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Abstract

Hand motor impairment is one of the most disabling neurological deficits following stroke,
as hand play a crucial role in daily life activities. Moreover, the variability of hand motor
recovery among patients and the incomplete understanding of contributing factors of recov-
ery remains the key challenges in stroke research. Some biomarkers have been currently
identified, such as initial motor severity, age, or lesion volume, but the predictive values are
still considered insufficient. Non-routine neuroimaging MRI, providing non-invasive and
quantitative measures of brain structural and functional changes after stroke, may help to
explain the residual variance.

Using populations from three longitudinal studies (ISIS-HERMES, IRMAS, and RES-
STORE) with clinical, behavioral, and multimodal MRI assessments, the current thesis
sought to investigate predictive models and neural correlates of hand motor recovery us-
ing 5 different MRI modalities, including task-fMRI, diffusion-weighted imaging (DWI),
resting-state fMRI (rs-fMRI), surface-based morphometry, and voxel-based lesion-symptom
mapping (VLSM), when used either independently or in combination.

The results of our first study, using functional MRI, showed that spatiotemporal patterns
of task-related sensorimotor brain activity, specifically those involved in the dorsolateral and
dorsomedial network, predict hand motor recovery. Second, using DWI, we showed that in
addition to the integrity of the corticospinal tract (CST), other white matter tracts, such as
the superior longitudinal fasciculus (SLF), corpus callosum (CC) and anterior corona radiata
(ACR), contribute in ipsilateral hand impairment. Third, we showed that both visuomotor and
motor functional connectivity can predict six-month hand motor outcome. In the fourth study,
we found that cortical thickness may provide prediction accuracy that is comparable to that
of initial clinical severity. Moreover, lesions in the CST, at the level of the posterior limb of
internal capsule (PLIC) and corona radiata, were associated with a bad hand motor outcome
at six-months follow-up. Lastly, we found that hand motor outcome was best predicted by
task-fMRI with improved prediction if used together with DWI and that DWI would be the
best predictor for more global measures.
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Our findings suggest that MRI modalities may improve hand motor recovery models
currently used in clinical settings, and that each modality provide predictive values depending
on the specific type of outcome that is measured. This thesis also highlights the neural
correlates involved in hand motor impairment and recovery. Moreover, MRI biomarkers may
be useful to assess the effects of novel therapies in stroke.
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Résumé

L’atteinte motrice de la main après un accident vasculaire cérébral (AVC) est une cause ma-
jeure de handicap, les gestes manuels étant indispensables aux activités de la vie quotidienne.
En outre, la récupération motrice de la main est très hétérogène chez les patients AVC, et les
facteurs intervenant dans la récupération restent mal connus. Certains de ces facteurs ont
été identifiés, tels que l’âge, la sévérité initiale, ou le volume lésionnel, mais leur utilisation
en tant que biomarqueurs est limitée, car ils n’expliquent que partiellement la récupération
motrice de la main. La neuro-imagerie IRM, en apportant des mesures non invasives et
quantifiées des modifications structurales et fonctionnelles observées après l’AVC, pourraient
permettre d’expliquer une partie de la variance résiduelle de la récupération.

Le présent travail s’appuie sur les données cliniques, expérimentales et IRM acquises
de façon longitudinale dans 3 études différentes (ISIS-HERMES, IRMAS, et RESSTORE),
pour tester des modèles prédictifs et les corrélats neuronaux de la récupération motrice de
la main en utilisant les 5 modalités IRM suivantes, de façon unimodale ou multimodale:
IRM fonctionnelle (IRMf) d’activation basée sur une tâche motrice, IRMf de repos, IRM
morphométrique, analyse de lésion par ‘voxel-based lesion-symptom mapping (VLSM)’, et
IRM de diffusion.

Les résultats de notre première étude montrent que l’activation spatiotemporelle en
IRMf des réseaux sensorimoteurs dorsolateral et dorsomedial prédit la récupération motrice.
Dans une deuxième étude basée sur l’IRM de diffusion, le degré d’intégrité du faisceau
corticospinal (CST) et d’autres tracts de la substance blanche tels que le faisceau longitudinal
supérieur, le corps calleux, et la corona radiata antérieure permettaient d’expliquer l’atteinte
de la main ipsilatérale. Dans la troisième étude basée sur l’IRMf de repos, la connectivité
fonctionnelle motrice et visuomotrice prédit la force de la main six mois après un AVC.
Dans la quatrième étude, l’épaisseur corticale prédit la récupération motrice aussi bien voire
mieux que le déficit moteur initial. En outre, l’étude des lésions en VLSM montre que les
localisations du CST au niveau du bras postérieur de la capsule interne et de la corona radiata
étaient associées à l’absence de récupération motrice de la main lors du suivi à 6 mois. Dans
la dernière étude, basée sur une approche IRM multimodale, l’IRMf, associé ou non à la
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diffusion, est le meilleur prédicteur de la récupération motrice de la main, alors que l’IRM de
diffusion est un meilleur prédicteur pour les mesures de récupération globale.

L’ensemble de ces résultats suggère que l’utilisation de biomarqueurs IRM peut améliorer
la prédiction de la récupération motrice dans un contexte clinique, et que la modalité à utiliser
dépend de la fonction à prédire. Ce travail met également en évidence les corrélats neuronaux
impliqués dans la récupération motrice de la main. Enfin, ces biomarqueurs IRM pourraient
servir à évaluer l’effet de nouvelles thérapies dans l’AVC.
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Introduction

Stroke remains the second leading cause of death and disability-adjusted life years (DALYs)
in adults, just second to ischemic heart disease (World Health Organization, 2019). One
of the most common yet disabling effects following an ischemic stroke is the impairment
of the voluntary movement of the hand. Motor deficits impairing the movements of the
hand, such as reach and grasp actions, are crucial because they are used to manipulate tools
and objects to perform functional tasks dexterously. Indeed, hand impairment due to stroke
hampers the ability to perform daily life activities and patients’ independence (Horn et al.,
2016; Raghavan, 2007). Interestingly, while some patients eventually regained some degree
of hand motor function, hand deficit persisted until six months following a stroke in more
than two-thirds of stroke survivors, even with standard treatment procedures and active
participation in rehabilitation programs. (Feigin et al., 2003) Therefore, hand recovery is a
challenge in current stroke research with a question that remains to be addressed: why do
some patients recover their hand motor function better than others?

The interest in answering this question is twofold. From a pathophysiological perspective,
an understanding of the underlying mechanisms of recovery is necessary to promote the
development of new therapies and rehabilitation strategies since the exact neural correlates
of hand motor recovery after stroke are still far from being completely understood. Second,
robust biomarkers and predictive models of outcome would serve several clinical purposes:
to inform patients and caregivers about the prognostic course of the disease, to determine
groups of patients that could benefit from interventions to promote recovery, and to plan
better therapeutical strategies that best suit the functional requirements at the individual level.

In the quest for predictive biomarkers, motor initial severity assessed within a week
after stroke has been consistently reported to be highly correlated with the outcome (Sato
et al., 2008; Wouters et al., 2018) but explained less than 50% of outcome variance (Rost
et al., 2016). Indeed, clinical scores are considered insufficient to discriminate between
patients with good or bad motor outcomes reliably (Buch et al., 2016). A potential candidate
to improve prediction may come from non-routine neuroimaging analysis, providing a
non-invasive and quantitative measure of brain structural and functional properties (Heiss
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and Kidwell, 2014; Pinto et al., 2018). Ever since the development of advanced MRI
neuroimaging tools, several studies have explored the cortical and subcortical correlates
of hand motor impairment and recovery and biomarkers of motor recovery after stroke.
Structurally, greater disruption of descending white matter pathways is associated with
worse motor performance and outcome. Lesion load and fractional anisotropy (FA) of the
corticospinal tract (CST) at the level of the posterior limb of the internal capsule or pons have
been reported to best predict motor outcomes. (Feng et al., 2015; Koch et al., 2016; Kumar
et al., 2016; Puig et al., 2010) In addition, there is evidence from functional neuroimaging
that both task-related cortical activity and resting-state functional connectivity are associated
with motor performance and outcomes.(Brihmat et al., 2020; Favre et al., 2014)

The research on neuroimaging biomarkers of outcome, however, mainly focused on the
upper-limb motor outcome, assessed using motor clinical scores such as the Fugl-Meyer
Score, (Buch et al., 2016; Zhang et al., 2015) or NIHSS (Puig et al., 2010; Radlinska et al.,
2010) that primarily measure proximal or distal movements, but not the hand ability per

se. Other studies used modified Rankin Score (mRS) and Barthel Index (Radlinska et al.,
2010) to assess global functional outcomes. Among many hand motor task measurements, a
hand dynamometer is frequently used to assess handgrip strength (Raghavan, 2007), and the
Purdue pegboard test (PPT) is used to quantitatively assess manual dexterity that requires
reach and grasp motor actions. (Schaechter et al., 2009) More specific hand abilities, such
as detailed velocity, acceleration, or accuracy, would need customized kinematic tools to
measure. (Kortier et al., 2014) As opposed to the upper limb, the hand is a phylogenetically
and functionally specialized part of the human body, and therefore should deserve specific
investigations. Only few studies, those that will be further discussed in the subsequent
chapter, used neuroimaging tools to assess hand outcome after stroke.

The main objective of this thesis is to explore the modeling of hand motor recovery
after stroke using longitudinal and multimodal MRI, with two goals: (1) to explore the
mechanisms underlying hand impairment and recovery following stroke, and (2) to determine
hand recovery predictors based on neuroimaging. In this context, several other questions
may arise: When used independently, which MRI modality predicts hand motor outcome
the best? Does a combination of two or more modalities (for example, diffusion MRI and
RS-fMRI) provide better prediction than one, or do they bring redundant information to the
model? Either way, which MRI modality combination provides the best prediction? Is it
worth performing all MRI sequences to have a better prognostic model?

To answer these questions, several MRI modalities will be explored, including:
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• Morphological structural MRI to assess surface-based morphometry (SBM), providing
measures of surface such as cortical thickness, fractal dimension, and gyrification
index, and voxel-based lesion-symptom mapping (VLSM), used to identify specific
brain anatomical regions whose damage is associated with hand motor outcome

• Diffusion-weighted imaging (DWI), measuring the white matter microstructural infor-
mation at the level of fiber bundles by using the fractional anisotropy (FA)

• Functional MRI (fMRI), that measures hemodynamical properties of neural activity,
when performing motor task (Task-fMRI), and functional connectivity between cortical
and subcortical regions at rest (Resting-state fMRI)

This work mainly used the existing data provided by a randomized controlled stem cell
trial (ISIS-HERMES [Intravenous Stem cells after Ischemic Stroke and HEuristic value of
multimodal MRI to assess MEsenchymal stem cell therapy in Stroke]), involving healthy
participants and patients with subacute ischemic stroke, and a two-year follow-up. A major
advantage of this dataset is its longitudinal design with multiple time points of clinical and
MRI assessments that enables us to investigate stroke recovery more extensively, which
is rarely found in the literature. In addition, data from other cohorts (IRMAS [Récupéra-
tion après un Accident Ischémique Cérébrale: Mécanismes et Prédiction en IRM], and
RESSTORE [REgenerative Stem cell therapy for STroke in Europe]) were used in this
work, according to the issue that was explored (external validation and machine learning
approaches).

This work includes the following chapters:
• Chapter 1 provides thesis background and reviews state-of-the-art of the topic, includ-

ing stroke, motor systems, and predictive models using MRI neuroimaging.
• Chapter 2 presents the general material and methods, including the design of the three

studies, the population used in each study, the clinical and behavioral measurements,
the MRI acquisition parameters, and the statistical approach used in the thesis studies.

• Chapter 3 presents the main thesis work, including the published and submitted article,
preliminary results, and methodological questions and problems that were encountered
and addressed during the studies.

• Chapter 4 summarizes the main findings of each study, discusses the general find-
ings, methodological considerations, clinical implications, and perspectives for future
studies, and provides the concluding remarks.
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Literature Review

1.1 Stroke

1.1.1 Definition and global burden

Stroke is defined as a sudden focal neurologic syndrome, specifically the type caused by
cerebrovascular disease. (Ropper et al., 2014) The term cerebrovascular disease designates
any abnormality of the brain resulting from a pathologic process of the blood vessels,
including occlusion of the lumen by embolus or thrombus, rupture of a vessel, altered
permeability of the vessel wall, or increased viscosity or other change in the quality of the
blood flowing through the cerebral vessels. Based on these pathologies, stroke is classified
into two major types: ischemic, blood obstruction to the brain; and hemorrhagic, rupture of
weakened blood vessels. Among all stroke cases, more than 85% are ischemic (Benjamin
et al., 2018) and therefore will be the focus of the present work. The main stroke risk factors
are hypertension, diabetes, tobacco, hyperlipidemia, and arterial fibrillation. Many others risk
factors have been identified, such as arteritis, aneurysmal dilatation, hematologic disorders,
PFO, arterial dissection, oral contraception, developmental malformation, and many more.

According to the Global Burden of Disease Study 2019 (Feigin et al., 2021), stroke
remains the third-leading cause of death and disability combined. Despite the substantial
reductions in age-standardized rates, particularly among people older than 70 years, the
prevalence, incidence, deaths from stroke, and disability-adjusted life years (DALYs) of
ischaemic stroke had increased (by 88%, 95%, 61%, and 57%, respectively) from 1990 to
2019. There are substantial between-country variations, with higher incidence rates in low
than in high-income countries, as shown in figure 1.1.

Fig. 1.1 Between-country variations in age-standardized stroke incidence rates per 100000 people,
2019. Adapted from Global Burden of Disease Study 2019 (Feigin et al., 2021)
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1.1.2 Post-stroke hand motor deficits and recovery

The neurological deficits caused by stroke are related of the location and extent of the
lesion. In ischemic stroke, the symptoms depend on the territory of the occluded artery. In
stroke cases affecting middle cerebral artery (MCA) territory (see arterial territory, figure
1.2), accounting for half of all ischemic stroke incidence, the most frequent symptom is
unilateral weakness or loss of voluntary movement in the upper limb contralateral to the
lesion (Ng et al., 2007; Rathore et al., 2002). In addition, other manifestations may occur
in combinations, such as facial paresis, lower-limb weakness, aphasia, agnosia, visual field
defects, and so forth (Ropper et al., 2014).

Fig. 1.2 Arterial territory of the human brain (Tatu et al., 1998)

Among the motor clinical manifestations following stroke, one of the most important
symptoms is the deficit of the hand. As hand motor function plays an important role in daily
life activities to manipulate objects and use tools, such as brushing teeth, writing, cooking, or
touching a screen, any type of motor deficit or lack of recovery would be highly disabling.
Indeed, it is well reported that the severity of hand impairment is associated with a decrease
in quality of life (Franceschini et al., 2010), restricted social participation (Wolfe, 2000), and
subjective well-being (Nichols-Larsen et al., 2005). Motor hand deficit is known as a result
of damage to the motor cortex located around the hand knob and/or the corticospinal tract
(CST) (Kuypers, 2011; Morecraft et al., 2002), frequently featured as impairment of distal
movements, such as a decrease of finger strength, loss of dexterity, and abnormal hand flexion
synergy (Mawase et al., 2020). In addition, there is a body of evidence from anatomical and
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neuroimaging works in both nonhuman primates (Dum and Strick, 2002; Kuypers, 2011)
and humans (Carey et al., 2005; Favre et al., 2014; Howells et al., 2018; Manto et al., 2012;
Rosso et al., 2013) showing the participation of other brain regions for hand movements,
such as the premotor and parietal cortices, thalamus, basal ganglia, cerebellum, and white
motor tracts other than the CST such as the superior longitudinal fasciculus (SLF).

An essential feature of stroke is its temporal profile on recovery, with the arrest and
then the regression of the neurological deficit in most strokes. In most ischemic strokes,
improvement occurs in the first days and then gradually over weeks and months with
considerable variations in residual disability (Ropper et al., 2014). The Stroke Roundtable
Consortium (Bernhardt et al., 2017) proposed to define four periods of stroke recovery:
the first 24 hours as the hyperacute phase, the days 1 to 7 or 8 as the acute phase, the
first 3 months as the early sub-acute phase, the months 4 to 6 as the late sub-acute phase,
and after six month as the chronic phase. The rationale behind this classification is that
recovery-related processes following stroke, such as necrosis, inflammation, neural plasticity,
and apoptosis, are time-dependent (Figure 1.3). The generally accepted view is that natural
recovery (without any intervention) occurs within first months after stroke, and therefore the
chance of recovery is higher in acute than in chronic strokes.

Motor recovery also follows distinct patterns depending on the topography of the deficit.
While walking abilities or other motor actions supported by proximal musculature usually
recover during the subacute period, hand paresis may persist until the chronic phase of
stroke. Moreover, it is generally reported that patients with subcortical strokes tend to have a
clinically worse prognosis than cortical strokes (Shelton and Reding, 2001). However, in
the context of hand motor recovery, subcortical strokes involving part of the corona radiata
and the internal capsule is worse than stroke in the motor cortex. This fact is somewhat
explainable, assuming that a lesion in the primary motor cortex could be partially taken
over by other cortical areas (either the perilesional cortices, other cortical areas within the
sensorimotor network, or mirror areas on the other hemisphere), while a subcortical lesion
would damage the output of these cortices, and therefore leaving less room for compensatory
process. On the other hand, the effect of lesion volume is still disputed. Weak correlations
were reported between stroke lesion volume and global outcome or upper limb motor outcome
(Lövblad et al., 1997). Another study, including a larger sample size (n=139), found no
relationship between lesion volume and upper limb impairment and motor function (Page
et al., 2013).

Measuring motor performance in real-life relevance is a challenging task. A suggestion
for standardizing outcome measurements is to apply a unified motor outcome assessment for
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Fig. 1.3 Time course of stroke. BCL: B-cell lymphoma protein; BDNF: brain-derived neurotrophic
factor; BP: blood pressure; Depol.: peri-infarct depolarization; EP: endothelial progenitors (CD34+);
EPO: erythropoietin; GCSF: granulocyte-colony stimulating factor; GF: growth factors; GluR2:
glutamate receptor (subunit 2); HSC: hematopoietic stem cells (CD34+); HSP: heat-shock protein;
IL: interleukin; IP3: inositol tri-phosphate; IV: intravenous; MNC: mononuclear cells; MSC: mes-
enchymal stromal/stem cells; NOS: NO synthase; SRI: serotonin reuptake inhibitors; VEGF: vascular
endothelial growth factor. NIBS indicates non-invasive brain stimulation. (Detante et al., 2014)

all patients with stroke. However, the choice of the outcome parameter is highly dependent
on the group of patients being investigated: patients with low outcomes are not able to
perform high demanding tests, while those with high motor outcome show ceiling effects in
less demanding tests (Horn et al., 2016). The Fugl-Meyer Motor Assessment Scale is still
predominantly used after stroke to assess motor impairment and recovery, but its items do
not provide details on the level of hand motor impairment. Similarly, the motor subscore of
Action Research Arm Test (ARAT), Motricity Index (M1), and Wolf Motor Function Test
(WMFT) more closely describe overall upper-limb function rather than hand, as their motor
subtests require only proximal arm movements. As the neural correlates of the proximal and
distal parts of the upper limb are different (Kuypers, 2011), conclusions from studies using
upper-limb measurements should not be generalized to hand function.
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Different hand abilities can be assessed, such as measuring strength, aiming, pinch grip,
and tapping tasks. Among many hand motor task measurements, hand dynamometer is
frequently used to assess handgrip strength (Raghavan, 2007) -a pure grasp motor task, and
is consistently reported to be impaired to 6 months after stroke (Prados-Román et al., 2021).
Recovery of grip strength is an indication of the restored corticospinal tract but does not
show a direct association with manual dexterity (Thickbroom et al., 2002). Instead, several
quantitative tests are widely used to assess manual dexterity, such as the Purdue pegboard
test (PPT), box and block test (BBT), nine-hole peg test (9HPT), and Jebson Taylor hand
function test (JHFT). Similar to handgrip strength, manual dexterity was impaired in both
acute (Lang et al., 2005) and chronic (Collins et al., 2018) stroke.

Nevertheless, even after accounting for initial clinical scores and stroke characteristics, a
large part of explained variance of hand motor outcome remains to be determined. Several
biomarkers have been identified which enable a considerable prediction of hand-motor
outcome after cerebral damage in the subacute stage after stroke. A robust biomarker would
serve several main clinical purposes, from informing patients and caregivers about the
course of the disease to determining groups of patients that would benefit from interventions.
From a physiological perspective, the understanding of the underlying mechanism of hand
motor recovery and functional recruitment of motor resources would help to promote the
development and evaluation of new therapies and rehabilitation strategies. The aim of this
work is to assess the value of MRI biomarkers in the evaluation of motor recovery of the
hand.

1.1.3 Ipsilateral hand - Impairment and mechanisms

Until recently, most stroke studies focused more on the impairment of the affected hand,
the one on the side contralateral to the lesion, and to a lesser degree on the ipsilateral hand.
This is understandable, given the fact that the performance of the ipsilateral hand is usually
assumed as "normal" or "healthy" when compared to that of the affected hand. Indeed,
in some assessments, motor impairment is often measured as a relative comparison of the
affected side to the ipsilateral side, using the latter as a reference. Moreover, the degree
of the sensorimotor deficit in the affected upper limb is a very useful clinical measure as
it is consistently reported to be an independent predictor of motor recovery and long-term
disability (Katrak et al., 1998; Nijland et al., 2010; Stinear, 2010). However, one limitation
of the prognostic use of contralateral limb assessment is the floor effect when dealing with
patients with hemiplegia or severe hemiparesis, as they cannot actively move their hand or
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fingers and therefore scoring very low on hand motor assessment, and yet some of them
manage to show significant sensorimotor recovery.

Meanwhile, a more subtle and variable level of motor impairment is observed in the
limb ipsilateral to the lesion. Motor weakness in the ipsilateral hand has been consistently
reported (Brodal, 1973; Colebatch and Gandevia, 1989; Jones et al., 1989; Kitsos et al., 2013;
Varghese and Winstein, 2019). Ipsilateral hand impairment has been observed at both the
acute and chronic phase of stroke for a large variety of sensorimotor tasks (Jones et al., 1989),
including dexterity (Cunha et al., 2017; Desrosiers et al., 1996; Noskin et al., 2008; Nowak
et al., 2007; Son et al., 2018; Yelnik et al., 1996), reach and grasp movements (Hermsdörfer
et al., 1999; Ketcham et al., 2007; Kim et al., 2003; Yarosh et al., 2004), limb segment
coordination (Debaere et al., 2001), motor speed (Bustrén et al., 2017; de Groot-Driessen
et al., 2006; Prigatano and Wong, 1997), and, in some but not all studies, handgrip force
(Colebatch and Gandevia, 1989; Jones et al., 1989; McCrea et al., 2003; Noskin et al., 2008;
Prigatano and Wong, 1997; Sunderland et al., 1999).

