moreover, further inspection of me-
dian, interquartile range, and skewness of SAT progression revealed a
symmetrically distributed range of early MSKL values in both RH and LH
stroke, arguing against a floor effect (range restriction) in the RH group,
supporting the analysis of the people with stroke as a single pool.
Impaired early MSKL was thus a consistent feature in chronic stroke,
albeit with substantial inter-individual variability, and was not influ-
enced by stroke laterality.

PSCI, MSkL and stroke laterality

Previous findings showed that PSCI is a common consequence of
stroke (El Husseini et al., 2023). Our findings are consistent with this
evidence: people with chronic stroke exhibited PSCI compared to HI, as
assessed using a global cognition index derived from the PCA. This
approach captured the shared variance across multiple cognitive do-
mains in both groups, providing a robust estimate of overall cognitive
functioning. Past research has indicated that PCA can partially account
for the individual variability in multi-domain PSCI through the reduced
set of underlying behavioral dimensions (Bisogno et al., 2021; Corbetta



C. van Ravestyn et al. Neuroscience 606 (2026) 31-43

Fig. 3. VLSM of early MSKL in people with chronic stroke. Upper panel: Unflipped data. Without controlling for lesion volume, one cluster of lesioned voxels located
at the bridge between the right posterior insula, EC, PLIC and SCR was associated with poor early MSKL (cluster size: 154 mmS, peak MNI coordinates: 28, —17, 18).
This cluster is displayed according to statistical significance threshold, with color shading ranging from dark blue (z = 3.54, p < 0.05, threshold corrected for 3,000
multiple permutations using the BM test) to green (highest voxel-wise BM statistic, z = 4). Lower panel: Data flipped to the left. Without controlling for lesion volume,
two clusters of lesioned voxels were associated with poor early MSKL. The first encompassed the anterior corona radiata (ACR) and the superior and middle frontal
gyri (cluster size: 78 mm3, peak MNI coordinates: —21,36,15). The second cluster involved the supramarginal gyrus (SMG) and superior longitudinal fasciculus (SLF)
(cluster size: 34 mm?®, peak MNI coordinates: —34,-24,21). Clusters are displayed according to statistical significance threshold, with color shading ranging from blue
(z = 3.89, p < 0.05, corrected for 3,000 permutations using the BM test) to turquoise (z = 4.9, p < 0.05). R: right. Figure produced with MRIcroGL. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Whole-brain microstructural integrity FA map related to early MSKL. One cluster was found (r = 0.59; p < 0.0001) in the corpus callosum (CC, 307 voxels,
peak MNI coordinates: 4, —27, 21). Color bar represents the confidence range of F-values, with positive FA values indexing better WM microstructural integrity. R =
right. Figure produced with MRIcroGL.

et al., 2015). Consistent with previous findings, the clinical reality of (including working, visuospatial), visuospatial perception and orienta-
stroke is that individual PSCI typically spans multiple domains at once, tion (Rajda et al., 2025). Overall, executive functions and memory
with many people with stroke presenting with combined deficits rather (short-term, working) were the most often related to motor learning. By
than isolated impairments (Bickerton et al., 2015; Demeyere et al., 2015; using a PCA-based approach, these different subdomains were summa-
Nys et al., 2007). Interestingly, a recent review outlined that up to 55% rized into a single “global cognitive outcome” common for HI and people
of the papers relating cognition to motor learning assessed multiple with stroke that were related to individual MSKL performances.

domains of cognition, such as executive functions, attention, memory PSCI, indexed by individual PCA scores, was significantly related to
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Fig. 5. Connectome-based predictive modelling (CPM). Circle and glass brain plots are displayed separately for positive (left column) and negative (right column)
correlation matrices of structural (upper row) and functional connectivity (lower row). The 280x280 parcellation atlas was transformed into nine macroscale brain
regions in each hemisphere. Circle plots show the connections from each of the three highest significant nodes with other regions and their specific networks. The
glass brain plots provide 3D visualization of the connections between nodes through edges. For positive correlations, the three highest nodes connections are
respectively displayed in pink, blue and green. For negative correlations, the connections are displayed in brown and violet. R = right, L. = left. Upper row: Only the
99th percentile structural connectivity nodes (n = 3/280) were retained, containing three positive correlation nodes (top left corner: right thalamus (pulvinar, purple
edges), right superior temporal gyrus (STG, BA 22, light green edges), and left putamen (light blue edges)) and a single negative correlation node (right:, same left
putamen node). Lower row: 99th percentile functional connectivity nodes with two positive correlation nodes (bottom left corner: left inferior occipital gyrus (lingual
gyrus, BA18, light blue edges) and right ITG (BA20, light green edges)) and two negative correlation nodes (bottom right corner: right insula (BA13, beige edges) and
the same right ITG node (purple edges)). Figure produced with Biolmage Suite. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

