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Abstract
Although less-affected hand (LAH) de�cits following unilateral stroke are well documented, many aspects
of LAH impairment mechanisms remain unresolved. To provide a better understanding of these
mechanisms, we used diffusion MRI to examine the disruptions of white matter structural connections.
Based on the redundancy theory, we hypothesized that a summation of motor-related tract disruptions
would characterize LAH impairment.

We assessed LAH impairment and fractional anisotropy (FA) in 28 patients at one-month post-stroke
(baseline), and 6 and 24 months later. LAH impairment was assessed with the Purdue Pegboard Test
(PPT), handgrip strength, and movement time. FA was estimated in the CST, Anterior- Corona Radiata
(ACR), and Limb of Internal Capsule (ALIC), Superior Longitudinal Fasciculus (SLF), and corpus callosum
(CC). We used Linear Mixed Models to determine the tracts associated with LAH impairment over time.

Baseline PPT, grip, and movement time were impaired in 43%, 61%, and 25%, respectively. PPT was
modeled by baseline ipsilesional-CST (t=3.75; p<0.001), ipsilesional-SLF (t=3.19; p=0.002), contralesional-
ALIC (t=-4.89; p<0.001), and lesion volume (t=-3.18; p=0.004); handgrip by baseline ipsilesional-CST
(t=3.39; p=0.001), contralesional-ALIC (t=-3.91; p<0.001) and sex (t=-1.43; p=0.007); movement time by
baseline ipsilesional-SLF (t=-3.64; p=0.001), CC (t=4.00; p=<0.001), and lesion volume (t=3.03; p=0.006).

In conclusion, white matter tract disruptions determine the LAH impairment pro�le, with ipsilesional-CST
related to motor and ipsilesional-SLF to visuomotor processing. LAH impairment was associated with the
summation of several tract disruptions, supporting the concept of cerebral redundancy. These results
provide a theoretical basis for integrating LAH in rehabilitation programs and for treatment interventions
such as neuromodulation.

1. Introduction
Hand movements represent a speci�c and essential function in humans required for everyday life
activities. Following stroke, loss of hand functionality is one of the main factors affecting disability and
remains a major target of rehabilitation interventions (Pennati et al., 2020; Pomeroy et al., 2011; Stinear,
2010). Parallel to sensorimotor de�cits of the affected hand, the less-affected hand (LAH, ipsilateral to
the lesion) may show sensorimotor de�cits for a large variety of sensorimotor tasks at the acute and
chronic periods of stroke (Carey & Matyas, 2011; Colebatch & Gandevia, 1989; Gowers, 1886; Jones,
Donaldson, & Parkin, 1989; Kitsos, Hubbard, Kitsos, & Parsons, 2013; Semrau et al., 2017; Varghese &
Winstein, 2019). LAH impairment is frequent (Semrau et al., 2017) and may compound functional
disability and independence as patients require both hands to perform daily life activities (Plantin et al.,
2021).  

Although there are many unresolved aspects in our understanding of LAH impairment, several
mechanisms are postulated (Kitsos et al., 2013). A �rst theory implicates the ‘uncrossed’ ipsilateral
corticospinal tract (CST) (Ziemann et al., 1999) since 3-15% of the corticospinal �bers descend in the
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ipsilateral spinal lateral funiculus without decussating in the medullary pyramids (Nyberg-Hansen,
1968; Schmahmann & Pandya, 2006) (Fig. 1). Another theory relies on bilateral hemispheric control for
unilateral movements (Chettouf, Rueda-Delgado, de Vries, Ritter, & Daffertshofer, 2020; Jones et al.,
1989; Kitsos et al., 2013; Noskin et al., 2008) as hand motor control is processed within the frontoparietal
network including the superior longitudinal fasciculus (SLF)  (Bundy & Leuthardt, 2019). In addition, a role
for the contralesional hemisphere has been reported based on studies showing activity imbalance
between the sensorimotor cortices following stroke using fMRI (Dechaumont-Palacin et al., 2008; Favre et
al., 2014; Rehme, Fink, von Cramon, & Grefkes, 2011) or Transcranial Magnetic Stimulation (TMS) (Auriat,
Neva, Peters, Ferris, & Boyd, 2015). LAH impairment may also relate to interhemispheric transcallosal
disconnections (Jung, Yoon, & Park, 2002) as the corpus callosum (CC) coordinates motor function
through the balance of excitatory and inhibitory interhemispheric interactions (Chettouf et al., 2020).
Moreover, the impact of neuropsychological de�cits such as apraxia and neglect has also been
associated with LAH impairment (Chestnut & Haaland, 2008; Sunderland, Bowers, Sluman, Wilcock, &
Ardron, 1999; Wetter, Poole, & Haaland, 2005).