Interestingly, this ipsilateral hand deficit was reported to be more prominent in severe
stroke (Bustrén et al., 2017) and therefore opens up a possibility to provide more continuous
and precise measures of stroke deficit and a surrogate clinical biomarker of motor deficit and
recovery, particularly when the contralesional hand deficit cannot be assessed. A subacute
stroke study suggested that ipsilateral finger-tapping speed predicted functional disability at
12 weeks of follow-up (de Groot-Driessen et al., 2006). However, a large part of the patients
had bilateral, non-documented, or no stroke lesions, questioning the validity of the measures.
A more recent study found no correlations between ipsilateral hand impairment assessed
with dexterity and kinematics measures three weeks following stroke and the Barthel Index
measured at three months (Metrot et al., 2013).

From patophysiological perspective, several underlying mechanisms have been postulated
to account for ipsilateral hand deficits after unilateral stroke, but no consensus was reached.
Since ipsilateral hand deficit is defined by the impairment of tests assessing sensorimotor
functions, a first theory implicated the involvement of the sensorimotor system, whether
directly by ipsilesional uncrossed corticospinal pathways (Ziemann et al., 1999) or through
interhemispheric transcallosal fibers (Jung et al., 2002; Kitsos et al., 2013). Another mecha-
nism relies on posterior parietal cortex damage responsible for altered bilateral motor control
(Jones et al., 1989). Also, neuropsychological deficits such as apraxia and neglect were
demonstrated to alter ipsilateral hand performance, particularly in complex tasks requiring
cognitive functions. (Chestnut and Haaland, 2008; Sunderland et al., 1999; Varghese and
Winstein, 2019; Wetter et al., 2005)
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In this thesis, alongside the assessment of the affected hand, some works will be dedicated
to assessing the ipsilateral hand, both from clinical and neuroimaging perspectives. More
specifically, its frequency, its impact on stroke global outcome, and the possible explanatory
mechanisms.

1.2 Motor system

The process of motor recovery from stroke can be seen as a motor relearning of skills with a
damaged brain. With this notion, the brain areas mainly involved in motor recovery, which
will then be the basis of the choice of the regions of interest (ROIs) and white matter tracts
included in the following neuroimaging analysis, would be those that in a normal brain is
involved in performing motor actions, and in learning the motor skills. The following part
briefly describes the anatomical and functional organization of the motor system, together
with the networks related to hand motor performance, including the lateral grasping network,
and the two visual streams.

1.2.1 Anatomical organization of the motor system

Primary sensorimotor cortex (SM1)

Primary motor cortex (M1)

The primary motor cortex, or M1, or Brodmann area 4 (BA4), is located on the precentral
gyrus and is in general cytoarchitecture characterized by few granule cells in layer IV
and a high density of very large pyramidal cells (Betz cells) in layer V. M1 is organized
topographically, in the way that hand and face area represents a very large area of BA4
compared to the rest of the body.

In both human (Geyer et al., 1996) and nonhuman primates(He et al., 1993), the M1
area can be divided into two subregions. In the human brain, M1-4a and M1-4p differ in
terms of cyto-, myelo- and chemoarchitectony: M1-4a is lying in the rostral part of M1
located caudally to the dorsal pre-motor cortex, and M1-4p is the caudal part lying in the
depth of the central sulcus next to SI-3a (Geyer et al., 1996). Rathelot et al. (Rathelot
and Strick, 2009) showed a differential distribution of the cortico-motoneuronal cells for
M1-4a and M1-4p in the macaque brain, resulting in a new view of M1 organization, with
monosynaptic connections from M1-4a to interneurons in the intermediate zone of the spinal
cord, and monosynaptic connections from M1-4p directly to motoneurons in the ventral
horn of the spinal cord. Monosynaptic input from the cerebral cortex to motoneurons is a
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relatively new phylogenetic feature (Kuypers et al., 2013), providing the ability to produce
independent movements of the fingers and thus skilled movements such as precise grasp
and tool manipulation. As a result, M1-4p is considered the new M1, as compared to the
phylogenetically older M1-4a, which is associated with less complex motor patterns (Rathelot
and Strick, 2009).

Fig. 1.4 A section through the central sulcus showing subregions of the primary motor cortex, 4a, and
4p (right). The primary somatosensory cortex (areas 1, 3a, 3b) is located in the posterior bank, while
the primary motor cortex (areas 4a and 4p) is located in the anterior bank. The boundary between the
two subregions is indicated by the white arrow. The lateral brain view (top left) shows levels at which
sections were taken (section marked 2), and a diagram (bottom left) represents each subregion in a
schematic view. Figures were taken from Hilbig et al. (2001)

.

In humans, the functional role of M1-4a and M1-4p in human studies remains debated.
On one hand, an fMRI study in healthy participants has observed a functional dissociation
between M1-4a and M1-4p, with higher fMRI activity related to a flexion-extension task
of the fingers in M1-4a than in M1-4p, while the reverse was observed for a sequential
finger tapping requiring to move the fingers independently (Jaillard et al., 2005). Similar
dissociations were also found in other stroke studies. The anatomofunctional subdivision
of the M1 hand area has been related to subregions subserving different roles in motor
control with M1-4p recruited by tasks engaging cognitive (Sharma et al., 2008), attentional
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(Binkofski et al., 2002), or distal components (Viganò et al., 2019). In contrast, a meta-
analysis showed that M1-4a activity was related to precision (versus force) handgrip and
M1-4p was related to dynamic (versus static) handgrip (King et al., 2014).

The hypotheses of the works in this thesis with regard to this topic were based on
the assumption that M1-4p may be the output of precise grip tasks requiring independent
finger movements, while M1-4a would drive simple motor tasks without independent finger
movements.

Primary somatosensory cortex (S1)

The primary somatosensory cortex, S1 (areas 3a, 3b, 1, and 2), is located in the postcentral
gyrus. It contributes to purposive hand movements in conjunction with M1 (Gemba and
Sasaki, 1984; Sasaki and Gemba, 1984). In order to perform hand motor action, especially if
it includes manipulating an object, real-time somatosensory information about the position
and movement of the hand and perception about the form of an object (independently from
visual and auditory input) from a tactile sensation are required (Okuda et al., 1995). Detailed
spatial location of sensory and motor areas is provided in figure 1.5.

Fig. 1.5 Somatosensory and motor cortex. A. HCP Atlas, somatosensory and motor cortex regions are
outlined in red. B. Detailed spatial location of early sensory (areas 1, 2, 3a, and 3b) and motor (area
4) areas with the neighboring areas on a folding map. Figures were taken from Glasser et al. (2016).

Premotor Cortex (PMC, BA6)

The premotor cortex is located anterior to the M1 and is responsible for several aspects of
motor control. It is generally divided into two main regions: The medial and lateral parts,
both of which send projections to M1 and have outputs through the pyramidal tract (Dum
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and Strick, 1991; He et al., 1993; Muakkassa and Strick, 1979). Detailed spatial location of
premotor region is provided in figure 1.6.

Fig. 1.6 Premotor cortex (PMC). A. HCP Atlas, Premotor areas are outlined in red. B. Detailed spatial
location of 6 premotor areas plus area 55b, with neighboring areas (including primary motor cortex,
area 4), on a folding map. PMC includes the medial PMC (6ma and 6mp), and lateral PMC (6v and
6d). Figures were taken from Glasser et al. (2016).

Medial PMC

The medial PMC is located on the midline of the hemisphere (medial side of the PMC)
just anterior to the M1 and further subdivided into the supplementary motor area (SMA)-
proper (6mp), pre-SMA (6ma), cingulate motor area (CMA). SMA and pre-SMA are located
on the medial aspect of the brain, in the dorsomedial frontal cortex, just anterior to the leg
representation of M1 (Picard and Strick, 1996). The term "pre-SMA" was introduced in 1992
to distinguish this more anterior region from the SMA proper because it has lower electrical
excitability (Matsuzaka et al., 1992). In fact, anatomical studies have shown that the SMA
comprises around 10% of all corticospinal cells, suggesting that SMA has direct connections
to motor neurons, while pre-SMA has only sparse projection to the corticospinal system
(Dum and Strick, 1991). As a main part of the medial premotor cortex, SMA is involved
in higher-level processing, i.e., planning and programming of voluntary movement, more
specifically, self-initiated movements (relative to externally triggered movements) (Goldberg,
1985; Picard and Strick, 1996). It is also involved in complex sequences of movements,
coordinating bilateral movements, and motor learning (Tanji and Shima, 1994).

Lateral PMC

The lateral part of the premotor cortex (often notated as PMC) is further divided into
the ventrolateral part (vPMC, 6v) and dorsolateral part (dPMC, 6d). The vPMC is often
associated with hand motor movements, in particular grasping and manipulation of objects
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(Davare et al., 2006), while dPMC is associated with reaching and action selection (Lee and
van Donkelaar, 2006) Some studies claim that vPMC is the human homolog for area F5 in
macaque (Ferri et al., 2015) and therefore is part of the putative human mirror neuron system.
Similarly, there is evidence for the role of the dPMC in imitation (de C Hamilton, 2015), or
more specifically, goal-directed action imitation (Koski et al., 2002).

Subcortical motor regions

The two most important subcortical motor regions that are closely related to the motor cortex
are the basal ganglia and the cerebellum. These structures are often called the extrapyramidal
system to separate them from the pyramidal corticospinal system.

Cerebellum

The cerebellum is located at the back of the brain, inferior to the occipital and temporal
lobes. It is comprised of 10 lobules, grouped as the anterior (lobules I-V), posterior(lobules
VI through IX), and the flocculonodular (lobule X) lobe. The cerebellum receives afferent
inputs from subcortical regions in the spinal cord and brainstem, conveying information for
the control of reflexes involved in posture and eye position during head movements, and also
from the sensorimotor cortical network. Output from the cerebellum terminates mostly in the
red nucleus in the midbrain and the ventral lateral nucleus (VL) of the thalamus. In turn, this
thalamic nucleus projects fibers to several motor cortices, building a close loop between the
cerebellum and cortex.

The cerebellum has traditionally been viewed as a motor control structure, although
research on cerebellar functions in the last decades has expanded its role both as a motor
organ and as a higher-order cognitive function. In the context of hand motor control, the
cerebellum plays a major role in the predictive timing and coordination of isometric grip
forces when grasping and handling objects in the environment. (Manto et al., 2012) A
handheld dynamometer, one main tool that is used in several parts of this thesis work to
measure hand motor outcome after stroke, involves a participant squeezing the dynamometer
with maximum isometric effort. This task involves motor control that relies on prediction
and sensory feedback (Wolpert and Flanagan, 2001).

Basal ganglia and thalamus

The basal ganglia is a group of paired subcortical nuclei, including the caudate, lentiform,
subthalamic, and accumbens nuclei, and the substantia nigra. The lentiform nucleus is further
composed of the putamen and the globus pallidus. Basal ganglia can be divided into two
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1.2 Motor system

components, the dorsal striatum (caudate and putamen) and the ventral striatum. The dorsal
striatum is associated with a variety of functions, which include motor control, procedural
learning, and habit learning. The thalamus, on the other hand, is a part of the diencephalon
that provides a key relay for sensorimotor information. The input and output of the basal
ganglia and thalamus and their association with other motor areas will be detailed in the
following sections (see chapter 1.2.2)

White matter tracts

Anatomical tract-tracing studies in nonhuman primates have evidenced the functional rel-
evance of white matter tracts engaged in sensorimotor control (Schmahmann and Pandya,
2006). Motor control engages the descending motor pathways, including the corticospinal
tract (CST) (Lemon, 1997) and, to a lesser extent, the corticoreticulospinal pathway (CRP)
(Kuypers, 2011; Lemon, 2008; Riddle et al., 2009; Zaaimi et al., 2012), the middle segments
of the corpus callosum (CC3 and CC4), providing connections between the two sensorimotor
cortices, the superior longitudinal fasciculus (SLF) for goal-directed actions along with
visuomotor processing and grasping (Schmahmann and Pandya, 2006), and the cerebellar
peduncles (Canedo, 1997; Kelly and Strick, 2003; Manto et al., 2012). A difference between
neural correlates of the hand and upper limb is that the upper limb is innervated by multiple
tracts, including the CST, the CRP, and the vestibulospinal tract (VST) (Markham, 1987),
while muscles of the hand and finger are predominately innervated by only the CST.
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1.2 Motor system

Additional tracts include the anterior corona radiata (ACR), anterior limb of the internal
capsule (ALIC), and corpus callosum genu (genu-CC), carrying descending fibers from the
SMA, anterior cingulate motor areas and prefrontal and orbitofrontal cortices (Fries et al.,
1993; Morecraft et al., 2002; Schmahmann and Pandya, 2006), and orbito- and pre-frontal
projections to the motor areas providing emotional, motivational and cognitive components
of motor function (Morecraft et al., 2002) through the cingulate fasciculus (Yeterian et al.,
2012). A schematic representation of these white matter tracts is provided in figure1.7.

1.2.2 Functional organization of the motor system

An organization of the motor system can be viewed in a simplified diagram of the motor
system provided in Figure 1.9.

Fig. 1.8 Functional organization of the motor system. Adapted from(Doyon et al., 2003)
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As seen above, there is a variety of descending pathways originating from the cerebral
cortex that could convey information into the final common pathway to the effector muscles.
These pathways include the corticospinal path and other paths involving the subcortical areas
(the cerebellum and the basal ganglia). Despite not being involved in the main pathway,
these are important components of the motor system, as not only do they have descending
inputs into the brainstem, but also, they are part of closed loops from and to the cerebral
cortex. It is also important to note that both closed loops pass through different thalamic
regions toward the cerebral cortex. More specifically, the cortico-striato-thalamo-cortical
loop (ventral motor system), and the cortico-cerebello-thalamo-cortical loop (dorsal motor
system), together with interconnectivity between the major cortical structures (M1, SMA,
PMC), involved in motor learning and motor adaptation.

1.2.3 Lateral grasping network in macaque and its putative human
homolog

Effortless human hand movement, especially when interacting with different objects in
different ways and for different purposes, has been a product of highly evolved neural
mechanisms involving other areas in the parietal, temporal, and frontal areas in conjunction
with those described above, called the lateral grasping network. In this context, most of
the studies were carried out in non-human primates. However, it is largely agreed that the
monkey and human brains share a common anatomical and functional organization of cortical
areas. The following paragraph summarizes the areas involved in the lateral grasping network
in the macaque and its putative human homolog, extracted from a detailed review article of
Borra et al. (2017).

First, area F5 in the macaque is a major hub of the lateral grasping network, with the
subdivision F5p being the hand-related part. It is involved in putting hand motor acts into
action once selected and is associated with the dorsal part of human vPMC and the caudal part
of BA44. Macaque area AIP, hosting neurons active during the execution of object-oriented
hand actions, is homologous to the rostral part of the lateral bank of the intraparietal sulcus
(AIPS). Area PFt has been considered a putative homolog of the macaque area PF/PFG
involved in fine control of object grasping and manipulation. PV and SII regions in the
macaque play a role in somatomotor transformations for object-oriented hand actions and
for haptic processing of object shape and is a clear putative homolog of OP1 and OP4,
respectively, in human. The lateral occipital complex (LOC) in the human is considered with
the neighboring fusiform gyrus as the putative homolog of inferotemporal cortex in macaque,
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1.2 Motor system

Fig. 1.9 Possible human counterparts of the nodes of the macaque lateral grasping network (Borra
et al., 2017)

necessary for fast generation of new motor plans based on spatial and pictorial cues, and
activates when grasping requires the processing of volumetric information. Regarding the
prefrontal nodes of the lateral grasping network, there is clear evidence for the involvement
of the human middle frontal gyrus (MFG) as the putative homolog of ventral area 46 in
macaques. Lastly, the dorsoventral part of the insula is a human homolog of the macaque
insula, activated in the execution of object-oriented hand actions performed (or imagined)
with a vitality form (either gently or rudely).

1.2.4 Two visual streams theory - a brief history and its development

The influence of visual input in hand motor actions was formulated 40 years ago. It was
Ungerleider and Mishkin, in 1982, who came up with the notion that the perception of
the quality ("what") and space ("where") of an object is processed in the inferior temporal
(ventral stream) and posterior parietal cortex (dorsal stream), respectively. (Mishkin and
Ungerleider, 1982) This theory was mainly based on electrophysiological, anatomical, and
behavioral studies. In 1992, Goodale and Milner challenged this idea and proposed an
alternative perspective, placing less emphasis on input distinctions and taking more into
account output requirements. (Goodale and Milner, 1992) Based on behavioral data in
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humans, they proposed that the two streams were more about "what" versus "how" instead of
"what" versus "where".

Despite the different perspectives between the two in terms of the detailed role of the
two streams, both models proposed that the dorsal visuomotor stream is engaged in motor
actions, either to process the spatial location of the object or to implement hand action and
online control of the movements. According to this model, the dorsal stream projects from
the visual areas to the posterior parietal cortex (SPL and IPS). From here, the information
from visual areas is sent to the PMC and SMI.

This model was later developed more by Rizzolatti and Matelli (Rizzolatti and Matelli,
2003), supported by several other studies (Cavina-Pratesi et al., 2018, 2010; Culham et al.,
2006), positing that the dorsal visual stream is further divided into two substreams: (1) the
dorsomedial stream, circuits linking superior parieto-occipital cortex (SPOC), and SPL with
dPMC, implementing the reach processing, and (2) the dorsolateral stream, connecting aIPS
and IPL with the vPMC, for grasping. Putting this theory into perspective, it is expected that
motor tasks requiring visual control, such as reaching an object or a target, would engage
visuomotor connectivity. However, whether this is also the case for simple motor grasping
tasks remains to be investigated. If it is, the type of visuomotor stream (either dorsomedial,
dorsolateral, ventral, all, or none) that is involved in motor tasks would be further explored.

1.3 MRI Neuroimaging modalities and prognostic models
in stroke

Among all neuroimaging modalities, magnetic resonance imaging (MRI) is a noninvasive
tool providing high spatial resolution. In recent years, the neuroimaging field has developed
very rapidly and become a powerful tool for both clinical and research use, with many new
techniques providing more detailed organization of the brain. Brain MRI is often divided
into structural and functional MRI. After the development of functional MRI (fMRI) in 1990
(Ogawa and Lee, 1990; Ogawa et al., 1990a,b), the definition of structural MRI has shifted to
refer to those that are "not functional" MRI.

In the context of stroke, neurological deficits result not only from focal damage to cortical
areas and white matter tracts at the site of the stroke but also from subsequent effects on
remote areas that are directly or indirectly, structurally or functionally, connected to the
primary lesion (Carrera and Tononi, 2014; Cheng et al., 2014; Seitz et al., 1998). Moreover,
a more recent view of neuroscience has shifted from the traditional brain localization theory
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- that any given behavior or process is carried out by some specifically dedicated brain
structure - towards a network-based framework in which neurological function depends
on the balanced orchestration of activity in multiple interconnected populations of neurons
(Fornito and Bullmore, 2015; Griffa et al., 2013). The exploration of brain plasticity, in terms
of structural and functional organizational changes after stroke, and more specifically, its
association with hand motor recovery, is still relatively scarce and is mostly provided by
studies with small sample sizes.

Although this thesis does not cover all of the MRI modalities currently used in MRI stroke
research, several MRI modalities will be explored, including Surface-based morphometry
(SBM), Voxel-based lesion-symptom mapping (VLSM), Diffusion MRI (dMRI), resting state
fMRI, and task fMRI.

1.3.1 Structural MRI

Surface-based morphometry (SBM)

Basic principles

Surface-based morphometry is a brain morphometric technique used to construct and
analyze brain structural properties at the level of the cortical surface level. As such, it differs
from voxel-based morphometric approaches, which analyze image properties at the level
of voxels. SBM metrics mainly include the cortical thickness, gyrification index, fractal
dimension, and sulcal depth. Among these SBM metrics, cortical thickness has been widely
used for the assessment of subtle cortical changes in the human brain and has been shown to
be highly reliable (Han et al., 2006). As the name implies, cortical thickness is a measure of
the width of the gray matter: the distance between the white matter-gray matter surface and
the gray matter-cerebrospinal fluid surface (see figure 1.10) (Carey et al., 2013; Fischl and
Dale, 2000) .

One of the advantages of any SBM metrics is that it can be calculated from T1-weighted
MRI, a sequence that is routinely used in clinical settings, using automated freely available
software like CAT12 (Gaser et al., 2022) or FreeSurfer (https://surfer.nmr.mgh.harvard.edu).
Since its development, cortical thickness has been subject to studies of a wide range of
neurological and psychiatric disorders, in which cortical thinning is reported to be associated
with the diagnosis or progression of Alzheimer’s Disease (Shaw et al., 2016), Huntington’s
disease (Rosas et al., 2002), Parkinson’s Disease (Zarei et al., 2013), multiple sclerosis (Sailer
et al., 2003), depression (Li et al., 2020), and schizophrenia (Kuperberg et al., 2003). In this
work, most of the analysis will be focused on cortical thickness, among other SBM metrics.
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Fig. 1.10 Cortical thickness is defined as the distance between the white matter-gray matter surface
(yellow line) and the gray matter-cerebrospinal fluid surface (red line). Image is taken from Fischl
and Dale (2000)

Fig. 1.11 Cortical thickness estimation using CAT12 in one of healthy controls

24



1.3 MRI Neuroimaging modalities and prognostic models in stroke

Cortical thickness in stroke

In the context of a stroke, there is neuroimaging evidence that structural neural reorga-
nization can occur in brain regions following stroke, both inside and outside of the lesion
(Fregni and Pascual-Leone, 2006; Ward et al., 2003). The decrease of cortical thickness in
the ipsilesional hemisphere following stroke is well documented in acute (Chen et al., 2021;
Duering et al., 2015; Liu et al., 2015a), subacute (Cheng et al., 2015), and chronic (Buetefisch
et al., 2018; Jones et al., 2016; Ueda et al., 2019; Zhang et al., 2014) strokes. This cortical
thinning is thought to be caused by cortical atrophy due to neuronal loss caused either directly
by the lesion or indirectly by disconnection from a damaged region (Carrera and Tononi,
2014; Di Pino et al., 2014). Two different concepts have been long introduced in neurology
through clinical, experimental, and imaging studies to explain post-stroke remote changes
in the brain. First, diaschisis is a term applied to describe the dysfunction in anatomically
separate but functionally related regions of the brain, first described by von Monakow (1914).
Another concept is Wallerian degeneration (Waller, 1850), a secondary retrograde degenera-
tion of white matter tracts after ischemic stroke, which, unlike diaschisis, is considered a pure
structural phenomenon (van Niftrik et al., 2021). Indeed, Duering et al. (2015) and Cheng
et al. (2015) reported degenerative changes in cortical regions that are structurally connected
to the infarct regions. Moreover, Chen et al. (2021) and Liu et al. (2020) reported changes
in cortical thickness following a brainstem and basal ganglia stroke, respectively. Studies
reporting changes in the contralesional hemisphere, often termed "transcallosal diaschisis",
however, are inconclusive. When compared to healthy controls, some studies showed an
increase, (Brodtmann et al., 2012; Liu et al., 2015a) while some others reported a decrease
(Chen et al., 2021), or no significant changes of cortical thickness (Cheng et al., 2015; Zhang
et al., 2014). Previous studies reporting cortical thickness in stroke are listed and summarized
in table 1.1.