poor early but not late MSKL in people with stroke. This pattern aligns that in unflipped images, impaired early MSKL was associated with a
with models proposing that early MSKL relies more heavily on attention, cluster overlapping the right CST along the SCR-PLIC axis and extending
working memory and executive control, whereas later phases become to the posterior insula and EC. These findings confirm the critical role of
progressively less cognitively demanding, focusing more on motor the CST in fine motor control and MSKL and suggests additional
execution and ultimately leading to partial automatization (Dayan and involvement of integrative hubs and pathways such as the insula and EC
Cohen, 2011; Seidler, 2010). in efficient early MSKL (Bloom et al., 2022; Christiansen et al.; Kere-
The multiple regression model further supported that PSCI and lesion zoudis et al., 2025; Russo et al., 2021; Wang et al., 2024). In flipped data,
volume were the primary predictors of early MSKL outcomes. Together, two clusters were associated with impaired early MSKL. The first
these findings indicate that overall cognitive functioning is an important encompassed the ACR and subcortical prefrontal WM beneath the su-
determinant of early MSKL after stroke. The use of a global PCA-derived perior and middle frontal gyri, highlighting the critical role of cognitive-
cognition score suggests that inter-individual differences in general associative prefrontal WMT in early MSKL (Dahms et al., 2020). The
cognitive capacity may influence how people with chronic stroke cope second intersected the ventral branch of the SLF, SLF III (Thiebaut de
with the cognitive demands of MSKL tasks. From a clinical perspective, Schotten et al., 2011). Prior studies emphasized the role of SLF III in the
these results support the importance of considering overall cognitive automatic capture of visual attention by salient visual targets (Thiebaut
status when delivering or designing post-stroke neurorehabilitation in- de Schotten et al., 2011). Damage to the SLF may impair early MSKL by
terventions, for example by adapting task complexity and cognitive load disrupting interactions between inferior parietal, ventral premotor and
during early versus late learning phases. ventral prefrontal regions (Janelle et al., 2022), thereby affecting motor
planning, attention, execution, or sensorimotor integration (Frenkel-

Neural substrates of early MSkL in chronic stroke Toledo et al., 2019).
These findings underscore the importance of the right CST and
Reflecting common stroke distribution in a general population attentional/motor-salience circuits, as well as of frontoparietal WMT
(Karnath et al., 2018; Kernbach et al., 2023), lesions predominantly such as the SLF and ACR in supporting sensorimotor integration and
involved the middle cerebral artery territory in both hemispheres, cognitive control during early MSKL. However, these results should be
centered on the striatum, PLIC, and SCR. However, RH stroke had more interpreted with caution, as lesion volume was not controlled for in
heterogeneous lesion volume and location, extending more extensively these exploratory analyses. Therefore, the right lateralization of the CST-
in the frontal and occipital lobes, while lesions of LH stroke were centered cluster might partly reflect the larger lesion sizes observed in
globally smaller and more centered on subcortical regions. the RH-damaged subgroup. No significant clusters were linked to late

MSKL, likely due to minimal progression, supporting early MSKL as the
most dynamic phase (Fig. 2).

WM microstructure analyses highlighted the posterior CC (midbody
and splenium) in relation to early MSKL. Lower FA may reflect direct
damage or Wallerian degeneration, indicating that reduced WM integ-
rity in the posterior CC correlates with poorer early MSKL. Alternatively,
higher FA may reflect plastic reorganization of interhemispheric WM
connections, supporting better early MSKL in chronic stroke.

Grey and white matter substrates of impaired early MSkL

When controlling for lesion volume, VLSM did not reveal significant
voxels associated with early MSKL, even after flipping data to increase
statistical power. This lack of effect may be explained by the modest
sample size (n = 52).