Anatomically, the main tracts engaged in hand sensorimotor control include the CST (Kuypers,
2011; Schmahmann & Pandya, 2006), the body of the CC (CC-body) providing connections between the
two sensorimotor cortices, the SLF for goal-directed actions and visuomotor processing (Budisavljevic et
al., 2017; Schmahmann & Pandya, 2006), and the cerebellar peduncles for movement coordination (Kelly
& Strick, 2003; Manto et al., 2012). In addition, the anterior corona radiata (ACR), anterior limb of the
internal capsule (ALIC), and genu of the corpus callosum (genu-CC) carry �bers from the premotor,
prefrontal, and orbitofrontal cortices projecting to the motor areas to provide motor information on
movement preparation along with emotional and cognitive components of motor control (Fries, Danek,
Scheidtmann, & Hamburger, 1993; Morecraft et al., 2002; Schmahmann & Pandya, 2006). 

Based on the concept of cerebral redundancy (Glassman, 1987), we hypothesized that the combination
of several mechanisms would yield LAH impairment, depending on the processes engaged in hand
movements. Since diffusion MRI provides reliable measures of white matter microstructure such as
fractional anisotropy (FA) re�ecting the neural changes related to the stroke local lesion and its remote
effects  (Auriat et al., 2015; Kumar, Kathuria, Nair, & Prasad, 2016; Lindenberg, Zhu, Ruber, & Schlaug,
2012), we aimed to determine LAH impairment neural correlates using FA measures from the motor-
related tracts supporting hand movements. To this extent, we performed a longitudinal study assessing
LAH impairment and FA at one month and 6 and 24-month follow-up in 28 patients with an ischemic
stroke.

2. Materials And Methods
2.1 Participants

We enrolled 31 patients in the Randomized Controlled Stem Cell Trial (ISIS-HERMES) at the stroke unit of
Grenoble Alpes University Hospital from October 2010 to 2014 (ClinicalTrials.gov NCT00875654).
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Patients received standard medical care including thrombolysis and thrombectomy when indicated.
Patients were randomized to receive autologous mesenchymal stem cells (cell-therapy group) or
rehabilitation alone (control group) in the �rst two weeks following stroke (Jaillard et al., 2020). Cell
therapy was administered one month following stroke, after baseline clinical and MRI assessment. The
ISIS-HERMES study was approved by the Institutional Review Board (CPP: 07-CHUG-25). Written informed
consent was obtained from all patients before they participated in the study.

The main inclusion criteria were: age 18-70 years, �rst-ever unilateral infarct in the internal carotid artery
territory, moderate to severe neurological de�cit de�ned as NIHSS ≥7, and the ability to follow a
rehabilitation program. Exclusion criteria were pre-stroke neurological or psychiatric disease, severe
medical condition, apraxia, or neglect diagnosed with an extinction NIHSS subscore >1. Complete criteria
are provided in Table S1. Clinical, behavioral, and MRI measures were acquired at three sessions: one-
month post-stroke (M0), six months (M6), and 24 months (M24) follow-up (Fig S1).