There are challenges and considerations to bear in mind when analyzing the cortical
thickness in stroke. First, changes in morphology are affected by other factors, such as the
presence of edema and damage to the cortical structure, in which the impact of these factors
on the measurements of cortical thickness has not been fully resolved (Carey et al., 2013).
Second, is to take into account the effect of age, as patients with stroke tend to be older.
Several studies have reported evidence for the effect of age on the cortical thickness, in this
case, thinning of the cortical thickness along with older age. (Dotson et al., 2015; Fjell et al.,
2009; Hurtz et al., 2014; Lemaitre et al., 2012; Preul et al., 2006; Salat et al., 2004) Of note,
most of these studies reported that cortical thinning was prominent in the prefrontal cortex
(Dotson et al., 2015; Hurtz et al., 2014; Lemaitre et al., 2012; Salat et al., 2004).
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Association with motor clinical scores

Among the 8 identified studies assessing the association between cortical thickness and
motor scores after stroke, the majority (n=6) studies reported no association, (Buetefisch
et al., 2018; Cheng et al., 2020, 2015; Jones et al., 2016; Liu et al., 2020; Schaechter et al.,
2006) and the remaining 2 studies (Liu et al., 2015a; Ueda et al., 2019) reported a positive
correlation. In a more recent study, Rojas Albert et al. (2022) also observed a correlation
but with stroke global outcome (modified Rankin Scale) instead of specific motor scores.
In 4 studies using assessment of motor performance specific to the hand, (Buetefisch et al.,
2018; Cheng et al., 2020, 2015; Schaechter et al., 2006) all reported no correlation with the
absolute value or change in cortical thickness.

As an important note, most of the cited studies investigating cortical thickness and its
association with motor scores were conducted using a relatively small sample size, with n<50
in all and n<20 in half of the studies. Further studies with a larger sample size are necessary
to confirm the association between cortical thickness and hand motor outcome following
stroke. In addition, very few studies(Chen et al., 2021; Zhang et al., 2008) explored this
association using SBM metrics other than cortical thickness, such as fractal dimension or
gyrification index.

Voxel-based lesion-symptom mapping (VLSM)

Basic principles

Understanding the relationship between the brain and behavior has been one of the most
important quests in neuroscience. For more than 200 years, studies have used several methods,
mainly experimental design in an animal model, to derive brain-behavior relationships from
lesion-symptom mapping.(Godefroy et al., 1998) Recently, voxel-based lesion-symptom
mapping (VLSM) has been developed to use lesion information in a more continuous manner
(Baldo and Dronkers, 2007; Rorden et al., 2009). Previously, two types of approaches
were used for lesion-symptom mapping: a lesion-defined, and a behavior-defined approach.
A lesion-defined approach uses the behavioral performance of a group of patients with a
common area of injury (a predefined ROI) compared to that of a control group. However, in
contrast to experimental studies where a detailed surgery can be made specific to the area of
interest, stroke lesions usually do not impact the area of interest exclusively, and therefore
any conclusion should be taken carefully. Similarly, a behavior-defined approach grouped
the patients by the presence of specific behavior and then constructed the corresponding
lesions. As both approaches categorize the patients either by a lesion or by behavior in a
unidimensional way, they risk losing valuable information. VLSM approach, in contrast, use
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the binarization concept (lesioned or not lesioned) at the level of the voxel, and therefore the
resulting behavior-related map is not limited to a specified ROI but could be a subregion of
the ROI, a larger ROI, multiple ROI, or any combination of significant voxels that survive
thresholding cut-off.

A VLSM approach typically starts from lesion delineation on raw anatomical images
and normalization, even though these two steps can be done in reverse (lesion delineation
performed in normalized images). After quality control of the image and the mask, lesion
overlap can be provided, followed by the VLSM statistical analysis (Figure 1.12). These
steps can be done using several freely available software, such as non-parametric mapping
(NPM) under MRIcron ((https://www.nitrc.org/projects/mricron), or niistat (https:
//www.nitrc.org/projects/niistat/).

Fig. 1.12 Steps in VLSM analysis. VLSM statistical map was adapted from Meyer et al. (2015)

A major advantage of VLSM analysis compared to other advanced MRI analyses is that
it is a conceptually simple yet useful tool to analyze lesion-symptom associations in any
voxel of the brain (both grey and white matter or any deep subcortical part). As compared to
functional MRI, for example, VLSM provides a better lesion-symptom relationship as fMRI
results typically show brain response to damage due to a stroke rather than the representation
of the damage itself. On the other hand, using diffusion tensor imaging (DTI), one can
estimate several measures of a fiber tract but is limited only to the white matter.

Nevertheless, VLSM has some limitations. First, VLSM reflects a localizationist ap-
proach, in which any hypothesis used in VLSM is based on a premise that one symptom
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1.3 MRI Neuroimaging modalities and prognostic models in stroke

corresponds to one specific lesion of the brain. In contrast, from a network-based perspective,
it is possible that a motor symptom does result from one stroke lesion ( for example, damag-
ing the corticospinal tract) or from the combination of lesions in several areas engaged in
motor control (for example, basal ganglia and motor and premotor cortex). This is even more
frequent in cognitive deficits. As VLSM uses a statistical approach based on the voxel level,
the possibility of the latter concept is not taken into account. A second limitation is related to
the number of confounding factors that need to be controlled. For example, Rajashekar et al.
(2020) found that age, volume, and follow-up time have distinct regional importance and,
therefore, that they should be included as covariates when performing VLSM analyses.

VLSM in stroke

VLSM has been used in stroke patients to map several behaviors, such as language
impairments (Baldo and Dronkers, 2007; Bates et al., 2003; Borovsky et al., 2007; Geva
et al., 2012; Moore et al., 2021; Saygin et al., 2004), cognitive impairments (Molenberghs
et al., 2008; Moore et al., 2021; Ploner et al., 2005), somatosensory deficits (Baier et al.,
2014; Meyer et al., 2015; Preusser et al., 2015), and motor deficits (Lo et al., 2010; Moon
et al., 2016; Plantin et al., 2019; Reynolds et al., 2014; Schoch et al., 2006).

Lesion map associated with motor deficits

Several studies examined motor impairments using VLSM. Motor deficit of the upper
limb is reported to be associated with a lesion at the corona radiata (either superior [SCR]
or posterior [PCR] part), anterior or posterior limb of the internal capsule (ALIC/PLIC),
insula, basal ganglia, cerebellum, and white matter tracts other that the corticospinal tract
(CST), such as the superior longitudinal fasciculus (SLF), external capsule (EC), and superior
fronto-occipital fasciculus (SFO).(Frenkel-Toledo et al., 2019, 2022, 2020; Schoch et al.,
2006) With regards to lesions associated to hand motor outcome, lesions in the corona radiata
(Frenkel-Toledo et al., 2019, 2020; Lo et al., 2010; Plantin et al., 2019) and or posterior limb
of the internal capsule (Frenkel-Toledo et al., 2019; Park et al., 2016; Schiemanck et al.,
2008) are the most cited to correlate with worse outcomes. Taking all these results together,
it can be inferred that most motor deficit is associated with lesions at the corona radiata
or corticospinal tract (at any level). However, a larger sample size study assessing motor
performance at the level of the hand would be necessary to confirm the lesion associated
specifically to hand motor deficit.
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1.3 MRI Neuroimaging modalities and prognostic models in stroke

Diffusion MRI

Basic principles

Diffusion MRI (dMRI) is an MRI modality that provides structural information at the
level of the white matter microstructure. It provides an estimation of brain fiber structure
by using the diffusion properties of water in the brain. The basic principle of dMRI is an
adaptation of a conventional spin-echo sequence by adding a pair of dephasing and rephasing
gradients in a certain direction in such a way that it is sensitive to capture information about
the diffusion of water molecules in the corresponding direction. This is due to the Brownian
movement of water molecules between the dephasing and rephasing gradient pulses, leading
to imperfect rephasing and thus local signal loss (as opposed to fixed molecules that lead
to perfect rephasing). The resulting signal is attenuated in the area where water molecules
diffuse along the direction where the diffusion gradient was applied. In this way, the image
is sensitized to diffusion and thus called "diffusion-weighted".

In a medium with no physical restriction, water molecules diffusion is isotropic, i.e.,
diffusion occurs in all directions with the same amount. This random motion, called Brownian
motion or passive diffusion, was first observed by Robert Brown (1827) and later formalized
by Einstein (1905) in mathematical terms. This technique is currently widely used in
neuroscience for the exploration of the white matter of the brain since the water tends to
diffuse along the axonal tracts, producing anisotropic water diffusion. This anisotropy,
when measured using dMRI, brings quantitative information on the axonal architecture and
integrity.

Several models have been developed to represent the diffusion processes within the white
matter. First, the estimation of the apparent diffusion coefficient (ADC) can be derived
when assuming that the water diffusion follows the Gaussian model and Einstein’s equation.
The signal loss (the ratio between signal intensities with and without diffusion-encoding
gradients) can be represented as:

I2

I1
= exp(−b ·ADC) (1.1)

where b, or b-values, is the degree of diffusion weighting, I1 and I2 are the signal intensities
measured with the lower (typically b=0) and higher b-values (typically b=1000), respectively,
and ADC is the apparent diffusion coefficient (Le Bihan et al., 1986; Stejskal and Tanner,
1965). Based on this equation, the ADC can be estimated with at least two signal measure-
ments with a known difference (b-values), and quantitative maps of ADC can be generated
(Le Bihan et al., 1986). In general, ADC represents the magnitude of water diffusion, given
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the local microstructure environment. In the case of brain dMRI, the water diffusion inside
the brain captured by ADC reflects the complex architecture of intra- and extra-cellular
restriction of water molecules, including the axons, cell bodies, glial cells, and capillary
walls.

Diffusion-weighted Imaging is currently widely used in clinical settings for the diagnosis
of acute ischemic stroke. The ischemic lesion due to cytotoxic edema results in restricted
diffusion of water molecules per unit time, leading to decreased ADC (less signal attenuation
on ADC maps) and a hyperintense signal on a diffusion-weighted sequence (Moseley et al.,
1990). This is particularly useful because this diffusion-related information is not captured
by the more conventional scans (T1-, T2-weighted, or even FLAIR) in the first few hours
following a stroke, corresponding to the therapeutic window of thrombolytic therapies. In
the same period, as the ADC reduction in ischemia was found, it was also observed that the
ADC was strongly dependent on the direction of the diffusion-encoding gradients. This fact
is illustrated in Figure 1.4, showing the diffusion-weighted images of a (human) brain in
which the diffusion-encoding gradient is applied along one of three orthogonal axes.

Fig. 1.13 Signal intensity change as an effect of changing the axis of the diffusion-encoding gradients
(Johansen-Berg and Behrens, 2009)

While in certain regions of the brain, the diffusion-weighted intensity is relatively similar
in all three images (i.e., isotropic diffusion), like the cortical areas, in some areas such as the
splenium of the corpus callosum (the one pointed by the arrow in Figure 1.13) the intensity
is low (high ADC) only in the direction matching callosal fiber direction (left-right), and
high in the other perpendicular directions. Therefore, the anisotropic diffusion (diffusion that
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is not the same in all directions) among brain areas is required to capture the information
about the directions of diffusion.

The second yet one of the most used models of dMRI is diffusion tensor imaging
(DTI). With the same Gaussian assumption as that of ADC, DTI is useful for characterizing
anisotropic diffusion. DTI uses a mathematical and physical interpretation of geometric
quantities of tensor to model the rate and preferred direction of water diffusion in three-
dimensional space. The displacement of water molecules can be represented in a 3x3
symmetric matrix of numbers:

D =

 Dxx Dxy Dxz

Dxy Dyy Dyz

Dxz Dyz Dzz

 (1.2)

with the diagonal elements of the matrix referring to diffusivities along three orthogonal
axes and the other elements to the correlation (not the ADC itself) between diffusivities
along the indicated orthogonal axes. As there are six unknown parameters in D, at least
six noncollinear diffusion-encoding directions are acquired in addition to the non-diffusion-
weighted (b=0) to estimate each element of the diffusion tensor. The detailed computation,
derivation, and estimation of the diffusion tensor are beyond the scope of this thesis, and
therefore interested readers should refer to Johansen-Berg and Behrens (2009), or even
Mattiello et al. (1997) for a full explanation.

From the diffusion matrix, several metrics can be derived. These metrics were computed
from the eigenvalues (λ1,λ2,λ3; given λ1 > λ2 > λ3), which refer to the diffusivities along
the principal axes of the diffusion tensor, and the associated eigenvectors (ε1,ε2,ε3), which
refer to the three orthogonally orientation of the principal axes. First, the axial diffusivity
(AD) is the λ1, representing the values of the main axis, i.e., the axonal fibers. The radial
diffusivity (RD), in contrast, is the average of the remaining eigenvalues (λ2 and λ3). As RD
is the ADC in the direction perpendicular to the axonal fibers, it is commonly interpreted
as a representation of demyelination or glial cell impairment (Basser et al., 1994). Mean
diffusivity (MD), a self-explanatory term, is the average between the three eigenvalues and
is basically the ADC. Then, the most commonly used metric is the Fractional anisotropy
(FA), which represents the fraction of the tensor assigned to the anisotropic diffusion and is
calculated by the variance of the eigenvalues normalized by their sum of squares, or:

FA =

√
3
2

√
(λ1 −⟨λ ⟩)2 +(λ2 −⟨λ ⟩)2 +(λ3 −⟨λ ⟩)2√

λ 2
1 +λ 2

2 +λ 2
3

(1.3)
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One conceptual limitation of the diffusion tensor model is that it assumes Gaussian
diffusion processes, which has been found to be inadequate to accurately represent the true
diffusion process in the human brain. Another main limitation is related to the interpretation
of DTI that any given voxel represents a single main fiber direction, while in fact, parts of the
white matter contain different fibers with different direction crosses. This poses a problem
because fractional anisotropy would be used as a term to represent "white matter integrity",
while changes in these measures could also reflect fiber coherence. Indeed, it was suggested
that between 70% and 90% of the entire white matter in the human brain involved at least two
or more crossing fiber populations within the same area. (Behrens et al., 2007; Dell’Acqua
et al., 2013; Descoteaux et al., 2009; Jeurissen et al., 2013) In order to solve these problems,
higher-order models accounting for the crossing fibers have been used.

Among many recent new techniques addressing the crossing-fibers, (multi-tensor fitting,
(Tuch et al., 2002) PAS-MRI, (Jansons and Alexander, 2003) Q-ball imaging(Tuch, 2004),
ball, and sticks, (Behrens et al., 2007)), constrained spherical deconvolution (CSD) (Tournier
et al., 2007) is one of few that provide a direct estimate of the fiber orientation and are
reported to be practically useful in tractography and clinical use. (Dell’Acqua and Tournier,
2019) In general, any spherical deconvolution method assumes that the acquired diffusion
signal in each voxel can be modeled as a spherical convolution between the fiber orientation
distribution function (fODF, or FOD)-the fraction of total fibers within a sample that are
aligned along a given direction-, and the fiber response function (FRF)-signal profile of
single fiber orientation. Under this assumption, if the FRF can be estimated, the FOD can be
estimated as a deconvolution problem by solving a system of linear equations. CSD applies
a non-negativity constraint in the reconstructed FOD. Nevertheless, as the main target of
the white matter tract in this thesis is the corticospinal tract, one that is known to have a
minimal problem related to crossing fibers, analysis of the diffusion-weighted imaging will
be based on diffusion tensor metrics (i.e., the FA). The result regarding other tracts, therefore,
would be interpreted more cautiously. Consequently, in the final analysis, using a multimodal
approach, the CSD method is used as a step before tract segmentation.

Another step following the estimation of tensors or FOD is tractography, a 3D modeling
method to reconstruct the fiber bundles in the brain. Generally, tractography is used to
segment each white matter tract by virtually dissecting the streamlines based on combinations
of inclusion and exclusion of ROIs based on neuroanatomical a priori. Two common
approaches to performing tractography are deterministic and probabilistic. The deterministic
model assumes one principal fiber orientation for each voxel (i.e., the primary eigenvector,
λ1, or peak of FOD), while the probabilistic model uses the probability distribution of

34



1.3 MRI Neuroimaging modalities and prognostic models in stroke

Fig. 1.14 White matter tract segmentation using deep learning approach (TractSeg) in one of ISIS-
HERMES patients with left hemispheric stroke, showing the corticospinal tract (CST), superior
longitudinal fasciculus (SLF) I, and corpus callosum (CC)

fiber orientation to reconstruct each bundle. Even though the deterministic approach is still
predominantly used in the literature, the trends are moving toward the probabilistic approach,
as it has been reported to be more accurate in reconstructing fiber bundles in the brain,
particularly in white matter tracts known to have multiple fiber crossings. (Tournier et al.,
2009) However, a pitfall of the probabilistic approach is that it is more computationally
demanding and time-consuming.

dMRI in stroke

Diffusion-weighted imaging has been a very useful tool in the context of stroke diagnosis,
as it provides a highly sensitive and specific biomarker within minutes of the stroke onset: a
reduction of ADC and hyperintense DWI. On top of that, using DTI-derived metrics, a more
detailed evaluation of white matter changes after stroke can be performed. Indeed, there
are plenty of studies reporting results of DTI in stroke patients, either to characterize the
progression of the ischemia (Bhagat et al., 2006; Harris et al., 2004; Schaefer et al., 2003) or
to associate metrics with stroke severity or outcome (Moulton et al., 2019).

A common way to report the FA in the stroke model is as ratios between the ipsilesional
and contralesional FA of the same tract (rFA = ipsiFA/contraFA). This relative measure is
useful as it could remove the effect of confounding factors, however, it suffers from some
inaccuracy as it assumes that the contralesional white matter is undamaged, while in fact, it
is still not yet clear that it is always the case.

Association with motor clinical scores
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Using DTI, a convergence result was reported regarding the association between FA and
motor recovery in patients scanned at the subacute phase of stroke. A recent meta-analysis of
11 studies using different methods showed strong correlations (Correlation Coefficient=0.82;
95% Confidence Interval-0.66 to 0.90, P value<0.001) between FA measures and upper-limb
performances (Kumar et al., 2016). Within the CST, FA estimated from DWI at the subacute
phase has been consistently reported to be a predictor of motor outcome, both for the upper
limb (Buch et al., 2016; Byblow et al., 2015; Puig et al., 2013, 2010; Radlinska et al., 2010;
Yu et al., 2009; Zhang et al., 2014) and for the hand (Imura et al., 2015; Koyama et al., 2014;
Schaechter et al., 2009; Song et al., 2012). In addition to the CST, these predictive values were
also reported for other white matter tracts, including corticocortical intrahemispheric tracts
such as SLF (Koyama and Domen, 2017; Rodríguez-Herreros et al., 2015), interhemispheric
tracts (CC) (Li et al., 2015; Sisti et al., 2012; Stewart et al., 2017), and alternate corticofugal
pathway (Jang et al., 2013). For a comprehensive review, see (Koch et al., 2016).

Among studies with MRI acquisition done at the acute phase of the stroke, the results were
more heterogeneous. Radlinska et al. (2010) reported a positive correlation between rFA and
motor outcome at 90 days. In contrast, Doughty et al. (2016) found no correlation between
rFA at cerebral peduncle level and upper-limb Fugl-Meyer scores. Similarly, Groisser et al.
(2014), who studied the hand motor outcome assessed using the hand dynamometer and
Purdue pegboard test, reported that rFA at acute period did not correlate with hand motor
outcome at 6 months and that rAD was a better predictor. Indeed, in the hyperacute or acute
phase of the stroke, during which the process of early neural changes is still taking place,
they argued that FA values would not provide a reliable predictor of outcome and that AD
would serve as a better predictor than FA. This is supported by their findings that all of their
patients had a decrease in AD in the first week after stroke, whereas the change of RD and
FA was still variable (some decreased, but others increased).

While a large number of studies explored the association between DWI metrics and
the motor outcome of the paretic hand, no study, as far as we are concerned, explored this
relationship for the ipsilateral hand.

1.3.2 Functional MRI (fMRI)

While the anatomical and diffusion MRI modalities provide useful information about the
structural features of the brain, they do not bring information about the dynamics of the MRI
signal that are associated with neuronal activity. The notion that neuronal activity can be
mapped by making use of the reflected effect on cerebral blood flow began in 1890 (Roy and
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Sherrington, 1890) and then continued in 1990 when blood oxygenation level-dependent
(BOLD) contrast imaging was introduced. (Ogawa and Lee, 1990; Ogawa et al., 1990a,b)

Briefly, BOLD contrast imaging sensitizes the MRI signal to the relative levels of oxyhe-
moglobin and deoxyhemoglobin in specific areas of the brain due to their different magnetic
properties. As active neurons consume more oxygen and are therefore supplied with more
oxygen than inactive neurons, the variability in the resulting MRI signal is assumed to
indirectly mirror the neuronal function. Since then, the fMRI method using BOLD contrast
was developed not long after and became the tool of choice in mapping the neural activity
of the human brain. The main advantages of fMRI are that it is non-invasive (requires no
contrast substance injected intravenously) and it possesses a quite high spatial resolution
despite the low temporal resolution.

fMRI data consists of 4D data: a time series of 3D brain volume. The signal intensity of
each voxel of the brain, therefore, can be plotted against time to observe whether or not the
pattern relates to a specific function, for example, hemodynamic response function (HRF)
for task-based fMRI, or to the time-series signal pattern of other voxels/ROIs in the brain
during resting-state (resting-state functional connectivity).

Task-based fMRI

Basic principles

As fMRI measures the hemodynamic response induced by increased neural activity, the
first paradigm of the fMRI is based on a task, or a stimulus, whose hemodynamic effects
on the brain would be mapped from the acquired MRI signal. The task can be in form of
visual, verbal, audio, sensory, motor, or any. Brain activity induced by these stimuli causes
a canonical change in the MR signal known as the hemodynamic response function (HRF,
figure 1.15).