Exploratory analyses without lesion volume as a covariate revealed
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These posterior CC subregions support somatosensory and motor
integration via interconnections between the parietal lobes (posterior
midbody), and visuospatial processing via connections between the
occipital and posterior temporal lobes (anterior splenium) (Musiek,
1986; Sakai et al., 2017; Tzourio-Mazoyer, 2016). This is consistent with
previous work showing that callosal disruption impairs adaptive motor
control (Schulz et al., 2015) and that the anterior splenium connects
high-order prefrontal and temporo-parietal associative areas (Fabri and
Polonara, 2023; Oliveira et al., 2022).

The CC’s role in unimanual tasks reflects its importance in facili-
tating interhemispheric communication between motor and associative
cortices (Ehrsson et al., 2000; Takeuchi et al., 2012), particularly
following long-term, plastic post-stroke reconfiguration of cognitive and
motor networks (Innocenti et al., 2022; Li et al., 2015; Takeuchi et al.,
2012). Functional brain imaging studies showed that bilateral cortical
activation is the default pattern during fine unimanual motor tasks, with
callosal fibers mediating both excitatory and inhibitory interhemi-
spheric interactions (Grefkes and Ward, 2014; Nowak et al., 2009).
Damage to the CC may therefore reduce the lesioned hemisphere’s
ability to engage supportive contralesional networks and/or disrupt the
integration of cognitive control signals critical during early MSKL.

Connectivity predictors of early MSkL

To better understand the network-level mechanisms predicting early
MSKL in chronic stroke, we examined both structural and functional
brain connectivity. Predictive edges spanned both inter- and intra-
hemispheric networks.

CPM of structural connectivity highlights the top 1% predictive
nodes, with positive edges involving the right pulvinar, left putamen and
right STG (BA22), and a single negative edge between the left putamen
and left insula. The pulvinar, a thalamic association nucleus, integrates
cognitive, motor and sensory signals, and modulates cortical plasticity,
making it a plausible hub for early MSKL (Gattass et al., 2018). Consis-
tently, the thalamus was previously associated with MSKL in HI and
acute stroke performing the CIRCUIT task (Lefebvre et al., 2012; Riga
etal., 2022). Positive edges linked the right pulvinar to intrahemispheric
limbic and motor regions and interhemispheric parietal and occipital
regions supporting visual attention, motor translation, and cortico-
subcortical loops (Casanova and Chalupa, 2023; Fama and Sullivan,
2015; Fattori et al., 2024; Krakauer, 2006).

The putamen, central to procedural and motor learning, as well as in
cognitive functioning showed both positive (intra- and inter-
hemispheric motor, parietal, prefrontal, and subcortical regions) and
negative (left insula) edges, suggesting post-stroke reorganization could
be adaptive or maladaptive. Positive edges likely support motor
execution and visuospatial integration, whereas the negative edge may
reflect disrupted salience-motor interactions (Menon and Uddin, 2010).

Right BA22 (STG), a multimodal association hub, connected to
contralateral prefrontal, motor and parietal regions, and ipsilateral
motor and subcortical regions, supports attentional, visuospatial, and
motor integration (Beauchamp et al., 2004; Corbetta and Shulman,
2011). Positive edges structurally connected right BA22 with contra-
lateral prefrontal, motor and parietal regions engaged in executive
functions and reorientation of visuospatial planning (Alho et al., 2014),
and with ipsilateral prefrontal, motor and subcortical regions modu-
lating motor responses to attentional or sensory cues (Poldrack et al.,
2005). The presence of interhemispheric predictive edges underscores
the importance of structural integrity and adaptive reorganization
beyond the lesioned hemisphere.

CPM of functional connectivity revealed positive edges in the left
visual-associative cortex (BA18) and right temporal cortex (BA20),
indicating visuospatial processing networks facilitate early MSKL
(Seidler et al., 2012).

BA18 is a secondary visual cortex hub, linked interhemispherically to
occipital, temporal, and limbic regions, reflecting the importance of
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cross-hemispheric visual integration for motor control (Gazzaniga et al.,
2013). Its emergence as a predictive hub may reflect the need for visual-
associative integration during early MSKL (Kahn et al., 2017), particu-
larly when visual feedback is critical for motor control and refining
motor strategies. Positive edges from BA18 were exclusively inter-
hemispheric, predominantly linking occipital, temporal, and limbic re-
gions. This suggests that efficient cross-hemispheric transfer of visual
information and its integration with associative and memory-related
circuits facilitates early MSKL mechanisms.