2.2 Demographic and Clinical Measures

Age, sex, education level, height, weight, and stroke risk factors were recorded. Neurological severity was
assessed using NIHSS and sensorimotor de�cit using the Fugl-Meyer Score (FMS) (Fugl-Meyer, Jaasko,
Leyman, Olsson, & Steglind, 1975), with motor, sensory, and coordination subscores. A global cognitive
assessment was performed with RBANS, exploring �ve domains (spatial, attention/executive, immediate
and delayed memory, language) (Randolph, Tierney, Mohr, & Chase, 1998). The global outcome was
assessed using the Modi�ed Rankin Score (mRS). (van Swieten, Koudstaal, Visser, Schouten, & van Gijn,
1988). These assessments were performed by a stroke neurologist (NIHSS, mRS), neuropsychologists
(RBANS, behavioral measures), and physiotherapists (FMS).

2.3 Behavioral Measures

We explored LAH impairment using three behavioral tests. The Purdue Pegboard Test (PPT) (Lafayette
Instrument Company, Indiana)(Rapin, Tourk, & Costa, 1966) was performed as described in
http://www.equipement-ergotherapie.com/8-dexterité-manipulation.html, as a standardized quantitative
test requiring motor (for grasping) and visuomotor (for reaching) components. The Hand dynamometer
(Lafayette Instrument Company, Indiana; https://www.prohealthcareproducts.com/100-kg-220lb-hand-
grip-dynamometer-lafayette-instruments/) is a validated test to measure handgrip force (Grip). The Motor
Screening Task (MST) measures movement time to assess sensorimotor de�cits in CANTAB
(https://www.cambridgecognition.com/cantab/cognitive-tests/attention/motor-screening-task-mot/).
Raw scores were converted to percentiles to adjust for age and sex using published norms (Spreen &
Strauss, 1998) and CANTAB norms. Scores below the 5th percentile were considered as impaired. The
frequency of LAH impairment was also assessed in patients without cognitive de�cit, de�ned as RBANS >
40.

2.4 MRI data acquisition

http://www.equipement-ergotherapie.com/8-dexterit%C3%A9-manipulation.html
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The MRI protocol included structural and diffusion sequences. Patients were scanned at the IRMaGe MRI
facility (Grenoble) on a 3T Philips magnet (Achieva 3.0 TTX; Philips, the Netherlands) with a 32-channel
head coil. High resolution (1 mm3) sagittal 3D-T1-weighted (TR 9.9 ms, TE 4.6 ms, �ip angle 8°, TI 920
ms, inter shot time 1792 ms) and �uid-attenuated inversion recovery (FLAIR) images (TR 8 s, TE 342 ms)
were acquired. Diffusion-weighted images were acquired using single-shot echo-planar imaging (EPI)
sequence (TR 11 milliseconds, TE 72 milliseconds, FOV 240 mm, slice thickness 2.0 mm, 70 axial slices,
SENSE factor 2, fold-over direction anteroposterior, fat shift direction P, fat suppression, and voxel size
1.67*1.67*2 mm). We acquired 60 noncollinear directions with a b value of 1,000 s/mm2 and 10
directions with a b value of 0 s/mm2 that were averaged to give 1 average direction. 

2.5 MRI data analysis

Structural images were used to manually delineate lesion masks and compute lesion volumes using
MRIcron (https://www.nitrc.org/projects/mricron). Diffusion-weighted images were processed with the
Diffusionist toolkit derived from FSL software, as previously described (Soulard et al., 2020). Each DWI
image was visually checked and removed if corrupted. Then, after correction of eddy-current distortions,
the diffusion tensor was estimated. 

We used FA to assess white matter disruptions. Voxel-wise FA images were constructed from the resulting
tensors. Linear and nonlinear registration transformations were applied to the FSL FA template in the
MNI-152 space by incorporating the knowledge of each brain lesion using manually delineated lesion
masks  (Renard, Urvoy, & Jaillard, 2015). FA was estimated only in the template’s skeleton and outside the
lesion mask. We estimated FA with atlas-based regions of interest (ROI) approach using the human brain
white matter JHU atlas (Oishi et al., 2008) to analyse the descending motor tracts at different levels.
Average FA values were estimated in 20 ROIs listed in Table 2 and represented in Fig. S2. As we did not
acquire sequences for susceptibility-induced distortions correction that are needed to obtain reliable
diffusion values in the pons region, we excluded the pons ROI  from our analysis. Diffusionist toolkit and
related documentation can be found at http://mri-diffusionist.com/.