Then, a task paradigm is designed. In general, two types of task-fMRI design are mainly
used in the literature, blocked and event-related. In blocked design, a type of stimulation
or task was performed within some short period of time (usually around 20-30 seconds),
alternating with “off” or control stimulation/task blocks. This alternation of conditions was
necessary because the resulting values at each voxel are in arbitrary units, and therefore
brain activity is defined by the difference in BOLD signal within a voxel between different
conditions. Conversely, in event-related design, the stimuli are in discrete events, separated
by a random interval, as represented in the figure1.16. This randomness minimizes the
subject’s habituation and expectation of the incoming tasks. However, it requires more

37



Literature Review

Fig. 1.15 The hemodynamic response function (HRF)

complex analysis, and it suffers from a lower Signal-to-Noise Ratio (SNR) when compared
to the blocked design. (Huettel, 2012)

Fig. 1.16 Block and event-related task-fMRI design

Based on the knowledge of the generic HRF and the task design, the predicted task-
paradigm-induced signal can be modeled by convolving the HRF with the task-paradigm.
Ultimately, time-series correlation or linear regression between the observed signal and
the predicted signal at each voxel is performed. One commonly used statistical method in
this analysis is the general linear model (GLM), by assigning the signal time series as the
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dependent variable and the expected BOLD stimulus time course as the independent variable.
The formula of the GLM is

Y = Xβ + ε (1.4)

where Y is a matrix of observed time-series MR signal at each voxel, X is a matrix of basis
functions, ε is an error term, and β is a vector of parameters to be estimated. To control the
effect of random noise, the significance of the estimate β can be tested by calculating the test
statistic T and comparing the T-values with a known distribution.

In practice, fMRI analysis is generally composed of several steps. These steps are to
make sure that a number of factors, such as artifacts due to head movement, interindividual
variability, and spatial and temporal artifacts, are taken into account. They include quality
control, distortion correction, motion correction (realignment), slice-timing correction, spatial
normalization, spatial smoothing, temporal filtering, statistical modeling, statistical inference,
and finally, visualization. These preprocessing and processing steps are usually performed
using software currently available, such as SPM (https://www.fil.ion.ucl.ac.uk/spm/), FSL
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/), AFNI (https://afni.nimh.nih.gov/), or Brain Voyager
(https://www.brainvoyager.com/).

Passive motor task-fMRI in stroke

In healthy participants, the passive task of the hand has been reported to activate several
regions of the brain, such as the contralateral primary sensorimotor cortex (SM1), dorsal
premotor cortex (dPMC), supplementary motor area (SMA), and ipsilateral cerebellum.
(Blatow et al., 2011; Boscolo Galazzo et al., 2014; Carel et al., 2000; Hannanu et al., 2017;
Loubinoux et al., 2003) In addition, some studies also reported activity in the parietal cor-
tex,(Boscolo Galazzo et al., 2014; Carel et al., 2000; Loubinoux et al., 2003) the contralateral
cerebellum(Hannanu et al., 2017; Loubinoux et al., 2003), and the parietal operculum. (Han-
nanu et al., 2017) Of note, task-related brain activity during active and passive motor tasks
was reported to show no difference in terms of brain activity pattern (Guzzetta et al., 2007;
Jaeger et al., 2014; Loubinoux et al., 2001; Zhavoronkova et al., 2017), although some
reported higher activity and extent during active than in passive task (Jaeger et al., 2014;
Zhavoronkova et al., 2017).

In patients with stroke, fMRI activity related to movements of the paretic hand has been
observed in ipsilesional SM1, dPMC, and SMA, similar to those in healthy controls but in
different intensities. (Lotze et al., 2012; Loubinoux et al., 2003; Marshall et al., 2000; Rehme
et al., 2015) Furthermore, some studies observed a change in brain activity patterns, such as
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the recruitment of secondary sensorimotor areas (Carey et al., 2006; Hannanu et al., 2017),
mirror areas in the contralesional hemisphere (Schaechter and Perdue, 2008), or activity
in the perilesional areas (Cramer et al., 2006). The pattern of brain activity during passive
task-fMRI in healthy controls and in stroke patients can be seen in Figure 1.17

Fig. 1.17 Passive task-fMRI brain activity in healthy controls (A) and in stroke patients (B). (Hannanu
et al., 2017)

Association with motor clinical scores

Generally, better motor outcome is associated with the restoration of a normal motor
pattern (as shown in healthy controls) (Favre et al., 2014; Rehme et al., 2015), i.e., higher
activity in the ipsilesional SM1, SMA, contralesional dPMC, and cerebellum, whereas a
poorer motor outcome is associated with persistent contralesional brain activity (Buma et al.,
2010). Furthermore, there is increasing evidence that measures of motor-related fMRI activity
in the sensorimotor network correlate with motor behavioral performance (Hannanu et al.,
2017; Loubinoux et al., 2003; Rehme et al., 2012) and can predict motor recovery (Favre
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et al., 2014; Hannanu et al., 2017; Loubinoux et al., 2007; Rehme et al., 2015; Richards et al.,
2008).

Resting-state fMRI (RS-fMRI)

Basic principles

Resting-state fMRI (RS-fMRI) is based on the same basic principle as that of task-based
fMRI, the BOLD response. However, as the name suggests, RS-fMRI is acquired without any
stimulus or a task administered or performed by the subjects. This implies that the participant
is lying still inside the MRI scanner either with eyes closed or fixed on a specific point on a
screen, remains awake without doing anything, and is instructed not to think about anything
in particular. This method was first described by Biswal et al. (1995) where they reported a
temporal correlation between the left and right sensorimotor cortex (and with some other
regions) that can be associated with hand motor function and that it was a manifestation
of functional connectivity of the brain. Since then, researchers have replicated this finding
(Cordes et al., 2000; Hampson et al., 2002; Lowe et al., 1998) and applied this method
to study different brain networks (Fox et al., 2005; Raichle et al., 2001) and functional
connectivity both in healthy (Damoiseaux et al., 2006) and neurological diseases, such as
Alzheimer’s disease (Li et al., 2013), schizophrenia (Venkataraman et al., 2012), Parkinson’s
disease (Tessitore et al., 2012), and many others (Li et al., 2012; Otti et al., 2013; Uddin
et al., 2008).

Several methods have been used to analyze rs-fMRI data. One of the most popular
methods is seed-based analysis, as used in several founding studies of rs-fMRI (Biswal
et al., 1995; Fox et al., 2005; Raichle et al., 2001). In this method, a seed is defined as a
selected voxel or ROIs, and then the time-series correlation between this seed and other
voxels or areas of the brain is estimated. Functional connectivity is defined as the temporal
correlation between the BOLD signal between two seeds in terms of voxel or regions of
interest (See figure 1.18). As a set of ROIs needs to be selected, this method is suitable for
a study with determined a priori. Another method is the independent component analysis
(ICA),(Beckmann et al., 2005; Damoiseaux et al., 2006) which is based on a mathematical
technique for separating a multivariate signal into additive subcomponents by assuming that
the subcomponents are statistically independent of each other. Although ICA enables us to
have fewer a priori when compared to the seed-based analysis, the ICA network components
need to be identified by prior knowledge or experience. Graph theory, on the other hand, has
been used (Power et al., 2011; van den Heuvel et al., 2008) to model the brain’s complex
network as a set of nodes and their corresponding edges. Several parameters can be derived
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using the graph method, such as the average path length, clustering coefficient, degree of
a node, centrality measures, global efficiency, and local efficiency. While the seed-based
analysis gives the strength of correlation between one particular ROI to another, these graph
theory metrics provide the properties of one ROI within the whole brain related to one
specific function. Another method is called clustering algorithms. (Pereira et al., 2009) In
this method, a collection of voxels or ROIs are grouped based on their similarities to some
determined distance metric.

Fig. 1.18 Functional connectivity as temporal correlation of BOLD signal. Area "A" and "B" is
interpreted as functionally connected, while area "A" and "C" is not.

In this thesis, functional connectivity related to hand motor outcome after stroke is hy-
pothesized to include regions belonging to the sensorimotor network, including the posterior
parietal cortex and the visual areas involved in the visuomotor streams. Based on this hypoth-
esis, a seed-based approach is mainly used. Furthermore, in the multimodal approach, graph
theory metrics will be used to limit the number of variables to be considered in the model.

Resting-state functional connectivity in stroke

Changes in the resting-state functional connectivity following stroke have been consis-
tently reported. Among all, the most consistent result was the decrease in interhemispheric
connectivity between homotopic areas, such as connectivity between ipsilesional and contrale-
sional M1, followed by changes in the frontal, parietal, occipital, thalamus, and cerebellum.
(Brihmat et al., 2020; Carter et al., 2010; Park et al., 2011; Wang et al., 2010) Some of the
RSFC reduction is also specifically associated with a behavioral deficit, such as decreased
RSFC in the dorsal attention network in patients with neglect, (Carter et al., 2010; He et al.,
2007) between the anterior temporal lobe in patients with aphasia, (Warren et al., 2009)
between somatosensory areas in patients with sensory loss,(Bannister et al., 2015) and be-
tween motor areas in patients with a motor deficit. (Brihmat et al., 2020; Carter et al., 2010)
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Furthermore, this decrease in RSFC was observed early after stroke and then over time
returned to normal level along with the recovery. (Carter et al., 2010)

Association with motor clinical scores

There is growing evidence in the literature that resting-state functional connectivity
within the motor networks correlates with motor outcome.(Brihmat et al., 2020; Chi et al.,
2018) The motor outcome of the upper limb has been diversely associated with increased or
decreased functional connectivity between ipsilesional primary sensorimotor areas (SM1)
and contralesional SM1 (Brihmat et al., 2020; Carter et al., 2010; Chen and Schlaug, 2013;
Hong et al., 2019; Zhang et al., 2016b), SMA (Chen and Schlaug, 2013; Park et al., 2011;
Zhang et al., 2016b), and dPMC (Brihmat et al., 2020; Chi et al., 2018; Grefkes et al.,
2008). However, these studies focused on the connectivities within the sensorimotor network,
whereas the influence of non-motor regions on motor recovery has been sparsely explored. A
recent chronic stroke study suggested that better hand motor scores correlate with increased
connectivity between the ipsilesional sensorimotor and ventral visual networks (Hong et al.,
2019). Other studies have also reported extrinsic connectivity alterations between the motor
and visual networks, but their design was based on comparisons between stroke and healthy
participants rather than on the association between functional connectivity and hand behavior
(Tang et al., 2016).

1.3.3 Predictive models of hand motor outcome using multimodal MRI

Each of the MRI modalities discussed above brings some degree of predictive value for
hand motor outcomes. This raised the next question of whether these predictive values are
complementary or rather redundant to each other. In this notion, some studies have included
multiple modalities to predict the motor outcomes of stroke patients, in which a common
practice is to combine two modalities that bring different features of the brain: one from
structural and another from functional MRI modality. Diffusion-weighted imaging, or more
specifically FA, is almost always used in these MRI multimodal approaches, either together
with resting-state fMRI (Carter et al., 2012; Chen and Schlaug, 2013; Lam et al., 2018; Lee
and van Donkelaar, 2006; Lin et al., 2018; Lindow et al., 2016; Liu et al., 2015b, 2022; Rosso
et al., 2013; Xia et al., 2021) or with task-fMRI (Qiu et al., 2011; Song et al., 2014; Wang
et al., 2012). This may come unsurprisingly, considering the reported predictive value of FA
to hand motor outcome in a large body of neuroimaging studies. Indeed, FA is reported in all
of these multimodal MRI studies to be highly associated with or predicts upper-limb motor
performance. Functional features, on the other hand, were also found to be also associated
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with motor performance but with lower coefficients or to improve prediction accuracy but
with lower contributions to the explained outcome variance. In other studies, DWI and
RS-fMRI were reported to be independently correlated with the motor outcomes but were
not simultaneously analyzed. (Lee et al., 2019; Zhang et al., 2016a) Moreover, no study
has explored the use of SBM metrics together with DWI or fMRI modality to predict motor
outcomes. From these previous multimodal MRI studies, there is an indication that DWI
would bring better predictive value when compared to fMRI. However, direct comparison
between MRI modalities is rare, and the heterogeneity of the studies in terms of time when
the patients were scanned makes it difficult to draw a clear conclusion.

From a clinical perspective, multimodal MRI analysis requires extensive resources in
terms of MRI acquisition time and data processing that may be unsuitable for the nature
of stroke management at the acute phase of stroke, when time is considered very valuable.
During the hyperacute or acute period, anatomical images allowing simple yet useful analysis
such as stroke location, lesion volume, and SBM should be sufficient. However, in the later
stage, when a wider time window is available, additional assessments with high predictive
value would be of interest. It is therefore important to be able to determine the best strategy
and modality of choice to be used according to the need of patients that can be efficiently
implemented in clinical settings.
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Materials and Methods

2.1 Materials

The materials of all studies in this thesis work is mainly based on three different cohorts
performed in two different center: Grenoble (Centre Hospitalier Universitaire Grenoble
Alpes, CHUGA) and Paris (APHP-Urgences Cérébro-Vasculaires Hôpitaux Universitaires
Pitié-Salpêtrière). The three cohorts are:

1. The ISIS-HERMES study (Intravenous Stem cells after Ischemic Stroke and HEuristic
value of multimodal MRI to assess MEsenchymal stem cell therapy in Stroke) has
been carried out in the CHU of Grenoble Alpes from 2010 to 2018 and is a prospec-
tive randomized controlled trial. The primary objective was to assess the feasibility
and tolerance of intravenous autologous mesenchymal stem cells in 31 patients with
subacute anterior ischemic stroke using longitudinal clinical and multimodal MRI
measurements. ISIS-HERMES study was approved by the local ethics committee
(Comité de Protection des Personnes) and registered on ClinicalTrial.gov, number
NCT00875654.

2. The IRMAS Study (Récupération après un Accident Ischémique Cérébrale: Mécan-
ismes et Prédiction en IRM) was carried out in the CHU of Pitié Salpétrière (Paris)
from 2010 to 2012 to find predictive factors of motor recovery in 76 patients with
a subacute hemispheric stroke. The study was approved by the institutional Ethics
Committee. The use of this dataset for this thesis has been approved by the principal
investigator of the IRMAS study, Charlotte Rosso, thanks to the fruitful collaboration
between the two centers.

3. The RESSTORE study (REgenerative Stem cell therapy for STroke in Europe) is a
European multicentre randomized clinical trial (H2020 European Project) that aimed
to explore the efficacy and safety of intravenous infusion of allogeneic adipose tissue-
derived mesenchymal stem cells (ADMSCs) in patients with an acute stroke. Phase
IA of the project was carried out in 15 patients with an acute anterior ischemic stroke
admitted at the CHU of Grenoble Alpes. All patients received various doses of
intravenous stem cells and had a 2-year follow-up based on clinical rating scales,
multimodal MRI, and blood biomarkers. MRI data were acquired from 2018 to 2020.

The use of the three cohorts is based on the similarities between their study design, in-
cluding a longitudinal design with an assessment of clinical scores, hand motor performance,
and multimodal MRI (anatomical, diffusion-weighted imaging, task-fMRI, and resting-state
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fMRI) performed at one and six months follow-up. The thesis work is composed of 6 studies,
using each MRI modality independently (Study I-V), and jointly (Study VI). Accordingly,
each work in this thesis used a different subset of the merged dataset from these three cohorts,
represented in figure 2.1 with the sample size available for each study and each MRI modality.
The detailed further sample selection flow of each study is detailed in the methods section of
the corresponding study.

Fig. 2.1 Number of data available for each cohort for each MRI modalities and clinical variables, and
sub datasets used in each study. N/A: not applicable; np: not processed

2.1.1 Participants

ISIS-HERMES study

Healthy participants

Eighty-one healthy participants aged 18-84 years (40 males) were included in the ISIS-
HERMES study and underwent multimodal MRI. Of note, 25 participants performed the
behavioral tasks and completed the whole multimodal MRI protocole.
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Patients

ISIS-HERMES study enrolled 31 patients aged 18-70 years (21 males, 10 right lesions)
with a first-ever ischemic stroke within the anterior circulation territory, a delay less than 14
days after stroke onset, and with a persistent neurological deficit (NIHSS >= 7). Patients with
severe, extensive stroke, severe persistent neurological deficit, serious psychiatric disease,
and severe comorbid medical disease were not included. Detailed inclusion and exclusion
criteria are provided in Appendix A.1. After inclusion, patients were randomized to receive
either an IV injection of mesenchymal stem cells (MSCs) or rehabilitation alone.

IRMAS study

Healthy participants

Sixty-two healthy subjects aged 21-81 years (23 males) participated in the IRMAS study,
performed behavioral tasks, and underwent the multimodal MRI protocole.

Patients

The IRMAS study enrolled 76 patients with a first-ever ischemic stroke with mild-severe
stroke severity (NIHSS > 0). Detailed inclusion and exclusion criteria are provided in
Appendix A.1.

RESSTORE study

Healthy participants

Thirty-two healthy subjects aged 19-55 years (17 males) participated in the RESSTORE
study, performed behavioral tasks, and underwent the multimodal MRI protocole.

Patients

Sixteen patients aged 22-76 years (12 males, 8 right lesions) with a first-ever carotid
ischemic stroke, admitted to the stroke unit within the first 24 hours after stroke onset, with
NIHSS ≥ 7 were enrolled in the RESSTORE study. All patients were treated by intravenous
Adipose derived Mesenchymal Stem Cells (ADMSCs). Detailed inclusion and exclusion
criteria are provided in Appendix A.1

In the 3 cohorts, intravenous administration with recombinant tissue plasminogen activa-
tor (rtPA) and/or thrombectomy was allowed in accordance with routine clinical procedures
at the corresponding institution.
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2.1.2 Clinical and behavioral scores

Clinical scores

National Institute of Health Stroke Scale (NIHSS)

Stroke severity was assessed with the National Institute of Health Stroke Scale (NIHSS)
(Brott et al., 1989). The NIHSS is composed of 11 items: level of consciousness, eye
movement, visual field, facial palsy, motor, ataxia, sensory, language, and speech. Each item
is scored, with a score of 0 indicating normal function, while a higher score indicates some
level of impairment. Then the total score is summed, with a maximum possible score of 42
and a minimum of 0. The motor subscale of the NIHSS (mNIHSS) can be computed by the
summation of the motor arm and motor leg items (without facial or hand paresis). In patients
with a unilateral stroke, a score of 0 indicates normal proximal motor function and a score of
8 indicates hemiplegia . A complete form is provided in Appendix A.2.1.

modified Rankin Scale (mRS)

The functional (global) outcome was measured using the modified Rankin Scale (mRS)
(van Swieten et al., 1988), with a scale ranging from 0 to 6. A score of 0 refers to no
symptoms at all, a higher score indicates some degree of disability and independence, and a
score of 6 indicates death. The mRS form is provided in Appendix A.2.2

Behavioral scores

Handgrip strength

Hand motor performance represented by handgrip strength was measured using a handgrip
dynamometer (Lafayette Instrument Company, Indiana; https://www.prohealthcareproduct
s.com/100-kg-220lb-hand-grip-dynamometer-lafayette-instruments/) (Sunderland et al.,
1989). Patients held the dynamometer in the hand, with the arm at right angles and the
elbow by the side of the body. They were asked to squeeze the dynamometer with maximum
isometric effort (https://www.topendsports. com/testing/tests/handgrip.htm). The grip force
score was obtained by computing the average of 3 trials.

Purdue Pegboard Test (PPT)

Patients in the ISIS-HERMES population underwent the Purdue Pegboard Test (PPT)
(http://www.equipement-ergotherapie.com/8-dexterite-manipulation.html) (Rapin et al.,
1966), to test fine manual dexterity and reaching and grasping components of motor action.
During the PPT test, patients were seated with the Purdue Pegboard on a table in front of
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him/her. The testing board consisted of a board with 2 cups across the top containing 25 pins
each and two vertical rows of 25 small holes down the center. Patients were asked to place
as many pins as possible down the row within 30 seconds with the paretic hand. The total
number of pins placed in the allocated time was recorded. The trial was repeated 3 times,
and a PPT score was calculated based on the average score across the 3 trials. A score of 0
was given when the participant could not perform the task due to upper limb paresis.

2.1.3 MRI acquisition

ISIS-HERMES study

MRI was performed using 3T (Achieva 3.0T TX, Philips, The Netherlands) at the IRMaGe
MRI facility with a 32-channel head coil.

Anatomical sequences

Sagittal 3D-T1-weighted with TR 7.75 ms, TE 3.62, flip angle 9°, FOV: 252*192*252,
192 slices, voxel size = 0.98*0.98*1 mm3, thickness = 1 mm, gap = 0 mm, duration = 339
s. 3D-FLAIR images with TR 8 sec, TE 342 ms, flip angle = 90°, FOV: 241*192*250, 274
slices, voxel size = 0.434*0.434*0.7 mm3, thickness = 1.4 mm, gap = -0.7 mm, duration =
424 s.

Diffusion-weighted sequence

Echo planar images (EPI) with TR 11 ms, TE 72 ms, 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, 60 noncollinear directions with b=1000
s/mm2, and 10 directions with b = 0 s/mm2 that were averaged to give 1 average direction.

Task-fMRI sequence

EPI with TR 3000 ms, TE 30 ms, FOV 220*220*147 mm3, 59 axial slices, 113 volumes,
flip angle = 80°, voxel size 2.3*2.3*2.3 mm3, gap = 0.25 mm, duration 348 s. Passive wrist
flexion-extension task of the paretic hand of the patients and matched hand for controls was
performed inside the MRI machine by an investigator, with alternating 20 s of task (1 Hz)
and rest during 8 cycles (total time 5 min 40 s). During the scan, a white dot that could be
seen by the examiner inside the room was flashed at 1 Hz on a screen as a cue to perform
the task. A small supporting board strapped to the subject’s hand was used to constrain the
passive movements (horizontal position to a maximum of 40°). All subjects were instructed
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to remain still and relaxed during the scan, and care was taken to observe mirror movements
of the opposite hand or foot.

Resting-state fMRI sequence

EPI, TE 30 ms, TR 2000 ms, voxel size 3*3*3.5 mm3, gap 0.25 mm, 400 volumes,
duration 13 min 40 s. Participants were instructed to remain still and relaxed during the scan
with eyes open while looking at a white "X" sign in the middle of the black background
screen, without thinking anything in particular, and to avoid falling asleep.