Right BA20 (ITG), is involved in higher-order cognitive functions,
including object representation, decision-making, and the maintenance
and retrieval of complex visual information in working memory (Lin
etal., 2020), all potentially critical for early MSKL. It was predominantly
connected to both the ipsi- and contralateral cerebellum via positive
edges, suggesting its involvement in predictive motor control and/or
error detection and correction during early MSKL (Tzvi et al., 2022).
Additionally, the right ITG was linked to left occipital regions through
positive interhemispheric edges, indicating that successful early MSKL
may rely on coordinated visuomotor and affective-motivational inte-
gration across hemispheres (Brissenden and Somers, 2019).

Conversely, negative edges from right ITG to ipsilateral prefrontal
regions may indicate inefficient reliance on executive processes. This
aligns with previous findings linking disrupted functional connectivity
between cortical regions with cognitive impairments, including deficits
in visual information processing (Cai et al., 2023).

The right insula (BA13), a key salience network hub, emerged as a
negative predictor, with widespread intra- and interhemispheric edges
to prefrontal, temporal, limbic, and subcortical regions. This pattern
suggests that maladaptive salience processing and disrupted network
switching could hinder efficient MSKL (Manoliu et al., 2013).

To sum up, this multimodal neuroimaging approach revealed that
efficient early MSKL in chronic stroke relies on diverse and widespread
substrates, including visuospatial and temporal associative areas,
subcortical hubs, intra- and interhemispheric WMT (ACR, SLF and CC),
and interhemispheric connectivity. These findings underscore the
importance of bilateral communication and integration of cognitive
control, sensorimotor feedback, and procedural memory in supporting
early MSKL, consistent with our behavioral observation that PSCI im-
pairs early MSKL in chronic stroke.

Limitations

Our sample captured substantial heterogeneity in stroke character-
istics (stroke location, laterality, demographics and clinical features)
while excluding people with severe PSCI or hemiplegia that would have
prevented task completion. Consequently, our findings primarily
generalize to people with chronic stroke with mild-to-moderate motor
and/or cognitive impairments.

Standardized clinical measurement of UL motor impairment (e.g.,
Fugl-Meyer Assessment) was not collected in this study, which limits
direct comparison with conventional rehabilitation outcomes. However,
motor performance and learning were objectively quantified using ki-
nematic data (SAT), providing a sensitive and continuous measure of
MSKL. Moreover, stroke people remained impaired in their capacity to
achieve MSKL over time after controlling for baseline differences with
HI. Our findings thus primarily generalize to individuals with mild-to-
moderate motor deficits capable of executing the task. Future studies
should combine robotic learning metrics with standardized clinical
motor scales to bridge mechanistic and clinical perspectives.

Although RH were older than LH, time since stroke and baseline
MSKL performance were comparable across groups, and age did not
predict early MSKL. No significant effect of stroke laterality was noticed,
and most neuropsychological scales did not differ between LH and RH.

Importantly, we chose to use PCA to derive a single global cognitive
index for both HI and people with stroke. This approach allowed us to
capture overall cognitive functioning within a common framework,
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focusing on global impairments that are frequently observed after stroke
and may influence MSKL. The cognitive tests included in the PCA were
selected to cover key domains implicated in MSKL, such as attention,
executive control, and visuospatial processing (Seidler et al., 2012).
While the resulting global cognitive score was significantly correlated
with early MSKL, the specific contributions of individual domains
remain to be clarified in future studies. Specifically, the PCA-derived
global cognition score should not be interpreted as implying equal
weighting or equivalent relevance of all cognitive domains to motor
learning; rather, it captures shared variance across interrelated pro-
cesses known to support early MSKL.

RH lesions tended to be more extensive than LH lesions; however, we
applied robust imaging and statistical controls (nuisance covariates,
permutation-based thresholding, between-subjects factors, LOOCV) to
reduce overfitting and increase reliability. Replication in a larger cohort
will be important to determine whether the observed effects reflect
specific regional contributions or are primarily driven by lesion volume.

Conclusion

In chronic stroke, early MSKL is impaired, contrarily to late MSKL.
More severe PSCI and greater lesion burden correlated with poorer early
MSKL. Multimodal brain imaging suggests that the early phase of MSKL
is supported by a distributed cognitive-motor network involving
salience and executive hubs, associative cortices and both intra- and
inter-hemispheric connectivity.

For complex unimanual motor tasks, preserved structural and func-
tional interhemispheric connectivity appears crucial for integrating
global cognition with motor execution during early MSKL in the chronic
stroke phase.
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