2.6 Statistical analysis.

LAH impairment was explored using descriptive statistics. To explore the mechanisms of LAH
impairment, we �rst assessed the relationship between PPT, handgrip, and MST percentiles and clinical
scores using Spearman correlations. Linear associations between ROI-derived FA and LAH raw scores
were assessed using partial correlations controlling for age and sex, with bootstrap based on 1000
replications. 

We used linear mixed models (LMMs) to determine which tracts (ROIs) in�uence LAH performances over
time. The effects of ROIs, ROI by session interaction, lesion side, volume, handedness, education BMI,
height, and weight were tested and included in the model only if signi�cant. As cell therapy could have
in�uenced outcomes, all LMMs were adjusted for cell therapy. Bonferroni correction was applied for post
hoc multiple comparisons. Statistical signi�cance was determined with the F-test (p<0.05) and model �t

http://mri-diffusionist.com/
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was estimated with the Akaike Information Criterion (AIC) and by examining the distribution of
residuals (Steyerberg et al., 2001). Model accuracy was assessed using R2. Statistical data analyses were
performed using SPSS 23.0.

3. Results
Among 31 enrolled patients, 28 patients (20 males, 10 right lesions, 14 received cell therapy) completed
clinical, behavioral, and MRI assessments at M0, M6, M24 (Fig. S1). Baseline clinical characteristics are
presented in Table 1. Of note, the middle cerebral artery territory was involved in all patients (See lesion
overlap, Fig. S3).

3.1 LAH assessment 

At M0, LAH was impaired in 12 patients for PPT (43%, 95% CI = 22-62%), 17 for grip (61%, 95% CI = 42-
79%), and 4 for MST (16%, 95% CI = 3-31%). Then, performances improved over time until M24. While
MST returned to normal values at M6, PPT and grip remained below the median (Fig. 2AC). In the
subgroup of 20 patients without cognitive de�cit, LAH at M0 was impaired in 44% (95% CI = 21-67) for
PPT, 78% (95% CI = 57-94) for handgrip, and 20% (95% CI = 0-43) for MST (Fig. 2BD), with a similar
temporal pattern to the whole group.

3.2 Factors associated with LAH impairment

At M0, PPT, Grip and MST signi�cantly correlated with lesion volume and most clinical and cognitive
scores (Table S2). LAH impairment was strongly correlated with mRS at M6  and M24 (Table S3). There
was no signi�cant effect of lesion side on LAH performances. 

LAH and FA correlations are presented in Table 2. PPT correlated with all ipsilesional (i-) CST ROIs,
contralesional (c-) CP, and bilateral SLF, corpus callosum, ALIC, and ACR. Grip correlated with the same
ROIs except for i-SLF and i-ALIC. MST correlated with i-PLIC, i-CP, c-SLF, genu-CC, bilateral ACR, and c-
ALIC. There were no signi�cant correlations with the cerebellar peduncles.

LMMs results are presented in Table 3 and S4-S6. PPT performance over time was predicted by i-PLIC
(t=3.75; p<0.001), i-SLF (t=3.19; p=0.002), and c-ALIC (t=-4.89; p<0.001) at M0, with a signi�cant effect of
lesion-volume (t=-3.18; p=0.004), but no age, sex or cell-therapy effect. Model accuracy was good
(r2=0.831). Grip performance was modeled by i-CP (t=3.39; p=0.001) and c-ALIC (t=-3.91; p<0.001) at M0
and male sex (t=3.05; p=0.007), with no effect of age and cell-therapy. Model accuracy was good
(r2=0.849). Longer MST was modeled by i-SLF at M0 (t=-3.64; p=0.001), M6 (t=-3.52; p=0.001), and M24
(t=-3.31; p=0.003), CC-body at M0 (t=4.00; p=<0.001) and M6 (t=3.08; p=0.005), and volume (t=3.03;
p=0.006), with no effect of session, age or sex. Model accuracy was excellent (r2=0.978).