IRMAS study

Images were acquired using a 3T Siemens Trio MRI Scanner with 12-channel head matrix
coil at the CENIR facility (www.cenir.org).

Anatomical sequences

3D-T1 TR 2.3 sec, TE 4.18 ms; flip angle 9°, TI 900 ms, FOV 240*256*176, voxel size
1*1*1 mm3, 176 slices. Axial T2 FLAIR, with TR 9.5 s; TE 103 ms, flip angle 120°, TI 2.4
sec.

Diffusion-weighted sequence

EPI sequence of TR 10 sec, TE 87 msec, FOV 256*256 mm, slice thickness 2 mm,
number of acquisitions 60, with a 35 gradient encoded direction and a b-value of 1000 s/mm2

Task-fMRI sequence

EPI pulse sequence, with TR 3 sec, TE 25 msec, flip angle 90°, matrix 100*100, voxel
size 2*2*2.5 mm3, 53 volumes. The motor paradigm consists of a self-paced squeeze-release
action on a grip device connected to a pressure transducer to record performance and control
the task during the scan. Auditory cue instructions were given with words as follows: "action"
to start the alternating squeeze and release of the gripping device until the command "stop"
was given. All subjects were trained to perform the motor task before entering the scanner.
The paradigm consists of three blocks of task activation and four rest blocks, starting with the
rest block. Each block lasted 20 seconds, with a total duration of 2 minutes and 20 seconds.

Resting-state fMRI sequence

Two RS-fMRI sequences of 7 minutes each were acquired: EPI, 173 volumes, 41 slices,
TR 2460 ms, TE 30 ms, flip angle 90°, voxel size = 3*3*3 mm3, gap =0. Participants were
instructed to keep their eyes closed and to avoid moving or falling asleep.
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RESSTORE study

Similar to the ISIS-HERMES study, PHILIPS MRI was performed at 3T (Achieva 3.0T TX,
Philips, NL) at the IRMaGe MRI facility (Grenoble, France) with a 32-channel head coil.

Anatomical sequences

T1-weighted structural images were acquired using TR: 7.7 ms, TE: 3.6 ms, voxels: 1*1*1
mm3, FOV: 255*255*192, flip angle 9°, 192 slices, acquisition time 5m 39 seconds. 3D-
FLAIR sagittal images were acquired using TR: 4800 ms, TE: 390 ms, voxels: 0.49*0.49*1
mm3, no gap, FOV: 256*256*192, and 192 slices, TI 1650 s, reconstruction 0.49*0.49,
acquisition time 6 minutes 10 seconds.

Diffusion-weighted sequence

EPI with TR 5520, TE 89.5 ms, flip angle 79°, matrix 168*144, 60 non-collinear gradient
directions and 10 b=0 images, FOV =240*240*140; slice thickness 2 mm, 70 slices; voxels
size=1.6x1.6x2.0 mm3; b-value = 1000 s/mm2

Task-fMRI sequence

EPI sequence, with TR 1.8 s, TE 30 ms, flip angle 75°, FOV 216*216*153, voxel size
2.261*2.261*3 mm3, 166 volumes, 60 axial slices, duration 311 s, a multiband factor of 2
(parallel) sense 2.5, matrix 88*86*60. Passive wrist flexion-extension task of the paretic hand
of the patients and matched hand for controls was performed inside the MRI machine by an
investigator, with alternating 20 s of task (1 Hz) and rest during 8 cycles (total time 5 min
40 s). During the scan, a white dot that could be seen by the examiner inside the room was
flashed at 1 Hz on a screen as a cue to perform the task. A small supporting board strapped
to the subject’s hand was used to constrain the passive movements (horizontal position to a
maximum of 40°). All subjects were instructed to remain still and relaxed during the scan,
and care was taken to observe mirror movements of the opposite hand or foot.

Resting-state fMRI sequence

EPI was acquired with TR 1.5 s, TE 30 ms, voxel size 2.261*2.261*3 mm3, 400 volumes,
matrix 88*86, flip angle 75°, slice thickness 3 mm, 48 slices, FOV 217*217*144 with a
total duration of 10 min 10 s, a multiband factor of 2 (parallel) sense 2.5. Participants were
instructed to remain still and relaxed during the scan with eyes open while looking at a
white "X" sign in the middle of the black background screen, without thinking anything in
particular and to avoid falling asleep.
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2.2 Methods

2.2.1 MRI Data Processing

Lesion volume and VLSM

T1 and FLAIR images were normalized to the MNI template using Statistical Parametric
Mapping (https://www.fil.ion.ucl.ac.uk/spm/). Manual lesion delineation in all participants
was performed on the normalized FLAIR images by a stroke neurologist and a stroke
neuroradiologist. Lesion volumes were calculated from the lesion binary mask using MRIcron
software. Images from patients with right lesions were flipped along the x-axis, and thus
all lesions were on the left. This way, all patients were included in the analysis without
having to divide into subgroups based on the lesion side, and analysis can be performed only
in voxels of the left hemisphere in order to decrease the number of multiple comparisons.
The effect of age, sex, center, and lesion volume were regressed. In the ISIS-HERMES
study, stem-cell treatments were administered to some randomly assigned patients one
day after the M0 assessment, and thus the effect of stem cell treatment was regressed
only when predicting scores at M6. VLSM analysis was performed using niistat software
(https://www.nitrc.org/projects/niistat/). Fredman-Lane with -5000 permutation was used
to correct for multiple comparisons. The resulting nifti file corresponding to the significant
voxels associated with the clinical scores was used to calculate the number of significant
voxels in the JHU-white-matter atlas and AAL-grey-matter atlas.

Surface-based Morphometry

T1 images were segmented and normalized to the MNI template using a segmentation pipeline
integrated into Computational Anatomy Toolbox (CAT12), an extension to SPM12 (Gaser
et al., 2022). More specifically, CAT12 includes denoising, interpolation, affine preprocessing,
local adaptive segmentation, AMAP (Adaptive Maximum A Posterior) segmentation, partial
volume segmentation, skull-stripping and cleanup, spatial normalization, white matter hyper-
intensity correction, and stroke lesion correction. Then, three SBM metrics were estimated:
cortical thickness (CT), fractal dimension (FD), and gyrification index (GI). These metrics
were then extracted using an ROI-based approach, using the HCP (Human Connectome
Project) atlas (Glasser et al., 2016) (See Figure 2.2), to be used for further statistical analysis.
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Fig. 2.2 HCP atlas. Representation of the multi-modal parcellation of 180 areas spanning
the entire cerebral neocortex and divided into the following 22 numbered sections. The
first five regions cover the early and intermediate visual cortex, including sections on V1
(1), the early visual cortex (2), the dorsal stream (3), the ventral stream (4), and the MT+
Complex (5), and its neighbors. The next four regions cover the primary somatosensory
and motor cortex (6), the sensorimotor-associated paracentral lobular and mid-cingulate
cortex (7), the premotor cortex (8), and the parietal opercular cortex (9). Next are the regions
covering the early auditory (10) and association auditory cortex (11), the insular and frontal
opercular cortex (12), and the medial (13) and lateral temporal cortex (14). Then there are
four regions covering the rest of the posterior cortex, including the sensory “bridge” regions
of the temporal-parietal-occipital junction (15) and the superior parietal and IPS cortex (16),
the inferior parietal cortex (17), and the posterior cingulate cortex (18). The final four regions
cover the rest of the anterior cortex, including the anterior cingulate and medial prefrontal
cortex (19), orbital and polar frontal cortex (20), inferior frontal cortex (21), and dorsolateral
prefrontal cortex (22). (Glasser et al., 2016)

Diffusion-weighted imaging

We used two different preprocessing pipelines. For study II (Hannanu 2022), preprocessing
was done by the DTI approach using the Diffusionist toolkit (related documentation can
be found in mri-diffusionist.com/). The preprocessing included quality assurance that
was visually performed for each diffusion-weighted image, in which corrupted images
were removed. Then, after correction of eddy-current distortions, the diffusion tensor was
estimated. Linear and nonlinear registration transformations were applied to an FA map
in order to get the FA maps in the MNI space. From these FA maps, an atlas-based ROI
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approach was used to extract the average FA in each ROI from the white matter atlas of the
JHU-ICBM-DTI (JHU) atlas25.

For the multimodal analysis, the constrained spherical deconvolution (CSD) approach was
performed using MRTrix software. The general pipelines used were as follows: denoising,
removal of Gibbs artifact, preprocessing, upsampling, estimation of response function (FRF),
the estimation of fractional anisotropy (FA), linear registration of FA and DWI images, and
then the estimation of the fiber orientation density (FOD) using CSD. Using the peak of the
FOD, fiber bundles in 72 anatomically well-described tracts were reconstructed using the
deep-learning method applied in the TractSeg tool (Wasserthal et al., 2018). Finally, the
average FA value was calculated in each fiber bundle mask and used for further analysis.

Resting-state fMRI

Data preprocessing and processing were performed using CONN Toolbox (http://www.
nitrc.org/projects/conn). Preprocessing pipeline for volume-based analysis with direct
normalization to MNI-space was performed in CONN Toolbox, including realignment, slice-
timing correction, outlier detection, coregistration, direct segmentation, and normalization of
functional (2*2*2 mm3) and structural images (1*1*1 mm3), and smoothing of functional
images. Images from patients with lesions on the right side were flipped about the x-axis
prior to the pipeline to perform group analyses without dividing participants into smaller
groups based on the lesion side. Thus, all lesions are located in the left hemisphere. We used
the Artifacts Detection Tool (ART) to detect outliers, with thresholds for signal intensity
outliers set at 5 standard deviations (SD) above or below the mean and a motion limit of
0.9 mm in any direction. During the denoising step, white matter, CSF, and the outliers
detected by the ART toolbox were used as confounding effects in the linear regression. Then,
a bandpass filter of 0.09 to 0.008 was applied. For IRMAS dataset, the two sessions of
rs-fMRI were preprocessed separately and then merged for group analyses.

We performed a First-Level analysis (FLA) using ROI-to-ROI-based analysis resulting
in ROI-to-ROI connectivity values that were then transformed into Fisher Z scores. In
study III, we used 78 ROIs from the Juelich atlas that was relevant to the research question.
However, in the multimodal analysis, to be able to analyze across modalities, we used the
same atlas as in the SBM analysis, i.e., 360 ROIs (180 at each hemisphere) from the HCP
atlas (Glasser et al., 2016), and 38 (19 at each hemisphere) subcortical and cerebellar ROIs
from the Julich-Brain cytoarchitectonic atlas (Amunts et al., 2020). In addition to the ROI to
ROI connectivity z-score values, 7 graph theory metrics (Global efficiency, local efficiency,
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betweenness centrality, degree, clustering coefficient, and cost) were estimated and extracted
using CONN Toolbox. These values were then used for further statistical analysis.

Task fMRI

Data preprocessing and processing was performed using SPM12. Following visual inspection
for spatial artifacts, EPI time series were checked for temporal artifacts and realigned. Next,
the T1-weighted and FLAIR images were coregistered and aligned to the mean of the EPI
time series. Segmentation of the structural images (T1 and FLAIR) resulted in a deformation
field that was used to spatially normalize the EPI data in Montreal Neurological Institute
(MNI) space. Finally, the EPI images in MNI space were smoothed using a full-width at
half maximum (FWHM) Gaussian kernel of 5*5*5 mm3. The structural T1-weighted and
FLAIR images were also normalized to MNI space at 1 mm3 resolution. Intensity outliers
were detected using ART (https://www.nitrc.org/projects/artifact-detect), with an interscan
movement threshold of 1 mm, and a global interscan signal intensity threshold of 3 SD
relative to the session means. The data preprocessing pipeline is represented in the figure 2.3

The first level voxel-wise analysis was performed in SPM12 using a general linear model
including passive movement conditions, outliers and head motion estimates as regressors,
and a high-pass (128hz) filter. The task regressors were convolved with a canonical HRF.
Contrasts of the movement-related parameter estimates were generated for subsequent
ROI analyses. The resulting t maps (spmT) were converted to Cohen’s d effect size maps
(some), and then the peak value of each ROI was extracted using the REX tool (https:
//www.nitrc.org/projects/rex/). For Study I, 72 ROIs (36 at each hemisphere) from the
Anatomy Toolbox (Eickhoff et al., 2007) and from AAL atlas (Tzourio-Mazoyer et al., 2002)
were used. For multimodal analysis (Study VI), for between-studies compatibility reason,
360 ROIs (180 at each hemisphere) from the HCP atlas (Glasser et al., 2016), plus 38 (19 at
each hemisphere) subcortical and cerebellar ROIs from the Julich atlas were used. These
values were then used for further statistical analysis.

2.2.2 Statistical analysis

Statistical analysis was performed using SPSS version 23 and Python version 3.5.

Univariate analysis

Descriptives of the data are presented using the mean, standard deviation (SD), median,
and interquartile range (IQR) for continuous variables and in absolute count and frequency
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Fig. 2.3 Preprocessing steps performed for task-fMRI modality

for categorical variables. Maximum and minimum values by each variable (column) and
by each participant (row) for each modality are plotted to expose any outliers in the data.
Outliers related to preprocessing failure or due to excessive head movements in the scanner
were removed from the analysis. The normality of the distribution was visually inspected
using histograms, and significant differences to the normal distribution were tested using the
one-sample Kolmogorov-Smirnov test.

Bivariate analysis

Group comparisons were performed using independent t-tests for comparisons between
controls and patients and paired t-tests for comparisons between patients at different time
points (M0 and M6). Correlations between two variables were performed using Spearman
correlations for non-normally distributed variables and Pearson correlations for normally
distributed variables. Since a clear effect of sex and age has been consistently documented
on handgrip strength, the association between grip strength and MRI-derived metrics was
tested using partial correlation adjusting for age, sex, and study. For resting-state functional
connectivity measures, correlation coefficient matrices of ROI-to-ROI connectivity and
behavioral scores were plotted into a heatmap.
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Regression and machine learning analysis

Predictive models in study I were built using linear mixed models (LMMs) to account for
the repeated measure design used in the analysis, the random effect at the subject level, and
to handle missing data. In studies II and III, we used multiple linear regression to model
the behavioral measures using MRI-derived metrics, adjusting for relevant covariates. We
used R-squared measures of goodness of fit (R2, coefficient of determination), the Durbin-
Watson test, and residual statistics (plots, descriptives, and Cook’s distance) to assess the
overall performance of the models. In study VI (multimodal MRI analysis), several machine
learning algorithms were used and compared: Logistic regression (LR) with L1 and L2
penalty, Random Forest (RF), and Support Vector Machine (SVM). Regularization methods
were used to decrease the effect of overfitting in non-penalized LR. In addition, RF and
SVM algorithms were used to handle the limitation of LR in terms of correlation between
covariates, nonlinearity, and potential complex interactions among covariates, as it produces
a more flexible relationship between the predictors (alone or in combination) and the outcome
(Scrutinio et al., 2020).

In Study IV, V, and VI, hand motor performance (grip strength) and motor severity
(mNIHSS) were binarized using a threshold of 0 and 1, respectively. In this context, the
algorithm was trained to classify patients into no hand motor function (grip = 0) and any
degree of hand motor function (grip > 0). Similarly, the mNIHSS was categorized into severe
motor deficit (mNIHSS > 1) and no motor deficit (mNIHSS 0 or 1). The motivation behind
the categorization, in addition to the linear regression, is that it may be more clinically useful
to provide a dichotomous outcome. Indeed, almost half (45%) of the patients in the merged
dataset had a grip strength of 0 kg at M0 and one-third (35%) at M6. Finally, we evaluated
the model using the prediction accuracy (in percentage), specificity, sensitivity, ROC curve,
and the area under the curve (AUC).

The general pipeline of the analysis is as follows. The data from stroke patients was first
standardized into z-scores against data from healthy control of the each cohort. Then, the
patient data was randomly splitted into training and test dataset with 70:30 proportion. The
model was built on the training dataset and was applied to the test dataset to determine the
accuracy. To test which modality best predicts the hand motor outcome, features was first
selected from each modality separately, and then used in combination.
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3.1 Study I. Task-fMRI

3.1 Study I. Spatiotemporal patterns of sensorimotor fMRI
activity influence hand motor recovery in subacute
stroke: A longitudinal task-related fMRI study

3.1.1 Overview

The first work of this thesis explored hand motor recovery using passive wrist flexion-
extension task fMRI in 27 patients with stroke (from the ISIS-HERMES study participants).
Two hand behavioral scores were used, the handgrip strength and the Purdue Pegboard
test (PPT). Task-fMRI and behavioral scores were assessed at three time points: 1 month
following stroke, and then 6 months and 24 months later. Correlation and linear mixed model
(LMM) analysis were used to determine the effects of sensorimotor activity on hand recovery.

The hypothesis of this study is based on the dual visuomotor stream model Goodale and
Milner (1992); Rizzolatti and Matelli (2003) positing that two segregated dorsomedial and
dorsolateral cerebral networks control reach and grasp movements. The notion that the two
streams act independently has been much challenged, (Cavina-Pratesi et al., 2010; Davare
et al., 2006) with more views suggesting that dorsolateral and dorsomedial circuits interact to
achieve appropriate grasping behaviors. (Grafton, 2010) In this study, by using a purely grasp
task without a reaching component (handgrip strength) and a more complex task including
both reach and grasp components, we aimed to disentangle this theory in the context of hand
motor recovery following stroke. More specifically, we hypothesized that the handgrip is
expected to be associated with brain activity in the dorsolateral stream, while the PPT task
would be associated with brain activity in both the dorsolateral and dorsomedial stream. In
addition, we were also interested in exploring whether there was a functional dissociation
between the subregions of the primary motor cortex (M1), namely BA4a and BA4p.

We found a dissociation between the two tasks in terms of task-related brain activity:
while both PPT and handgrip force led to activate the sensorimotor and parietal areas, PPT
recovery was modeled by fMRI activity in the ipsilesional primary motor cortex (M1-4p),
superior parietal lobule (SPL-7M) and parietal operculum OP1, and lesion side, and handgrip
force by activity in the ipsilesional M1-4a, OP1, and contralesional inferior parietal lobule
(IPL-PFt). Moreover, the relationship between fMRI activity and hand recovery was time-
dependent, occurring in the early recovery period in SPL-BA-7M and later in M1.

In conclusion, our results confirmed our hypothesis, suggesting that brain areas of both
dorsolateral and dorsomedial networks participate to visuomotor reach and grasp tasks (PPT),
while only the dorsolateral network areas may control recovery of simple grasp (handgrip
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force). These findings support the notion that the type of movement modulates network
recruitment. We also found that BA4a is more related to a simple grasp task and BA4p to
PPT, a task that requires independent finger movements. The article was published in Cortex
Journal on 17 April 2020.

3.1.2 Article

This part was intentionally left blank. The article starts on the next page.
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a b s t r a c t

Motor hand deficits impact autonomy in everyday life, and neuroplasticity processes of

motor recovery can be explored using functional MRI (fMRI). However, few studies have

used fMRI to explore the mechanisms underlying hand recovery following stroke. Based on

the dual visuomotor model positing that two segregated dorsomedial and dorsolateral

cerebral networks control reach and grasp movements, we explored the relationship be-

tween motor task-related activity in the sensorimotor network and hand recovery

following stroke.

Behavioral recovery was explored with a handgrip force task assessing simple grasp,

and a visuomotor reaching and precise grasping task, the Purdue Pegboard Test (PPT). We

used a passive wrist flexion-extension task to measure fMRI activity in 36 sensorimotor

brain areas. Behavioral and fMRI measurements were performed in 27 patients (53.2 ± 9.5

years) 1-month following stroke, and then 6-month and 24-month later. The effects of

sensorimotor activity on hand recovery were analyzed using correlations and linear mixed

models (LMMs).

PPT and handgrip force correlated with fMRI activity measures in the sensorimotor and

parietal areas. PPT recovery was modeled by fMRI measures in the ipsilesional primary

motor cortex (MI-4p), superior parietal lobule (SPL-7M) and parietal operculum OP1, and

lesion side. Handgrip force was modeled by ipsilesional MI-4a, OP1, and contralesional

inferior parietal lobule (IPL-PFt). Moreover, the relationship between fMRI activity and hand

recovery was time-dependent, occurring in the early recovery period in SPL-BA-7M, and

later in MI.

These results suggest that areas of both dorsolateral and dorsomedial networks

participate to visuomotor reach and grasp tasks (PPT), while dorsolateral network areas

may control recovery of simple grasp (handgrip force), suggesting that the type of move-

ment modulates network recruitment. We also found functional dissociations between MI-
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4p related to PPT that required independent finger movements and MI-4a related to simple

grasp without independent finger movements. These findings need to be replicated in

further studies.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Stroke remains a leading cause of acquired motor disability in

adults, with manual dexterity being often impaired following

stroke (Horn, Grothe, & Lotze, 2016). As new therapies are

emerging in stroke, approaches to identify mechanisms and

biomarkers of motor recovery of the paretic hand using MRI

are needed. Furthermore, prognostic measures to assess the

individual potential for improvement are also an important

step in developing more targeted interventions. To this end,

functional neuroimaging techniques may provide an insight

into neuroplasticity processes involved in motor recovery to

develop tailored programs of rehabilitation following stroke

(Horn et al., 2016). Among the currently available MRI tech-

niques, functional MRI (fMRI) using motor task paradigms is

considered as a potential tool in stroke recovery studies

because of its ability to allowdynamic representation ofmotor

activity. Typical patterns related to hand motor tasks in

healthy participants are characterized by increased activity in

the canonical sensorimotor areas, comprising the contralat-

eral premotor cortex (PMC), primary sensorimotor cortex (SI,

MI), Supplementary Motor Area (SMA), and ipsilateral cere-

bellum (anterior cerebellum or IV, V, VI lobules and posterior

cerebellum or VIII lobules) (Keisker, Hepp-Reymond, Blick-

enstorfer, Meyer, & Kollias, 2009). Of note, both passive and

active motor tasks activate the sensorimotor cortex (Berlot,

Prichard, O’Reilly, Ejaz, & Diedrichsen, 2019; Blatow et al.,

2011; Weiller et al., 1996), as well as the other areas of the

sensorimotor network such as the posterior parietal regions

(Estevez et al., 2014; Loubinoux et al., 2001). In stroke, fMRI

activity related to movements of the paretic hand has been

observed in both ipsilesional and contralesional frontoparietal

regions (Lotze et al., 2012; Marshall et al., 2000; Rehme et al.,

2015). Typically, the restoration of a normal motor pattern is

typically associated with good motor outcomes (Favre et al.,

2014; Rehme, Eickhoff, Rottschy, Fink, & Grefkes, 2012).

Furthermore, there is increasing evidence that measures of

motor related fMRI activity in the sensorimotor network

correlate with motor performance assessed outside the

scanner (Hannanu et al., 2017; Loubinoux et al., 2003; Rehme

et al., 2012), and can predict motor recovery (Favre et al.,

2014; Hannanu et al., 2017; Loubinoux et al., 2007; Rehme

et al., 2015; Richards, Stewart, Woodbury, Senesac, &

Cauraugh, 2008).

Prehension is a basic and pivotal component of daily-life

functional tasks for the manipulation of objects (Frey, 2008).

Manual prehension consists of two temporally integrated

movements, reach and grasp, each mediated by different

neural pathways from the visual to motor cortex (Goodale &

Milner, 1992; Jeannerod, Arbib, Rizzolatti, & Sakata, 1995;

Pandya, 2015a). First, Milner (Milner & Goodale, 2008) and

Goodale (Goodale & Milner, 1992) proposed the coexistence of

a ventral circuit for object identification, and a dorsal circuit

from the visual cortex via the posterior parietal to premotor

and motor regions for visually guided actions directed at ob-

jects. A more recent view (Culham & Valyear, 2006) based on

the macaque model (Borra, Gerbella, Rozzi, & Luppino, 2017)

and neuroimaging studies in humans (Cavina-Pratesi et al.,

2010) posits that two specialized dorso-parietofrontal cir-

cuits control prehension, both of which include projections to

MI. In humans, the dorsolateral circuit connects the anterior

bank of the intraparietal sulcus (aIPS) and inferior parietal

lobule (IPL) to the ventral premotor cortex (PMv) for generating

purposeful hand actions such as grasping, including hand pre-

shaping aswell as some programming aspects of grasping and

manipulation of objects that require precision (Culham &

Valyear, 2006; Davare, Andres, Clerget, Thonnard, & Olivier,

2007).

The dorsomedial circuit connects the superior parieto-

occipital cortex (SPOC) and superior parietal lobule (SPL ¼
BA5 and BA7) to the dorsolateral premotor cortex

(PMd ¼ dorsolateral BA6), where visuospatial processing can

combine appropriate sensorimotor information to monitor

the different phases of reaching (Cavina-Pratesi et al., 2010;

Filimon, Nelson, Hagler, & Sereno, 2007; Filimon, Nelson,

Huang, & Sereno, 2009; Vesia et al., 2017). However this dual

visuomotor circuit model has been challenged with recent

evidence of amore complex arrangement in both human (Grol

et al., 2007) and nonhuman primates (Nelissen, Fiave, &

Vanduffel, 2018). First, functional neuroimaging and TMS

studies have shown that grasping tasks may involve both

dorsomedial and dorsolateral circuits, although with different

timings, according to the type and the degree of precision

required by the movement (Davare, Andres, Cosnard,

Thonnard, & Olivier, 2006; Grol et al., 2007). Second, fMRI

studies have revealed that PMd and SMA were activated for

grasp movements without reach component (Cavina-Pratesi

et al., 2010). Third, TMS (Vesia et al., 2017) and fMRI (Cavina-

Pratesi et al., 2010) studies have shown that the anterior

SPOC, which includes the putative human homologue of V6A

(Pitzalis, Fattori, & Galletti, 2015) and belongs to the dorso-

medial circuit, controls grip components that might be inte-

grated in goal directed actions. These findings are in line with

nonhuman primate works showing that the dorsomedial

reaching circuit, and more specifically V6Ad, conveyed as-

pects of grasp-specific information (Nelissen et al., 2018).

Along these lines (Budisavljevic et al., 2017), have corre-

lated diffusion tractography with kinematic data in 30 healthy

participants to explore the selectivity of fronto-parietal con-

nections of the three branches of superior longitudinal
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fasciculus (SLF, including SLFI, SLFII and SLFIII) for different

components of a hand reach and grasp paradigm. The authors

found that bilateral SLFII and SLF III were associated with the

kinematicmarkers of both reaching and grasping components

of action (Budisavljevic et al., 2017), suggesting that a common

network supports visuomotor processing to generate and

control reaching and reach and grasp movements

(Budisavljevic et al., 2017; Howells et al., 2018).

Nevertheless, there is some agreement in the literature

that reach and grasp movements are to some extent sub-

served by segregated visuomotor frontoparietal pathways,

with a dissociation between the dorsomedial/reach circuit

and the dorsolateral/grasp circuit (Cavina-Pratesi et al., 2018;

Grafton, 2010; Karl & Whishaw, 2013; Vesia et al., 2017). The

human dorsolateral/grasp circuit, similarly to the grasping

lateral network in the macaque (Borra et al., 2017), comprises

SMI, PMd and PMv, SMA, aIPS, SII (human OP1 and OP4),

thalamus, and cerebellum (Cavina-Pratesi et al., 2018; Ehrsson

et al., 2000). Moreover, while there are multiple actions that

can be combined to generate grasp behaviors, two main

components, grip force and precision grasping, have emerged

(Ehrsson et al., 2000; Grafton, 2010). The pattern of activity for

grip tasks in which fingers need to generate an appropriate

grip force includes the IPL, pallidum, anterior insula, and

cingulate motor area (CMA) in addition to the common grasp-

related pattern (Cramer et al., 2002; Dettmers et al., 1995;

Keisker et al., 2009). Moreover, the degree of force exerted

was directly proportional to the amplitude of the brain signal

determined by fMRI in the sensorimotor cortex and the

anterior cerebellum (Keisker et al., 2009). A relationship be-

tween force and fMRI signal was also observed for PMv and IPL

(Dai, Liu, Sahgal, Brown,& Yue, 2001; Keisker et al., 2009), with

more controversial findings for SMA and CMA (Dai et al., 2001;

Dettmers et al., 1995; Keisker et al., 2009). This suggests that

network activity in areas of the dorsolateral circuit (MI, PMv,

IPL) is necessary for controlling static force of finger muscles

(Dai et al., 2001). For precision grasp, such as the grasp used in

reach to grasp tasks, the key hubs include the aIPS and PMv in

the dorsolateral network, and V6A, PMd, and SMA in the

dorsomedial network (Cavina-Pratesi et al., 2010, 2018;

Culham & Valyear, 2006; Vesia et al., 2017).

Taken together, these studies suggest that dorsolateral and

dorsomedial circuits interact to achieve appropriate grasping

behaviors, arguing against the dual visuomotormodel viewing

two independent fronto-parietal pathways to be responsible

for reaching (dorsomedial network) and grasp movements

(dorsolateral network), As previously suggested by (Grafton,

2010; Milner & Goodale, 2008), one approach to address some

of the issues raised in the literature would be to account for

the type of the task, as many paradigms engage some degree

of both reach and grasp components. Accordingly, we hy-

pothesized that a prototypical grasping task (without reach

movement) would be subserved by the dorsolateral circuit,

while tasks combining reach and fine grasp movements

would engage both circuits.

We were also interested to explore the visuomotor model

in the primarymotor cortex (MI), which is the common output

of the dorsolateral and dorsomedial circuits (Karl &Whishaw,

2013). In both human (Geyer et al., 1996) and nonhuman pri-

mates (He, Dum, & Strick, 1993), MI area can be divided into

two subregions. In the human brain, MI-4a and MI-4p differ in

terms of cyto-, myelo- and chemoarchitectony: MI-4a is lying

in the rostral part of MI located caudally to the dorsal pre-

motor cortex, andMI-4p is the caudal part lying in the depth of

the central sulcus next to SI-3a (Geyer et al., 1996). Rathelot

et al. (Rathelot & Strick, 2009) showed a differential distribu-

tion of the cortico-motoneuronal cells for MI-4a and MI-4p in

themacaque brain, resulting in a new view ofMI organization,

with monosynaptic connections from MI-4a to interneurons

in the intermediate zone of the spinal cord, andmonosynaptic

connections from MI-4p directly to motoneurons in the

ventral horn of the spinal cord. Monosynaptic input from the

cerebral cortex to motoneurons is a relatively new phyloge-

netic feature (Kuypers, 1981), providing the ability to produce

independent movements of the fingers and thus skilled

movements such as precise grasp and tool manipulation. As a

result, MI-4p is considered as the new MI, as compared to the

phylogenetically older MI-4a, which is associated with less

complex motor patterns (Rathelot & Strick, 2009). In humans,

the functional role of MI-4a and MI-4p in human studies re-

mains debated. On one hand, an fMRI study in healthy par-

ticipants has observed a functional dissociation between MI-

4a and MI-4p, with higher fMRI activity related to a flexion-

extension task of the fingers in MI-4a than in MI-4p, while

the reverse was observed for a sequential finger tapping

requiring to move the fingers independently (Jaillard, Martin,

Garambois, Lebas, & Hommel, 2005). Similar dissociations

were also found in other stroke studies. The anatomo-

functional subdivision of MI hand area has been related to

subregions subserving different roles in motor control with

MI-4p recruited by tasks engaging cognitive (Sharma, Jones,

Carpenter, & Baron, 2008), attentional (Binkofski et al., 2002)

or distal components (Vigano et al., 2019). In contrast, a meta-

analysis showed that MI-4a activity was related to precision

(versus force) handgrip, and MI-4p was related to dynamic

(versus static) handgrip (King, Rauch, Stein, & Brooks, 2014).

Here, we explored MI-4a and MI-4p separately, based on the

assumption that MI-4pmay be the output of precise grip tasks

requiring independent finger movements, while MI-4a would

drive simple motor tasks without independent finger move-

ments, such as handgrip.

The main goal of this study was to determine using fMRI

the neural structures engaged in motor hand recovery, in

relation with the dorsolateral and dorsolateral frontoparietal

circuits and the dual visuomotor model.

We first characterized motor hand recovery in patients

with moderate to severe ischemic hemispheric stroke with

two types of grasping tasks: a handgrip force task measuring

the maximum force grip using a dynamometer, and a reach

and grasp task requiring manual dexterity (i.e. precision

grip) using the Purdue pegboard Task (PPT). Second, we

measured fMRI activity elicited by a passive sensorimotor

task of the paretic hand as described in Hannanu et al.

(2017). As the regional fMRI BOLD-contrast signal is mono-

tonically related to underlying neural activity in the fron-

toparietal cortex, it is possible, by comparing movement and

rest periods, to measure changes in sensorimotor system

activity reflecting motor behavioral performances following

stroke. Therefore, to assess the neural correlates of hand-

grip force and PPT, we correlated behavioral performances
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with fMRI activity measures from the sensorimotor network

including the dorsolateral and dorsomedial regions during

stroke recovery. We used a passive sensorimotor task

because most patients were not able to perform active hand

movements due to upper limb motor paresis at the subacute

period of stroke. During the passive task, an examiner

standing in the scanner room during the fMRI scan per-

formed the flexion extension of the patient’s paretic wrist.

As both motor behavioral performances and fMRI activity

patterns change during motor recovery (Favre et al., 2014;

Marshall et al., 2000), we performed a longitudinal study

combining behavioral and fMRI measurements at one

month following stroke (M0), and six months (M6) and 24

months (M24) later.

Third, to determine the neural structures engaged in re-

covery of handgrip force and PPT, we modeled handgrip and

PPT recovery using linear mixed models (LMMs) testing the

effects of fMRI activity of ROIs spanning the frontoparietal

networks on motor recovery. We also tested the effects of

stroke features in the LMMs, including the hemispheric side of

the lesion due to frontoparietal pathway asymmetry

(Sainburg, 2002; Thiebaut de Schotten et al., 2011). Of note,

patients were enrolled in a clinical trial assessing stem cell

therapy (Jaillard et al., 2020). Theywere included at onemonth

following stroke (M0) and were followed until the late chronic

period of stroke (M24).

2. Material and methods

We report how we determined our sample size, all data ex-

clusions, all inclusion/exclusion criteria, whether inclusion/

exclusion criteria were established prior to data analysis, all

manipulations, and all measures in the study.

2.1. Participants

We performed the ISIS-HERMES study, a monocenter (Gre-

noble Alpes University Hospital (CHUGA), France), prospec-

tive, randomized, open-label, controlled trial with blind

outcome evaluation. Patients were randomized to receive IV

injection of MSCs (Treatment group) or rehabilitation alone

(Control group). Both ISIS (Intravenous Stem cells after

Ischemic Stroke) and HERMES (HEuristic value of multimodal

MRI to assess MEsenchymal stem cell therapy in Stroke)

studies were approved by the ethics committee (Comit�e de

Protection des Personnes). The trial is registered with

ClinicalTrials.gov, number NCT00875654.

We enrolled 31 patients aged 18e70 years with an ischemic

stroke within the anterior circulation territory, less than two

weeks post-onset, with persistent neurological deficits (NIHSS

�7), assessed just before cell injection. We did not include

patients with brainstem or minor stroke, previous neurolog-

ical or psychiatric disease, or severe comorbid medical dis-

ease. All patients were admitted to the CHUGA Stroke Unit for

inclusion and follow-up visits. They received standard medi-

cal and rehabilitation care. The baseline visit (M0) was per-

formed just before the MSC injection. Follow-up visits were

performed after six months (M6) and 24 months (M24)

following M0.

Thirty two healthy participants aged 18e70 years were also

included in the ISIS-HERMES study to undergo the experi-

mental motor tasks and the MRI protocol.

All patients and healthy participants gave written

informed consent.

2.2. Behavioral tests

Patients underwent the Purdue Pegboard Test [PPT] (http://

www.equipement-ergotherapie.com/8-dexterit�e-manipula-

tion.html) (Rapin, Tourk, & Costa, 1966) and the LaFayette

Dynamometer (https://www.prohealthcareproducts.com/

100-kg-220lb-hand-grip-dynamometer-lafayette-in-

struments/) (Sunderland, Tinson, Bradley,&Hewer, 1989) that

were used as themain outcomemeasures at M0, M6, andM24.

The purpose of the PPT was to test fine manual dexterity

comprising reaching and grasping components. Features of

the measure are described online: https://www.strokengine.

ca/en/indepth/ppt_indepth. During the test, patients were

seated with the Purdue Pegboard on a table in front of him/

her. The testing board consisted of a board with 2 cups across

the top containing 25 pins each and two vertical rows of 25

small holes down the center. Patients were asked to place as

many pins as possible down the row within 30 s, first with the

paretic hand. Wemeasured the total number of pins placed in

the assigned row using the paretic hand in the allotted time.

The trial was repeated 3 times and a PPT score was calculated

based on the number of pins placed down averaged across the

3 trials. A score of 0 was given when the participant could not

perform the task due to upper limb paresis.

The dynamometer bymeasuring grip force involvesmainly

grasping components. The purpose of the handgrip force test

was tomeasure themaximum isometric force of the hand and

forearmmuscles. Patients held the dynamometer in the hand,

with the arm at right angles and the elbow by the side of the

body. They were asked to squeeze the dynamometer with

maximum isometric effort, which is maintained for about 5 s,

without other body movements (https://www.topendsports.

com/testing/tests/handgrip.htm). The grip force score was

obtained by computing the average of 3 trials. Both PPT and

dynamometer provide reliable and valid evaluation for hand

motor function (Heller et al., 1987), and force (Sunderland

et al., 1989) respectively.

In addition, we assessed stroke severity using the National

Institutes of Health Stroke Scale (NIHSS) (Brott et al., 1989),

functional independence using the Barthel Index of activities

of daily living (Mahoney & Barthel, 1965), and neurological

disability using theModified Rankin Score (mRS) (van Swieten,

Koudstaal, Visser, Schouten, & van Gijn, 1988). Motor impair-

ment was assessed with the motor-Fugl Meyer Score (FMS,

range 0e100) (Sullivan et al., 2011). The motor-FMS is a vali-

dated and reliable scale assessing motor function based on

reflex activity, volitional movements and coordination of the

upper and lower limbs, widely used for post-stroke motor

assessment in RCTs (Chollet et al., 2011).

Behavioral assessment was performed by a neuropsy-

chologist (dynamometer, PPT), a stroke neurologist (neuro-

logical examination, NIHSS, Barthel, mRS) and a

physiotherapist (FMS), all blind to treatment allocation, at

baseline (one month after stroke) and at six and 24-month
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follow-up. The behavioral and fMRI assessment time points

are shown in Table 1.

2.3. MRI data acquisition

Passive task paradigm. We used a passive sensorimotor task for

the paretic hand rather than an active task because most

patients could not perform voluntary movements of the hand

at baseline (M0), since they had hemiparesis due to stroke.

Moreover, passive tasks have higher reproducibility because

of lower associated neural activity variability related to the

patient’s degree of motor impairment, range, and speed of

motion, and required effort. Test-retest reproducibility

studies of passive limb movements have shown good reli-

ability for both within and between sessions in healthy par-

ticipants and stroke patients (Gountouna et al., 2010;

Loubinoux et al., 2001; Quiton, Keaser, Zhuo, Gullapalli, &

Greenspan, 2014). The task paradigm consisted of 8 cycles

alternating 20 sec epochs of rest and 45� passive wrist flexion

and extension at 1 Hz (Fig. 1). We studied the passive-FE for

the paretic hand in patients and the right hand in healthy

participants, as described in (Loubinoux et al., 2001) and

(Hannanu et al., 2017). All participants were instructed to

remain still and relaxed during the scan. One examiner

standing inside the room administered movements by mov-

ing a forearm splint with an axis of rotation through the wrist.

Movements were visually cued using a screen placed in front

of the examiner. While care was taken to observe mirror

movements of both hands and feet, none were observed.

MRI protocol. MRI was performed at 3T (Achieva 3.0T TX,

Philips, The Netherlands) at the IRMaGe MRI facility (Grenoble,

France)witha32channelheadcoil.Weacquiredhighresolution

structural images including sagittal 3D-T1-weighted (TR

7.75 ms, TE 3.62 ms, flip angle 9�, FOV: 252*192*252, 192 slices,

voxel size ¼ .98*0.98*1 mm, thickness ¼ 1 mm, gap ¼ 0 mm,

duration ¼ 339 sec) and 3D-FLAIR images (TR 8 sec, TE 342 ms,

flip angle ¼ 90�, FOV: 241*192*250, 274 slices, voxel

size ¼ .434*.434*.7 mm, thickness ¼ 1.4 mm, gap ¼ �.7 mm,

duration ¼ 424 sec). Then, we acquired 113 Echo planar images

(EPI) for the passive task of the paretic hand using the following

parameters: TR 3000 ms, TE 30 ms, field of view (FOV):

220*220*147 mm, 59 axial slices. Flip angle ¼ 80�, voxels

2.3*2.3*2.3 mm3, gap ¼ .25 mm, run duration ¼ 348 s. Total

acquisition time was 20 min. These sequences were part of the

study MRI protocol including in the following order: T1, FLAIR,

resting state, passivemotor task, tactile sensory task, diffusion,

and perfusion sequences. The total duration was one hour.

2.4. MRI data analysis

Lesion volumes were determined by manual delineation of

FLAIR images (Kuhn et al., 1989) using MRIcron (https://www.

nitrc.org/projects/mricron).

Data preprocessing and processing, was performed using

Statistical Parametric Mapping (SPM12: http://www.fil.ion.

ucl.ac.uk/spm), as described in (Hannanu et al., 2017). Of

note, T1, FLAIR, and EPI images were not flipped. Following

visual inspection for spatial artifacts, EPI time series were

checked for temporal artifacts and realigned. Next, the T1-

weighted and FLAIR images were coregistered and aligned

to the mean of the EPI time series. Segmentation of the

structural images (T1 and FLAIR) resulted in a deformation

field that was used to spatially normalize the EPI data to

Montreal Neurological Institute (MNI) space. Finally, the EPI

images in MNI space were smoothed using a full-width at

half maximum (FWHM) Gaussian kernel of 5*5*5 mm3. The

structural T1-weighted and FLAIR images were also

normalized to MNI space at 1 mm3 resolution. Intensity

outliers were detected using ART (https://www.nitrc.org/

projects/artifact_detect), with an interscan movement

threshold of 1 mm, and a global interscan signal intensity

threshold of 3 SD relative to the session mean. In 6 patients

with significant head motions, the movement thresholds

were adjusted to limit the number of outliers to 20% of the

total volumes.

The first level voxel-wise analysis was performed in SPM12

using a general linear model including passive movement

conditions, outliers and head motion estimates as regressors,

and a high-pass (128hz) filter. The task regressors were

convolved with a canonical HRF. Contrasts of the movement

related parameter estimates were generated for subsequent

ROI analyses.

To explore the relationship between the sensorimotor

network and outcome, we selected a priori ROIs that are re-

ported as part of the sensorimotor network, and the parietal

areas of the dorsolateral and dorsomedial networks, resulting

in 36 left and 36 right ROIs listed in Table 2. For more infor-

mation on these ROIs, see (Borra et al., 2017; Doyon, Penhune,

& Ungerleider, 2003; Eickhoff et al., 2010; Hannanu et al., 2017;

Pandya, 2015b). Prefrontal, occipital and temporal areas were

not included because they were not activated by the passive

sensorimotor task (Fig. 2), and thus could not be sensitive to

task effects. The 36*2 ROIs were extracted from the SPM

Anatomy Toolbox (Eickhoff, Paus, et al., 2007) and from the

AAL atlas (Tzourio-Mazoyer et al., 2002). Using these ROIs, we

Table 1 e Hand motor task including Purdue Pegboard Test (PPT) and Grip Force (Grip) and fMRI assessment time points.

Study time points Mean Delay from stroke onset Hand motor tasks MRI Clinical assessment

Stroke onset Day 0 e e NIHSS

Inclusion Day 4e15 e e NIHSS þ MRS þ BI

Baseline visit (M0) Day 31 (27e35) PPT þ Grip fMRI NIHSS þ MRS þ BI

Cell therapy Day 32 (28e35) e e NIHSS

Six-month follow-up (M6) Day 210 (±15) PPT þ Grip fMRI NIHSS þ MRS þ BI

Two-year follow-up (M24) Day 760 (±30) PPT þ Grip fMRI NIHSS þ MRS þ BI

NIHSS indicates the National Institutes of Health Stroke Scale, mRS the modified Rankin Score, and BI the Barthel Index.
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Fig. 1 e T1-rendered montage of brain activity during passive movement of the right hand in 32 healthy participants. Axial

slices are displayed with for z MNI coordinates indicated in the bottom left corner in mm. A threshold of p < .05 corrected for

multiple comparisons is used to allow visualization of the spatial distribution of activity. The color of the bar indicates the

intensity of brain activity (t-statistic). The right hand is the referent hand. The left hemisphere is represented on the left side

of picture (neurological convention).
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computed peak ROI Cohen’s d effect sizes (d values) that were

derived from t maps for each participant using the ‘Volumes

toolbox’ SPM extension (Volkmar Glaucher http://sourceforge.

net/projects/spmtools). Cohen’s d values were used to assess

the relationship between passive-FE related brain activity and

behavioral scores.