4. Discussion
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4.1 Clinical assessment of LAH 

In this longitudinal study, we assessed behavioral performances of the less-affected hand (LAH) in 28
patients at three sessions. LAH impairment was frequent one-month post-stroke, ranging from 16-61%, in
line with previous studies. (Jones et al., 1989; Kitsos et al., 2013; Marque et al., 1997; Noskin et al., 2008;
Semrau et al., 2017) At the chronic phase of stroke, the impairment of LAH was in�uenced by the type of
the task. PPT and handgrip that require motor components remained impaired, while MST may be
insensitive to movement time delays that require kinematic measures to be evidenced (Bustren,
Sunnerhagen, & Alt Murphy, 2017; Metrot et al., 2013). Furthermore, baseline LAH performances
correlated with the outcome at follow-ups and may become a useful tool in future clinical trials. 

4.2 Mechanisms of LAH impairment

Our �ndings showed that several tracts including the i-CST, c-ALIC, CC, and i-SLF, depending on the task,
were associated with LAH impairment. 

We found moderate to strong correlations between the three LAH scores and FA in the ipsilesional CST,
while no correlation was observed with contralesional CST-CSR and CST-PLIC, suggesting that LAH
impairment is driven by the ipsilesional CST. Furthermore, i-CST was a strong predictor of PPT and grip
impairment. These �ndings suggest that LAH impairment requiring motor processing such as PPT and
grip relates to the damaged uncrossed �bers of the ipsilesional CST (Fig. 1 & S4A). These �bers terminate
in the ventromedial intermediate zone to propriospinal neurons connected to distal motoneurons through
intersegment spinal interneurons and may be involved in the motor control of dexterous hand movements
(Tohyama et al., 2017). Taken together, our results support the hypothesis that damaged uncrossed
ipsilateral CST �bers contribute to the motor components of LAH impairment. 

LAH scores were also correlated with FA in bilateral ALIC and ACR, and CC. LMMs showed that PPT and
handgrip impairment was associated with c-ALIC. Although ACR has been linked to cognition and
particularly to attention in adults with brain injury (Niogi et al., 2008), a part of ACR �bers originate in the
SMA, descend through the ALIC (Morecraft et al., 2002), and then merge with the CST in the
CP (Schmahmann & Pandya, 2006), which continues in the pons and medulla to decussate at the
pyramid caudal end (Fries et al., 1993; Schmahmann & Pandya, 2006). The involvement of SMA in simple
motor tasks is documented by stroke studies, with SMA lesions leading to mild motor de�cits (Fries et al.,
1993), and i-SMA fMRI-related activity supporting motor recovery (Favre et al., 2014; Grefkes et al., 2008).
Therefore, motor control components of LAH impairment may also implicate the contralesional CST
through the transcallosal �bers and c-ALIC �bers from premotor and/or prefrontal areas (Fig. 1 and S4.B).

We found that LAH scores correlated with CC FA, which predicted MST. A role of the CC is motor
coordination of bimanual (Andres et al., 1999) and unilateral hand motor movements through the
balance of excitatory and inhibitory interhemispheric interactions (Chettouf et al., 2020). The ipsi- and
contralesional motor areas exert a reciprocal in�uence through transcallosal �bers (Leichnetz, 1986), as
evidenced in tracer studies showing reciprocal transcallosal connections for both MI and SMA (Gould,
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Cusick, Pons, & Kaas, 1986). In nonhuman primates, SMA lesions impaired the LAH motor program
through transcallosal connections to contralesional SMA (Brinkman, 1984). Of note, c-ALIC and CC
predicted worse LAH performances when accounting for the effects of i-CST and i-SLF, suggesting that
LAH impairment may be compounded by the imbalance between ipsilesional and contralesional motor
regions.

Our results showed that LAH impairment correlated with decreased FA in bilateral SLF and that i-SLF
predicted PPT and MST. These �ndings support the theory that LAH impairment relates to unilateral
movement bilateral hemispheric control (Chettouf et al., 2020; Jones et al., 1989; Kitsos et al., 2013;
Noskin et al., 2008). In this view, the damaged hemisphere would alter LAH movements. Indeed,
unimanual motor tasks implicating visuomotor components yield bilateral activity in the frontoparietal
network (Cavina-Pratesi et al., 2018; Cavina-Pratesi et al., 2010; Chettouf et al., 2020; Culham et al., 2003).
In agreement with this literature, PPT and MST, which require visuomotor control in contrast to handgrip,
were associated with the SLF, a key structure of the frontoparietal network connecting parietal, premotor,
and motor frontal areas in both human (Makris et al., 2005; Thiebaut de Schotten et al., 2011; Wang et al.,
2016) and nonhuman primates (Schmahmann & Pandya, 2006). Furthermore, our �ndings that SLF
disruptions alter LAH with visuomotor processing are supported by previous works showing an essential
role for the SLF in motor planning and kinematic components of movement execution (Budisavljevic et
al., 2017),.

We found consistent correlations between LAH impairment and spatial and attentional cognitive de�cits
that may result from SLF, ACR or ALIC disruptions, depending on the cognitive domain. Interestingly,
excluding patients with cognitive de�cit did not signi�cantly improve LAH performances, suggesting that
cognitive impairment was not a major cause of LAH impairment in this study. Nevertheless, as patients
with severe apraxia or neglect were excluded from our study, we may have underestimated the in�uence
of cognitive impairment on LAH impairment related to apraxia and neglect (Sunderland et al., 1999). 

4.3 The role of the lesion volume

Lesion volume correlated with LAH impairment and predicted  PPT and MST, consistently with nonhuman
macaque experiments (Darling et al., 2011). Surprisingly, few studies, if any, have explored the
relationships between lesion volume and LAH impairment in humans. Our results showing that LAH tasks
with visuomotor processing were compounded by lesion volume provide empirical support for the notion
of mass action through redundancy in the visuomotor system  (Glassman, 1987).

4.4 Limitations

The small sample size is the main limitation of this study. However, this is the �rst study exploring the
microstructural white matter disruptions to understand the underlying mechanisms of LAH impairment
following stroke. Also, the longitudinal design with repeated measures for both behavioral and FA
measures, the homogeneity of our population in terms of age, absence of leukoaraïosis, and stroke
severity and territory, and the high model accuracy suggest that the sample size was adequate for this
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study. Nevertheless, the small sample may explain why we did not observe any effect of the lesion side, in
contrast with others (Varghese & Winstein, 2019). Moreover, this study was part of a randomized clinical
trial assessing cell therapy, which might have in�uenced outcomes. To account for this limitation, all
LMMs were adjusted for cell therapy.

5 Conclusion
This study showed that motor-related tract disruptions predict LAH impairment, with a pattern that varies
according to the motor and visuomotor processing: tasks with motor processing were associated with the
ipsilateral CST implicating the involvement of uncrossed CST �bers, while tasks with visuomotor
processing were related to the SLF supporting hand motor control and to lesion volume. In addition, the
contralesional hemisphere may play a role in LAH impairment by in�uencing the planning and execution
of hand movements through prefrontal/premotor areas and transcallosal interactions. Taken together,
our �ndings suggest that  LAH impairment requires the summation of tract disruptions, supporting the
concept of cerebral redundancy for the motor system. Our results provide a theoretical basis for
integrating LAH impairment in rehabilitation programs to improve functional recovery and for research
interventions, such as neuromodulation.

Glossary
General: FA= fraction of Anisotropy (diffusion MRI measure of white matter integrity); FMS: Fugl-Meyer
Score (motor-FMS subscore from 0 to 100 for sensorimotor functions; IQR: Interquartile Range; LAH=
Less-Affected Hand; MST: Movement Screening Test = time; NIHSS: National Institute of Health Stroke
Scale (neurological severity); PPT: Purdue Pegboard Test; RBANS: Repeatable Battery for the Assessment
of Neuropsychological Status (global assessment of cognitive functions with a mean of 100 in healthy
participants); SD: Standard deviation;TMS= Transcranial Magnetic Stimulation.