2.5. Statistical analysis

Clinical characteristics and behavioral scores are reported

using: 1) median with percentiles and mean with standard

deviations for continuous data and 2) absolute counts and

percentages for categorical data. PPT and handgrip tests

were scored 0 when patients could not perform the tasks

due to hand paresis. Comparisons of PPT and handgrip

performances between healthy participants and patients at

each session were performed using univariate analyses of

variance (ANOVA) after adjusting for the effects of age and

sex and bootstrapping with 1000 replications. The influence

of time and sensorimotor activity on hand motor recovery

was analyzed using a linear mixed model (LMM)

accommodating repeated measures and including patient as

a random effect (Cheng, Edwards, Maldonado-Molina,

Komro, & Muller, 2010; Maas & Snijders, 2003). The depen-

dent variables were the behavioral scores measured 3 times

per patient. For both PPT and grip force scores, we first

modeled the fixed effects of time from M0 (baseline), M6,

and M24 (end of follow-up), adjusting for cell therapy and

lesion side. Bonferroni correction was applied for adjust-

ment for multiple comparisons of sessions. Then, we tested

the effects of sensorimotor activity on PPT and handgrip

over time, after adjustment for cell therapy. The effects of

demographic and stroke characteristics including age, sex,

lesion side, and volume were also tested and kept in the

model if significant. Statistical significance was determined

with the F-test (p < .05) and model fit was estimated with the

�2 log likelihood (-2LL), Akaike Information Criterion (AIC),

calibration and discrimination (Steyerberg et al., 2001).

Calibration was examined by plotting adjusted predicted

versus observed values for the behavioral scores. Discrimi-

nation assessed prediction accuracy by examining the dis-

tribution of the Pearson residuals and plotting residuals

Table 2 e Abbreviations for the 36 brain regions included in the analysis. In the text, i-indicates ipsilesional and c-
contralesional ROIs. BA indicates Brodmann area and IPL inferior parietal lobule.

No. Abbreviation Full ROI Name

1. MI-4a Primary Motor cortex (MI) BA 4a

2. MI-4p Primary Motor cortex (MI) BA 4p

3. SI-3a Primary Somatosensory cortex (SI) BA 3a

4. SI-3b Primary Somatosensory cortex (SI) BA 3b

5. SI-1 Primary Somatosensory cortex (SI) BA 1

6. SI-2 Primary Somatosensory cortex (SI) BA 2

7. dPMC dorsal PreMotor Cortex BA6

8. vPMC ventral PreMotor Cortex BA6

9. SMA Supplementary Motor Area BA6

10. Cereb V Cerebellum lobule V

11. Cereb VI Cerebellum lobule VI

12. Cereb VIIIa Cerebellum lobule VIIIa

13. Cereb VIIIb Cerebellum lobule VIIIb

14. MCA Motor Cingulate Area

15. BA44 BA44

16. Insula Anterior Insula

17. Lenticular Lenticular nucleus

18. Thal-M Motor Thalamus

19. Thal-M Somatosensory Thalamus

20. OP1 Parietal operculum OP1 (S2)

21. OP4 Parietal operculum OP4 (PV)

22. IPL PF Inferior Parietal Lobule (IPL) Supramarginal gyrus (SMG) BA 40 F

23. IPL PFcm IPL SMG BA 40

24. IPL PFm IPL SMG BA 40

25. IPL PFop IPL SMG BA 40

26. IPL PFt IPL SMG BA 40

27. AIPS IPL1 Ventral anterior intraparietal sulcus (vAIPS) hIP1 (Scheperjans 2008a, b)

28. AIPS IPL2 Lateral anterior intraparietal sulcus (lAIPS) hIP2 (Choi 2006)

29. AIPS IPL3 Anterior medial intraparietal sulcus (amIPS) (Scheperjans 2008a, b)

30. SPL 5ci Superior Parietal Lobule (SPL) BA 5ci

31. SPL 5L SPL BA 5L

32. SPL 5M SPL BA 5M

33. SPL 7A Superior Parietal Lobule (SPL) BA 7A

34. SPL 7M SPL BA 7M (Posterior precuneus, hypothetic V6Ad)

35. SPL 7P SPL BA 7P

36. SPL 7 PC SPL BA 7 PC
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versus observed values. SPSS 20.0 was used for data

analysis.

3. Results

3.1. Participants

Thirty-one patients (mean age ¼ 52 ± 10 years; 22 males; 21

left-sided) were recruited between Aug 31, 2010 and Aug 31,

2015. Five patients could not undergo hand motor evaluation

because of stroke severity resulting in severe neglect (N ¼ 1),

anosognosia (N¼ 1), headmovements (N¼1), or refusal (N¼ 1).

Therefore, twenty-seven patients remained in the study

(mean age ¼ 52.69 ± 10 years; 19 males; 17 left-sided lesions).

Mean baseline NIHSS ¼ 13.74 ± 4.63, and motor-FMS

36.41 ¼ ±28.21, indicating moderate to severe neurological

deficits. Among the 27 patients, 13 received intravenous stem

cell therapy at baseline (Jaillard et al., 2020). Patient charac-

teristics at baseline are presented in Table 3. The left and right

hemispheric overlapping lesions plots are presented in Fig. 2.

In addition, Thirty two healthy participants were included in

the study and underwent both behavioral and fMRI assess-

ment (mean age ¼ 25 ± 6 years; 15 males).

Behavioral measures: Descriptive statistics are presented

in Table 4 for the 32 healthy participants and 27 patients.

Fig. 2 e Overlay lesion plots of the 27 patients with left and right hemispheric stroke lesions. The number of overlapping

lesions (n) is shown by different colors coding increasing frequencies from violet to red.

Table 3 e Patients’ characteristics at baseline (one month following stroke onset) for left and right lesion subgroup. N ¼ 27.

Variables All (n ¼ 27) Left Lesion (n ¼ 17) Right Lesion (n ¼ 10) p values*

Numerical Mean (SD) Median (IQR) Mean (SD) Median (IQR) Mean (SD) Median (IQR)

Age, years 53.15 (9.54) 53 (13) 55 (8.79) 57 (16) 50 (10.40) 51 (13) .204

Lesion volume, cm3 100.67 (63.51) 83 (103) 105.65 (55.23) 112 (83) 92.20 (78.13) 57.50 (143) .41

Motor FMS 36.41 (28.21) 31 (34) 43.53 (32.88) 34 (62) 24.30 (10.90) 20.50 (10) .188

Motor NIHSS 6.38 (2.64) 6.50 (4) 6.19 (3.23) 6 (5) 6.70 (1.33) 7 (1) .787

NIHSS 13.74 (4.63) 12 (5) 14.88 (5.46) 12 (10) 11.80 (1.48) 12 (2) .376

Barthel Index 45 (31.89) 45 (55) 42.06 (35.97) 45 (63) 50 (24.38) 47.50 (31) .606

Rankin 3.78 (.51) 4 (0) 3.71 (.59) 4 (1) 3.90 (.32) 4 (0) .572

PPT - Paretic Hand 1.3 (3.28) 0 (0) 2.06 (3.98) 0 (3) 0 (0) 0 (0) .24

Grip - Paretic Hand 3.93 (9.95) 0 (0) 6.24 (12.06) 0 (8) 0 (0) 0 (0) .127

Categorical n % n % n %

Male 19 70.4 11 64.7 8 80 .666

Cell therapy 13 48.1 9 52.9 4 40 .695

SD, standard deviation; IQR, interquartile range; FMS, FugleMeyer Scale; NIHSS, National Institutes of Health Stroke Scale. *Comparison of left

and right lesion subgroup, ManneWhitney U test was used for numerical variables, and Chi-square/Fisher test for categorical variables,

comparing data from left and right side lesion subgroups.
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Stroke patients had significantly lower scores than healthy

participants at each session in the PPT (p ¼ .001) and handgrip

(p ¼ .001). There was no significant effect of age for PPT

(p ¼ .852) and handgrip (p ¼ .733). In patients with stroke, men

performed significant better than women in the handgrip

force (p ¼ .002), but not in the PPT (p ¼ .125). LMM analyses

showed that PPT and grip force improved significantly over

time, after adjusting for lesion side, and cell therapy, indi-

cating significant recovery of hand motor function over time

(Table 5; Fig. 3). For PPT, there was a significant effect of time

from baseline to M24 (mean difference ¼ 1.65, p ¼ .010) and

from baseline to M6 (mean difference ¼ 1.42, p ¼ .029), but not

between M6 and M24 (mean difference ¼ .23, p ¼ 1.00), with a

significant effect of lesion side (mean difference ‘left e right

lesion’ ¼ 3.14, p ¼ .038). For handgrip force, there was a sig-

nificant effect of time from baseline to M24 (mean

difference ¼ 5.16, p < .001), with a trend from baseline to M6

(mean difference ¼ 2.68, p ¼ .072) and no difference between

M6 and M24 (mean difference ¼ 2.47, p ¼ .127). There was a

trend for the lesion side (mean difference ‘left e right

lesion’ ¼ 7.53, p ¼ .092). Of note, age, gender, and lesion vol-

ume had no significant effect on recovery in these models.

3.2. MRI measures

The fMRI activity map related to the passive flexion extension

(FE) of the right wrist in 32 healthy participants showed a

typical activity in the sensorimotor network, and in posterior

parietal areas (Fig. 1). To explore hand motor recovery using

fMRI, we analyzed fMRI sessions in the 27 patients. Among the

81 scheduled sessions (3 time points for 27 patients), 13 fMRI

sessions were not performed because of wrist spasticity and

three additional sessions were excluded from analysis because

of excessive headmovements (two sessions). The remaining 66

sessions (23 at M0, 25 at M6, and 18 at M24) were included for

further analysis. Correlations between hand dexterity, grip

force, and the sensorimotor regions are presented for each

session (M0, M6 and M24) in Table 6 for the sensorimotor

network and Table 7 for the posterior parietal cortex. Broadly,

the correlations betweenmost of the canonical motor ROIs and

motor tasks were not significant at baseline (M0). Then, at M6,

the ipsilesional canonical motor ROIs (except i-PMv), c-PMV, c-

SMA, and contralesional cerebellar ROIs became significant.

The other sensorimotor ROIs were not correlated with PPT and

grip force at M0, except for c-MCA, c-BA44, and c-lenticular

nucleus. In the posterior parietal network, IPL and OP ROIs at

M0were not correlatedwith PPT and grip force at M0, while the

contralesional ROIs showed significant correlations with PPT

and grip force at M6 and M24. By contrast, contralesional AIPs,

and ipsilesional posterior/caudal SPL including BA 5M, 7A, 7M,

and 7P showed significant correlations with motor tasks at M0

that faded over time. Of note, correlations were significant at

M6 for ipsilesional BA 5L, 5M and 7A, and atM24 for ipsilesional

BA 5L and 5M.

Hand motor recovery was explored using a LMM analysis

including time and lesion side. Cell therapy was included in

the model to account for any effect on the outcome. The best

Table 4 e Descriptive statistics (Mean, Standard Deviation (SD), Median, Interquartile Range (IQR)) for Perdue Pegboard Test
(PPT) and grip force (Grip) performed with the dominant hand in 32 controls and the paretic hand in 27 patients assessed at
baseline (M0), six month (M6) and two-year (M24) follow-up.

Group/Session Performance Mean SD Median IQR

Healthy Participants (n ¼ 32) PPT 16.75 1.64 16.67 2.67

Grip 30.44 11.77 26.585 14.92

Patients M0 (n ¼ 27) PPT 1.3 3.279 0 0

Grip 3.93 9.95 0 0

M6 (n ¼ 25) PPT 2.84 4.58 0 7

Grip 7 11.712 0 11

M24 (n ¼ 25) PPT 3.48 5.144 0 9

Grip 9.62 14.688 0 21

Table 5 e Linear mixed model of PPT and grip force
showing the effects of time over time (2 years follow-up),
lesion side and cell therapy, with F test and p values.

PPT Handgrip force

Factors F p value F p value

Intercept 7.56 .011 7.02 .014

Time 5.74 .006 9.78 <.001
Lesion side 4.83 .038 3.08 .092

Cell therapy 2.05 .165 1.14 .296

Fig. 3 e Performances of the Purdue Pegboard Test (PPT)

and the handgrip force over time in 27 patients.
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linear mixed model for dexterity recovery of the paretic hand

assessed with PPT [-2LL ¼ 255; AIC ¼ 259; R2 ¼ .93] was ob-

tained with a set of sensorimotor regions including ipsile-

sional MI-4p by time interaction [F (3, 33) ¼ 3.82 p ¼ .019],

ipsilesional superior parietal lobule (SPL) 7M by time interac-

tion [F (3, 31) ¼ 4.79, p ¼ .007], ipsilesional parietal operculum

(OP1) [F (1, 39) ¼ 9.1, p ¼ .004], lesion side [F (1, 20) ¼ 6.01,

p ¼ .024], and cell therapy [F (1, 22) ¼ 1.32, p ¼ .26]. Coefficient

estimates are reported in Table 8. Significant ROIs are repre-

sented in Fig. 3A.

The LMM for grip force of the paretic hand [-2LL ¼ 358;

AIC ¼ 362; R2 ¼ .96] included ipsilesional MI-4a by time

interaction [F (1, 41) ¼ 9.0, p < .001], ipsilesional OP1 [F (1,

42)¼ 7.32, p¼ .011], and contralesional IPL-PFt by lesion side [F

(1, 37)¼ 8.95, p¼ .001], and cell therapy [F (1, 25)¼ .76, p¼ .391].

Coefficient estimates are reported in Table 9. Significant ROIs

are represented in Fig. 4.

4. Discussion

This longitudinal study explored 27 patients with moderate

to severe subacute stroke using concomitant sensorimotor

hand behavioral and fMRI measurements with a passive FE

task from the subacute to the chronic period of stroke. We

assessed the relationship between manual dexterity and

Table 6 e Correlations betweenmotor scores and fMRI activity in the sensorimotor network at M0, M6 andM24. p values are
provided with bootstrapping (1000 replications). ROI correlations included in the LMM models are bold.

M0 M6 M24

PPT GRIP PPT GRIP PPT GRIP

r p r p r p r p r p r p

Canonical sensorimotor regions

i-MI-4a .332 .141 .294 .195 .552 .006 .606 .002 .653 .006 .597 .015

c-MI-4a .295 .195 .341 .131 .646 .001 .599 .003 .333 .207 .598 .014

i-MI-4p .327 .148 .411 .064 .444 .034 .452 .031 .508 .045 .439 .089

c-MI-4p .208 .367 .366 .102 .217 .319 .185 .398 .273 .307 .287 .282

ieSIe3a .406 .067 .441 .046 .532 .009 .464 .026 .718 .002 .454 .078

ceSIe3a .247 .28 .377 .092 .342 .110 .176 .421 .232 .388 .256 .339

ieSIe3b .297 .191 .294 .196 .537 .008 .570 .004 .569 .021 .514 .042

ceSIe3b .29 .203 .38 .089 .629 .001 .507 .014 .238 .375 .384 .142

ieSIe1 .254 .266 .236 .303 .595 .003 .685 .000 .627 .009 .644 .007

ceSIe1 .381 .088 .412 .064 .615 .002 .485 .019 .227 .397 .379 .148

ieSIe2 .448 .042 .507 .019 .535 .008 .538 .008 .456 .088 .548 .034

ceSIe2 .416 .061 .474 .03 .593 .003 .495 .016 .13 .645 .24 .389

i-dPMC .332 .141 0.3 .187 .511 .013 .621 .002 .595 .015 .575 .02

c-dPMC .253 .269 .241 .293 .486 .019 .452 .031 .188 .486 .29 .276

i-vPMC �.069 .766 �.037 .873 .048 .829 �.034 .877 .135 .617 .022 .935

c-vPMC .396 .075 .418 .06 .532 .009 .506 .014 .496 .051 .532 .034

i-SMA .287 .207 .315 .164 .411 .052 .373 .080 .364 .166 .543 .03

c-SMA .337 .135 .404 .069 .494 .017 .424 .044 .354 .178 .583 .018

Cerebellar network (cerebellar lobules)

i-V .035 .879 .07 .762 .284 .189 .217 .321 .573 .020 .464 .07

c-V .217 .345 .105 .65 .643 .001 .544 .007 .771 .000 .610 .012

i-VI �.12 .605 �.069 .767 .271 .211 .184 .400 .122 .653 .275 .303

c-VI .338 .134 .428 .053 .63 .001 .492 .017 .779 .000 .583 .018

i-VIIIa �.012 .96 �.046 .844 .309 .151 .185 .398 .385 .141 .413 .112

c-VIIIa .275 .228 .27 .236 .495 .016 .312 .148 .579 .019 .444 .085

i-VIIIb .066 .775 .169 .464 .403 .056 .216 .322 .31 .243 .349 .186

c-VIIIb .402 .071 .372 .097 .47 .024 .275 .204 .612 .012 .399 .126

Sensorimotor related regions

i-MCA .147 .525 .268 .241 .351 .101 .308 .153 .229 .394 .376 .152

c-MCA .294 .196 .449 .041 .361 .09 .208 .341 .295 .267 .325 .22

i-BA44 �.037 .875 �.06 .795 .002 .993 �.05 .822 .314 .237 .209 .437

c-BA44 .442 .045 .462 .035 .25 .25 .229 .294 .323 .222 .314 .236

i-ant Insula .204 .376 .167 .469 �.07 .768 �.077 .727 .377 .149 .395 .13

c-ant Insula .236 .302 .264 .247 .292 .177 .275 .205 .226 .399 .379 .148

i-lenticular .088 .704 .002 .993 .201 .358 .009 .969 �.07 .804 .087 .748

c-lenticular .411 .064 .454 .039 �.23 .301 �.262 .227 .03 .913 .114 .674

i-M-thal. �.062 .789 �.171 .458 �.16 .461 �.161 .462 .085 .756 .128 .637

c-M-thal. .222 .334 .261 .253 �.11 .625 �.227 .298 .004 .988 .123 .651

i-S-thal. .095 .682 �.023 .921 �.17 .436 �.09 .682 .051 .85 .154 .568

c-S-thal. .19 .41 .169 .463 .232 .287 .106 .632 .046 .866 .161 .552

r indicates Pearson’s coefficient, i-for ipsilesional, and c-for contralesional. See Table 2 for the list of ROIs.
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handgrip force and sensorimotor region activity at one

month following stroke (M0) and then six months (M6) and

two years later (M24). Then, using a linear mixed model

analysis, we assessed the role of regional sensorimotor ac-

tivity on hand motor recovery as a function of time. Our

findings showed an association between fMRI activity pat-

terns and hand motor recovery with a spatiotemporal

pattern. Hand performance was correlated with fMRI activity

in (1) AIPS and SPL ROIs at the early phase of recovery (M0);

(2) bilateral regions of the sensorimotor network and the

parietal operculum, IPL, and SPL at the early chronic phase of

recovery (M6); (3) ipsilesional canonical areas and parietal

regions (OP1, IPL, AIPS1 and SPL-5) at the late chronic phase

of recovery (M24). These results are in line with the neuro-

imaging literature on stroke motor recovery supporting the

idea that good recovery is associated with the restoration of a

normal activity pattern (Favre et al., 2014; Rehme et al., 2012).

Furthermore, there was a dissociation between the recovery

fMRI patterns of PPT and handgrip force. While PPT recovery

was predicted by fMRI activity within i-MI-4p, and ROIs of

both the dorsolateral network (i-OP1) and dorsomedial

network (i-SPL-7M), handgrip force was predicted by activity

in i-MI-4p, and ROIs of both the dorsolateral network

including i-OP1and c-IPL-PFt. These results suggest that the

dual model based on segregated dorsolateral and dorsome-

dial streams can be applied to simple grasping tasks, but was

challenged when considering in details the neural correlates

of each task. We also found a dissociation between MI-4a

related to handgrip force and MI-4p related to PPT, suggest-

ing a functional specialization for these two MI areas as

previously shown in the macaque (Rathelot & Strick, 2009).

Finally, there was an effect of the lesion side, supporting

Table 7e Correlations betweenmotor scores and fMRI activity in the posterior parietal cortex atM0,M6 andM24 (See Table 2
for ROI list). p values are provided with bootstrapping (1000 replications). ROI correlations included in the LMM models are
bold.

M0 M6 M24

PPT GRIP PPT GRIP PPT GRIP

r p r p r p r p r p r p

Parietal operculum

i- OP1 .122 .597 .181 .432 .527 .010 .590 .003 .454 .077 .534 .033

c-OP1 .068 .769 .096 .678 .593 .003 .599 .003 .334 .207 .483 .058

i-OP4 .148 .523 .134 .561 .331 .123 .194 .375 .449 .081 .318 .231

c-OP4 .394 .078 .327 .148 .574 .004 .604 .002 .317 .231 .522 .038

Inferior parietal lobule

i-IPL-PF .043 .854 .113 .626 .231 .288 .283 .191 .341 .196 .35 .184

c-IPL-PF .346 .124 .349 .120 .641 .001 .543 .007 .571 .021 .616 .011

i-IPL-PFcm .052 .822 .125 .589 .408 .054 .514 .012 .474 .064 .473 .064

c-IPL-PFcm .173 .453 .171 .459 .463 .026 .309 .151 .339 .200 .411 .114

i-IPL-PFm .055 .812 .015 .948 .262 .228 .288 .182 .168 .534 .276 .300

c-IPL-PFm .297 .19 .41 .065 .481 .02 .355 .096 .478 .061 .572 .021

i-IPL-PFop .097 .674 .19 .411 .418 .047 .576 .004 .381 .145 .472 .065

c-IPL-PFop .147 .525 .15 .517 .677 .000 .634 .001 .512 .043 .642 .007

i-IPL-PFt .021 .927 .063 .788 .184 .401 .13 .554 .191 .479 .261 .329

c-IPL-PFt .306 .177 .342 .129 .738 .000 .645 .001 .549 .028 .634 .008

Anterior bank of intraparietal sulcus

i-IPL-AIPS1 .221 .336 .139 .547 �.003 .99 .0740 .739 .642 .007 .553 .026

c-IPL-AIPS1 .432 .050 .553 .009 .226 .299 .193 .377 �.038 .89 .142 .599

i-IPL-AIPS2 .37 .098 .34 .132 .296 .170 .401 .058 .329 .213 .420 .105

c-IPL-AIPS2 .468 .032 .576 .006 .211 .333 �.008 .97 �.061 .824 �.022 .935

i-IPL-AIPS3 .414 .062 .355 .115 .183 .404 .118 .593 .210 .435 .24 .372

c-IPL-AIPS3 .515 .017 .571 .007 .257 .237 .235 .28 .147 .586 .188 .487

Superior parietal Lobule

i-SPL-5ci .028 .905 .095 .682 .197 .368 .11 .616 �.127 .64 .003 .991

c-SPL-5ci .08 .73 .085 .714 .277 .201 .167 .447 .276 .301 .184 .496

i-SPL 5L .216 .347 .224 .33 .63 .001 .649 .001 .592 .016 .656 .006

c- SPL 5L .37 .099 .279 .221 .367 .085 .427 .042 .185 .494 .388 .137

i-SPL 5M .516 .017 .634 .002 .477 .021 .418 .047 .428 .098 .633 .009

c- SPL 5M .278 .223 .166 .472 .204 .35 .276 .203 �.005 .985 .136 .617

i-SPL 7A .63 .002 .587 .005 .55 .007 .612 .002 .383 .143 .401 .124

c- SPL 7A .278 .222 .232 .311 .068 .759 .036 .87 .064 .813 .081 .767

i-SPL 7M .537 .012 .633 .002 .235 .280 .022 .919 .454 .077 .264 .322

c- SPL 7M .415 .062 .481 .027 .197 .369 �.007 .975 .283 .289 .139 .607

i-SPL 7P .509 .018 .452 .040 .219 .315 .022 .92 .151 .577 .044 .870

c- SPL 7P .298 .190 .254 .266 .136 .535 .008 .971 �.043 .875 �.081 .766

i-SPL 7 PC .310 .172 .351 .119 .348 .104 .237 .276 .268 .316 .351 .183

c- SPL 7 PC .225 .328 .23 .315 .328 .126 .34 .113 .234 .383 .242 .367

r indicates Pearson’s coefficient, i-for ipsilesional, and c-for contralesional. See Table 2 for the list of ROIs.
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Table 8 e Estimates of fixed effect for the LMM of the PPT of the paretic hand.