White matter tracts and Regions of Interest (ROIs):  ACR= Anterior Corona Radiata; ALIC= Anterior Limb of
Internal Capsule; body-CC= body or middle segment of the Corpus Callosum (CC3 and CC4);
CST=Corticospinal tract (including SCR= Superior Corona Radiata; PLIC= Posterior Limb of Internal
Capsule; CP=Cerebral Peduncle); CRP= CorticoReticular Pathway; genu-CC= genu of the Corpus Callosum;
ICP= inferior cerebellar peduncle; MCP= middle cerebellar peduncle; SCP= superior cerebellar peduncle;
SLF= superior longitudinal fasciculus; i=ipsilesional and c= contralesional tracts.
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Tables
Table 1. Baseline clinical characteristics

Characteristics Mean SD Median IQR

Age 53.32 9.41 55 13

Lesion Volume (cm3) 104.93 66.28 90 115

NIHSS 14.07 4.87 12 7

motor NIHSS 6.29 2.9 7 4

FMS 135 40.06 129 61

motor FMS 35.61 27.98 29 36

coordination FMS 7.64 4.28 9 6

sensory FMS 11.14 8.01 14 17

RBANS 53.93 25.83 55 49

                                                                                                        

Table 2. Partial correlation coe�cients adjusted for age and sex between behavioral scores and FA at
M0.
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PPT Grip MST

R  95% CI

[lower, upper]

R  95% CI

[lower, upper]

R  95% CI

[lower, upper]

Corticospinal tract FA

i-CST-SCR  0.479* [0.193, 0.750]  0.441* [0.018, 0.747] -0.369 [-0.688, 0.048]

c-CST-SCR 0.174 [-0.187, 0.509] 0.009 [-0.413, 0.563] -0.154 [-0.524, 0.214]

i-CST-PLIC  0.583* [0.296, 0.797]  0.456* [0.076, 0.732]  -0.433* [-0.715, -0.044]

c-CST-PLIC 0.015 [-0.416, 0.452] 0.009 [-0.385, 0.460] 0.023 [-0.450, 0.433]

i-CST-CP  0.548* [0.228, 0.805]  0.563* [0.173, 0.808]  -0.426* [-0.727, -0.014]

c-CST-CP 0.475* [0.092, 0.714]  0.461* [0.036, 0.713] -0.387 [-0.677, 0.095]

Cerebral tract FA

i-SLF 0.490* [0.043, 0.803] 0.412 [-0.147, 0.778]  -0.528* [-0.792, -0.135]

c-SLF 0.458* [0.056, 0.734]  0.478* [0.246, 0.736]  -0.504* [-0.77, -0.152]

Body-CC 0.485* [0.180, 0.787]  0.510* [0.113, 0.804] -0.393          [-0.698, -0.027]

Genu-CC 0.581* [0.251, 0.883]  0.665* [0.370, 0.862]  -0.658* [-0.923, -0.316]

i-ACR 0.550* [0.248, 0.808]  0.527* [0.150, 0.834]  -0.575* [-0.809, -0.263]

c-ACR 0.538* [0.189, 0.809]  0.678* [0.449, 0.84]  -0.591* [-0.851, -0.204]

i-ALIC 0.483* [0.209, 0.743] 0.368 [0.003, 0.658] -0.337 [-0.684, 0.071]

c-ALIC 0.454* [0.007, 0.773]  0.540* [0.175, 0.815]  -0.429* [-0.760, 0.037]

Cerebellar peduncle FA          

i-SCP 0.268 [-0.173, 0.655] 0.255 [-0.120, 0.623] -0.281 [-0.661, 0.167]

c-SCP 0.329 [-0.108, 0.732] 0.339 [0.021, 0.671] -0.325 [-0.742, 0.125]

i-MCP 0.129 [-0.200, 0.497] 0.144 [-0.248, 0.546] -0.116 [-0.465, 0.240]

c-MCP 0.109 [-0.350, 0.505] -0.008 [-0.490, 0.524] -0.103 [-0.509, 0.430]

i-ICP 0.252 [-0.168, 0.615] 0.337 [-0.014, 0.670] -0.271 [-0.632, 0.147]

c-ICP 0.018 [-0.447, 0.509] 0.050 [-0.404, 0.582] -0.076 [-0.543, 0.405]

* indicates signi�cant correlation at p < 0.05 (2-tailed) after bootstrap with 1000 samples. Abbreviations:
ipsilesional (i-) and contralesional (c-) ROIs: superior corona radiata (SCR), posterior limb of the internal
capsule (PLIC), and cerebral peduncle (CP), superior (SCP), middle (MCP) and inferior (ICP) cerebellar
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peduncles, superior longitudinal fasciculus (SLF), genu and body of the corpus callosum (CC), anterior
corona radiata (ACR), anterior limb of the internal capsular (ALIC), 

Table 3. Fixed effects of each behavioral score LMM over time, with FA measures from motor-related
tracts as factors and accounting for cell therapy and demographics.

Factors dof F p-value

PPT (AIC=251;  residuals: normal distribution)

Intercept (1,33.548) 32.181 0.000

Treatment (1,21.375) 0.566 0.460

Sex (1,17.244) 0.028 0.868

Age (1,23.159 0.795 0.382

i-PLIC by session (3, 42.288) 4.974 0.005

i-SLF by session (3, 44.216) 4.048 0.013

c-ALIC by session (3, 42.397) 8.169 <0.001

Lesion Volume (1, 27.972) 10.117 0.004

Grip (AIC=376.85; residuals: normal distribution)

Intercept (1, 33.170) 17.436 0.000

Cell-therapy (1, 20.933) 1.760 0.199

Sex (1, 19.140) 8.011 0.011

Age (1, 22.520) 2.247 0.148

i-CP by session (3, 37.230) 3.427 0.027

c-ALIC by session (3, 36.657) 5.343 0.004
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MST (AIC=589; residuals: normal distribution)

Intercept (1, 28.064) 0.548 0.465

Cell-therapy (1, 22.874) 0.837 0.370

Sex (1, 22.533) 0.005 0.943

Age (1, 24.803) 1.423 0.244

i-SLF by session (3, 26.870) 7.660 0.001

Body-CC by session (3, 26.283) 6.275 0.002

Lesion Volume (1, 23.732) 9.201 0.006

AIC indicates Akaike Information Criterion; dof, degrees of freedom; by, factor by session interaction, such
as an effect of a tract at the �rst session. ROIs: ipsilesional (i-) and contralesional (c-) posterior limb of
the internal capsule (PLIC), and cerebral peduncle (CP), superior longitudinal fasciculus (SLF), body of the
corpus callosum (CC), anterior corona radiata (ACR). See Tables S4-S6 for more details.

Figures
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Figure 1

Schematic representation of crossed and uncrossed �bers of the corticospinal tract (CST). ACR and ALIC
�bers emerging from the SMA and PMC and SCR-PLIC �bers emerging from PMC and MI merge in the CP
to form the CST, which continues in the pons and medulla. Then the CST is divided into 2 parts. 1)
Crossed CST (solid red and blue lines): most CST �bers decussate in the medullar pyramids to descend in
the contralateral spinal cord and terminate in the contralateral anterior spinal horn to distal extremity
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muscles (direct cortico-motoneurons) 2) Uncrossed CST (dotted red and blue lines): a small proportion of
the CST descends in the ipsilateral spinal lateral funiculus without decussating and terminate bilaterally
in the ventromedial intermediate zone to propriospinal neurons. In addition, information is shared
between the ipsilesional and contralesional hemispheres through transcallosal �bers (CC, dashed dark
lines), before travelling through the CST. Abbreviations: CST = corticospinal tract, SCR= Superior Corona
Radiata; PLIC= posterior limb of internal capsule, CP=cerebral peduncle. Other ROIs are ACR= Anterior
Corona Radiata; ALIC= anterior limb of internal capsule; CC= Corpus Callosum; RF reticular formation;
PN= propriospinal neurons; MN= motoneurons; i=ipsilesional and c= contralesional tracts.

Figure 2

LAH impairment in the patients. A- Behavioral score frequency over time in the 28 patients. B- Behavioral
score frequency over time in the 20 patients without cognitive de�cit. C. Mean percentiles over time in the
28 patients. D. Mean percentiles over time in the patients without cognitive de�cit.
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