Parameter Estimate SE df t p 95% CI

Lower Upper

Intercept .00 1.56 46.67 .00 .998 �3.13 3.13

Cell therapy (no/yes) �1.69 1.47 22.27 �1.15 .262 �4.73 1.35

i-M1 4p by time

i-M1 4p by M0 �2.90 1.12 36.57 �2.60 .013 �5.16 �.64

i-M1 4p by M6 �.12 .70 36.91 �.18 .861 �1.54 1.29

i-M1 4p by M24 .67 .82 34.44 .81 .423 �1.00 2.34

i-SPL 7M by time

i-SPL 7M by M0 9.59 2.68 30.83 3.58 .001 4.13 15.05

i-SPL 7M by M6 3.74 1.49 32.37 2.51 .017 .71 6.78

i-SPL 7M by M24 2.01 1.65 30.18 1.22 .233 �1.36 5.37

i-OP1 (S2) 2.84 .94 38.58 3.02 .004 .94 4.75

Right lesion side �3.57 1.46 19.72 �2.45 .024 �6.62 �.53

SE indicates standard error and CI indicates confidence interval.

Table 9 e Estimates of fixed effect for the LMM of the grip force of the paretic hand.

Parameter Estimate SE df t p 95% CI

Lower Upper

Intercept 6,86 3,72 42,29 1,84 0,072 �0,64 14,37

Cell therapy (no/yes) �3,64 4,17 22,41 �0,87 0,391 �12,28 4,99

i-M1 4a by time

i-M1 4a by M0 �3,00 1,30 32,73 �2,31 0,027 �5,64 �0,36

i-M1 4a by M6 �1,89 1,10 33,53 �1,72 0,094 �4,12 0,34

i-M1 4a by M24 0,46 1,07 32,82 0,43 0,668 �1,71 2,64

c-IPL -PFt by Lesion side

c-IPL -PFt by Right lesion �9,20 3,13 36,77 �2,94 0,006 �15,55 �2,85

c-IPL -PFt by Left lesion 4,06 2,41 38,55 1,68 0,100 �0,82 8,93

i-IPL OP1 (S2) 5,61 2,08 34,09 2,70 0,011 1,39 9,83

SE indicates standard error and CI confidence interval.

Fig. 4 e Brain areas associated with Purdue Pegboard Test (PPT) and grip force recovery represented on 3D MNI brain

template. Left indicates the left hemisphere.
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previous lines of evidence on brain asymmetries

(Budisavljevic et al., 2017).

4.1. Recovery of hand motor function over time

In this longitudinal study, we observed significant improve-

ment of hand motor performances over time (Table 4, Fig. 2).

Indeed, the clinical LMMsmodelling the repeatedmeasures of

PPT and handgrip showed a significant effect of time, con-

firming that the chronic stage is reached between six months

and two-years following stroke onset (Kwakkel, Kollen, &

Krakauer, 2014). In addition, the LMMs revealed lateralized

lesion effects for the PPT with a trend for the handgrip force,

such that patients with a right-sided lesion had worse recov-

ery than those with a left-sided lesion. This finding is not

explained by the lesion volume or stroke severity that were

higher in patients with a left-sided lesion (Table 3). The

prevalent view of brain organization posits right hemisphere

specialization for spatial attentional and spatial cognitive

processing (Mesulam, 1981; Thiebaut de Schotten et al., 2011).

Therefore, cognitive deficits related to right hemispheric

damage such as hemiasomatognosia and unilateral neglect

may be responsible for an impairment of the body represen-

tation (Clark & Bindschlaeder, 2014). In line with this litera-

ture, our findings suggest that right hemispheric lesionsmight

impair tasks requiring visuomotor transformations such as

PPT, as the non-dominant right hemisphere is related to

temporal aspects of movement and grasp pre-shaping

(Budisavljevic et al., 2017). However, these interpretations

are limited by the small sample size of this study.

4.2. Spatiotemporal pattern for the sensorimotor
network

At baseline (M0), there were almost no significant correlations

between hand motor performances and fMRI activity in the

canonical sensorimotor network (Table 6). Indeed, few pa-

tients could perform the PPT and grip force tasks at baseline,

and task performance remained very low over the two-year

follow-up, reflecting the severity of stroke in our sample

(Tables 3 and 4). Of note, there were significant correlations

between handgrip and the somatosensory areas SI-3a and SI-

2, as well between PPT and SI-2, underlining the role of these

proprioceptive and tactile areas that provide somatosensory

feedback to enable real-time adjustments of grasping

(Gardner, Ro, Babu, & Ghosh, 2007) and encodes kinematics of

the arm including hand trajectory through space during

reaching movements (Chowdhury, Glaser, & Miller, 2020;

London & Miller, 2013; Prud’homme & Kalaska, 1994). At six-

month follow-up, we found positive correlations between

hand motor performances and bilateral activity in the

sensorimotor network, suggesting that the contralesional

motor network may contributes to recovery until the early

chronic phase of stroke. Then, at two-year follow-up, higher

motor performances were correlated with activity in the

ipsilesional sensorimotor network and parietals regions. Our

results are in line with the literature based on meta-analyses

of previous neuroimaging studies using active and passive

motor tasks showing that brain activity during movements of

the paretic hand follows a temporal pattern during stroke

recovery: during the early period of recovery, task-related

fMRI cerebral activity is characterized by bilateral activity

within the sensorimotor network, when compared with

healthy participants, followed by the restoration of the

physiological hemisphere activation balance (i.e. ipsilesional

sensorimotor activity) at the chronic stage in patients with

good functional recovery (Calautti et al., 2006; Carey, Abbott,

Egan, Bernhardt, & Donnan, 2005; Rehme et al., 2015; Ward,

2005). Here, this temporal pattern was somewhat delayed to

the early and late chronic period of recovery. This delaymight

be related to the motor impairment and stroke severity of this

study that may have influenced hemispheric activation bal-

ance, as the contralesional MI may facilitate motor compen-

satory recovery in patients with severe motor impairment

(Bradnam, Stinear, Barber, & Byblow, 2012).

4.3. Spatiotemporal pattern for the dorsolateral network

We found that hand motor performances for PPT and hand

grip force were positively correlated with contralesional fMRI

activity in the aIPS at the early period of recovery and in the

IPL and OP1 at the chronic stages of stroke (Table 7).

Furthermore, the LMM predicting handgrip force showed

significant effects of the contralesional IPL-PFt (Table 9).

These results are consistent with a previous fMRI stroke

study, in which functional recovery of the upper limb was

correlated with increased activity at the subacute stage of

stroke in the ipsilesional rostral IPL (anterior supramarginal

gyrus BA-40) (Loubinoux et al., 2003). Results from non-

human primate studies have suggested that AIP, the puta-

tive nonhuman primate homolog of AIPS-IPL2 (Choi et al.,

2006), is involved in grasping action and that PFG, the

possible homolog of human IPL-PFt located in the rostral IPL

(Caspers et al., 2011) participates in the process of action

goals (Fogassi & Luppino, 2005). More recent works have

confirmed these findings and identified both aIPS and PFt

area/rostral IPL as key nodes of a network aimed at gener-

ating purposeful hand actions, recently referred as to the

lateral grasping network (Borra et al., 2017). Functional MRI

studies in healthy participants have suggested that aIPS was

a key region of the dorsolateral circuit (Cavina-Pratesi et al.,

2018), including manipulation of objects (Binkofski, Buccino,

Posse, et al., 1999; Binkofski, Buccino, Stephan, et al., 1999),

with a role in tactile exploration of objects and computation

of visually guided grasping actions (Grefkes, Weiss, Zilles, &

Fink, 2002; Tunik, Rice, Hamilton, & Grafton, 2007). Further-

more, we found a positive effect of the right PFt in patients

with a left-sided lesion, and a negative effect of left IPL-PFt in

patients with a right-sided lesion. Although there is some

evidence that IPL is lateralized to the right to integrate visual

and motor information for grasping execution (Fogassi &

Luppino, 2005), others have reported a dominant arm

advantage in controlling limb segment inertial interactions

(Sainburg & Kalakanis, 2000), arguing for the dynamic-

dominance hypothesis proposed by Sainburg (Sainburg,

2002).

Along these lines, we found significant correlations be-

tween the parietal opercular area OP1 and c-OP4 and motor

performance at the chronic period of stroke recovery. More-

over, OP1 was a predictive factor of behavioral motor recovery
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in the LMM analyses. Indeed, the parietal operculum SII,

including the areas OP1 and OP4 that are the human homo-

logues of the nonhuman primate areas SII and PV, respec-

tively (Eickhoff, Grefkes, Zilles,& Fink, 2007) (Disbrow, Litinas,

Recanzone, Padberg, & Krubitzer, 2003; Eickhoff et al., 2010),

are activated in different grasping tasks in humans (Castiello,

Bennett, Bonfiglioli, & Peppard, 2000) and in macaques

(Nelissen et al., 2018). In humans, OP1 (also denoted S2) oc-

cupies the caudal part of the parietal operculum while OP4 is

lying in its anterior part (Eickhoff et al., 2010). In the

nonhuman primate, SII, the ventral part of the inferior pari-

etal cortex first described byWoosley (Woosley, 1958), belongs

to the dorsolateral network (Borra et al., 2017). SII responds

during haptic shape perception, and is activated bilaterally

under unilateral stimulus conditions, suggesting that neurons

in the human OP may have bilateral receptive field and haptic

shape perception (Disbrow et al., 2003). SII is densely con-

nected to proprioceptive somatosensory area SI-3b and the

area 7b (SPL-7P in humans) (Disbrow et al., 2003), and to the

inferior parietal lobule, thalamus, MI, PMv, PMd and BA44,

enhancing its integrative role for controlling hand actions

(Pandya, 2015a; 2015b). Furthermore, neurons with attention

and stimulus discrimination properties have been described

in SII, suggesting that human OP1 may facilitate the incor-

poration of proprioceptive information in processes related to

movement preparation and execution (Eickhoff et al., 2010),

thus providing useful proprioceptive feedback on handgrip

force. An fMRI study in healthy participants reported higher

activity in the left OP1 for power grip than for precision grip’

performed with the right hand, in line with our findings

showing higher estimates for handgrip force than PPT

(Ehrsson et al., 2000). In both human and nonhuman primates,

OP4/PV has strong connections with PMC and superior parie-

tal cortex (BA-7) (Disbrow et al., 2003) and is engaged in

sensorimotor integration, incorporating tactile and proprio-

ceptive feedback on reach and grasp movements in both

preparation and control processes (Eickhoff et al., 2010). In

healthy participants, both OP1 and OP4 respond during active

roughness and length discrimination, complex object

manipulation (Binkofski, Buccino, Stephan, et al., 1999), and

are consistently activated during grasping (Cavina-Pratesi

et al., 2018), supporting the role played by the parietal oper-

culum in the recovery of PPT and handgrip force following

stroke.

4.4. Spatiotemporal pattern for the dorsomedial network

We found that ipsilesional SPL ROIs including 5M, 7A, 7M,

and 7P were correlated with both PPT and handgrip at the

early recovery period (M0). These correlations remained

significant for BA5-M at the chronic period and for 7A at M6,

but faded with time for the most caudal 7M and 7P ROIs. In

the LMM, area 7M had significant effects on PPT perfor-

mance with a time by ROI interaction term, indicating that

these effects predominated in the first phase of stroke re-

covery. The role of SPL in PPT recovery is supported by

previous anatomical and fMRI human studies. According to

somatosensory or visual feedback that is required, reaching

movements may activate rostral SPL (SPL-5) and/or caudal

SPL (SPL-7) (Scheperjans, Eickhoff, et al., 2008; Scheperjans,

Grefkes, Palomero-Gallagher, Schleicher, & Zilles, 2005;

Scheperjans, Hermann, et al., 2008) (Wenderoth, Toni,

Bedeleem, Debaere, & Swinnen, 2006). In the macaque,

motor goal actions also elicited neuronal activity in multiple

areas of the posterior parietal cortex (Buneo, Batista, Jarvis,

& Andersen, 2008; Tunik et al., 2007). In this study, SPL-7M

was a significant predictor of early PPT recovery (from M0

to M6). Area SPL-7M is lying in the most ventrocaudal and

medial part of BA7, ventrocaudally with respect to SPL-7P,

extending into the anterior wall of the parieto-occipital

sulcus (Scheperjans et al., 2008b). Interestingly, saccade-

related activity has been shown in area 7M, also referred

as the posterior precuneus in (Cavanna & Trimble, 2006).

According to (Pitzalis et al., 2015), this medial posterior part

of BA-7 (SPL-7M) may be the putative human homologue of

V6Ad, the dorsal part of V6A (Gamberini, Galletti, Bosco,

Breveglieri, & Fattori, 2011). V6A, a visuomotor area lying

in the parietal wall of the SPOC, has been divided into two

cytoarchitectonic subregions called V6Av and V6Ad

(Luppino, Ben Hamed, Gamberini, Matelli, & Galletti, 2005).

The dorsal V6A (V6Ad) is lying anteriorly and dorsally to the

ventral V6A (V6Av). While both contain grasping neurons,

V6Ad is characterized by a high number of arm-reaching

neurons and few neurons with a retinotopic organization,

while the reverse organization is seen in the retinotopic

V6Av (Gamberini et al., 2011; Pitzalis et al., 2015). In contrast

to V6Av that is located in BA19, corresponding to Oc4d of the

Juelich anatomical atlas, V6Ad may overlap parts of area

SPL-7M. In both nonhuman (Gamberini et al., 2011) and

human primates (Cavina-Pratesi et al., 2010, 2018; Vesia &

Crawford, 2012), an important role in the control of reach-

to-grasp movements has been shown for V6A. Indeed, a

TMS study showed that V6A may specify the handgrip pa-

rameters in the early motor plan of an upcoming reach to

grasp action (Vesia et al., 2017), suggesting that V6Ad may

play a role on the PPT task in analyzing the somatosensory

information and in monitoring reach-to-grasp movements

(Pitzalis et al., 2015).

4.5. MI-4a and MI-4p dissociation

As hypothesized, there was a dissociation between hand

motor task recovery andMI regional activity. This dissociation

was reflected on a functional level in such a way that PPT

performance relates to area MI-4p control, while the handgrip

force relates to the modulation of area MI-4a. Our findings are

in line with the view that caudal area MI-4p, which is char-

acterized by direct monosynaptic connections to motoneu-

rons of the anterior horn of spinal cord in the macaque, may

allow humans to produce independent movements of the

fingers and thus highly skilled tasks, such as the PPT

(Lawrence & Hopkins, 1976; Rathelot & Strick, 2009). In

contrast, hand grip performance relies more on the phyloge-

netically older rostralMI-4a. Cortico-mononeuronal cells from

MI-4a have only indirect connections to the spinal cord mo-

toneurons through the intermediate interneurons of the spi-

nal cord, limiting hand motor function to actions without

independent finger movements (Rathelot & Strick, 2009). In

this view, it is possible to propose that the final output MI of

the dual visuomotor theory could be dissociated into two
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anatomo-clinical subregions, MI-4a for reaching and hand

grasp, and MI-4p for precise grasp requiring independent digit

movements.

4.6. Methodological considerations

A first limitation of the present study was the small sample

size that may have underpowered the statistical analysis.

Moreover, as many patients suffered a severe stroke, more

than 75% of them could not perform the PPT at baseline.

Therefore, our results might have been biased by a floor effect

and reflect more the ability to perform the task than the task

performance itself. A second limitation relates to the fact that

our study was part of a randomized clinical trial assessing the

safety and feasibility of cell therapy. As the treatment was

introduced in themodel, we think that the cell therapy did not

modify our results. However, due to these limitations, our

findings need to be replicated in further studies.

Another limitation is related to fMRI that is not a direct

measure brain activity during a task, since fMRI activity is

based on neurovascular coupling generating BOLD signal.

Here, we measured the contrast between BOLD signal during

the passive motor task and rest, reflecting changes in neural

activity in the sensorimotor regions. Nevertheless, motor

task-related fMRI has beenwidely used in clinical applications

(Mahdavi et al., 2015), and is recommended for use as a clinical

biomarker of sensorimotor performance and recovery (Boyd

et al., 2017; Savitz, Cramer, Wechsler, & Consortium, 2014).

A strength of this study relates to the longitudinal design of

the study allowing for repeated measures of the behavioral

and fMRI data in the context of a clinical trial withmultimodal

measures. Also, the small voxel size of the EPI fMRI images

(2.3*2.4*2.5mm3), resulting in smoothed normalized voxels of

125 mm3, allowed us to use the Juelich anatomical atlas,

consisting of ROIs characterized by an accurate and reliable

location but relative small volumes (1230mm3 for left BA-7M).

5. Conclusion

The present study explored the neural correlates of recovery

of two standardized hand motor tasks in patients with mod-

erate to severe stroke during a period of two years following

stroke. Our findings showed that hand motor recovery was

associatedwith a set of sensorimotor areasmodulated by time

from the subacute to the late chronic period of stroke, and

task modality, in terms of movement component (reach and/

or grasp) and dexterity. Thus, PPT requiring reaching move-

ments and dexterity, i.e. independent finger movements, was

associated with MI-4p along with dorsomedial and dorsolat-

eral areas. In contrast, hand grip force recovery, requiring

grasping without independent finger movements and no

reach component, engaged the phylogenetically older MI-4a

and dorsolateral parietal areas. While this view needs to be

tested in further studies, our work may contribute to better

understand visuomotor actions in patients with brain damage

to develop tailored motor rehabilitation programs at the in-

dividual level.
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Thesis Work

3.1.3 Methodological considerations

A common practice in task-fMRI preprocessing pipeline is to perform image reorientation
(flip along the x-axis) so that all images can be assumed to have the same-sided lesion. This
step is usually performed in order to increase the statistical power, as the participants do
not have to be divided into smaller subgroups based on the lesion side. Considering the
small sample size of the ISIS-HERMES population, the first version of this article included
the flip step and was consequently questioned by the reviewer. The concern was about
brain asymmetry, and it was suggested that flipping would cause inaccuracy in the images
that were flipped. Following the reviewer’s recommendation, we redid the analysis without
flipping the images (published version). Interestingly, although the detailed results (values)
were different, the main results remained the same. Interestingly, the effect sizes in the
relevant sensorimotor-related ROIs of the flipped and unflipped images were not significantly
different. However, we think that image flipping should be avoided whenever possible.
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3.2 Study II. DTI

3.2 Study II. White matter tract disruption is associated
with ipsilateral hand impairment in subacute stroke: a
diffusion MRI study

3.2.1 Overview

The second work of this thesis explored the mechanisms underlying the ipsilateral hand motor
impairment using Diffusion Tensor Imaging (DTI). To this aim, we tested the association
between tract white matter integrity assessed with the Fractional Anisotropy (FA) and hand
behavioral scores using the grip strength and Purdue Pegboard test (PPT). While many studies
have explored the association between FA and motor outcome after stroke, few studies have
reported results regarding the ipsilateral hand. In fact, patients with stroke rely a lot on
the ipsilateral hand to perform daily life activities, while the ipsilateral hand may show
some degree of sensorimotor deficits from acute to chronic periods of stroke. (Colebatch
and Gandevia, 1989; Gowers WR, 1887; Jones et al., 1989; Varghese and Winstein, 2019)
Meanwhile, no consensus about the mechanisms to account for post-stroke ipsilateral hand
impairment.

In this study, we aimed to determine the white matter tract disruptions associated with
ipsilateral hand impairment in 29 patients with an ischemic anterior stroke. We used three
behavioral tasks, the PPT, handgrip strength, and movement time. Diffusion MRI and
behavioral scores were assessed at the same time, 1-month post-stroke. Fractional anisotropy
was estimated in 33 white matter regions of the motor system from JHU atlas, and the
resulting values were introduced in linear regression models to determine the white matter
regions that are associated with ipsilateral hand impairment.

We found that PPT was predicted by the ipsilesional corticospinal tract (CST), and
superior longitudinal fasciculus, handgrip by ipsilesional CST and anterior corona radiata,
and movement time by the corpus callosum, contralesional CST at the pons level, and
ipsilesional corticoreticulospinal pathway. In summary, impairment of the ipsilateral hand
may result from not one but the summation of several white matter disruptions, supporting the
concept of the degeneracy of the motor network. The article was published in Neuroradiology
Journal on 28 March 2022.

3.2.2 Article

This part was intentionally left blank. The article starts on the next page.
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Abstract
Purpose The ipsilateral hand (ILH) is impaired after unilateral stroke, but the underlying mechanisms remain unresolved. 
Based on the degeneracy theory of network connectivity that many connectivity patterns are functionally equivalent, we 
hypothesized that ILH impairment would result from the summation of microstructural white matter (WM) disruption in 
the motor network, with a task-related profile. We aimed to determine the WM disruption patterns associated with ILH 
impairment.
Methods This was a cross-sectional analysis of patients in the ISIS-HERMES Study with ILH and diffusion-MRI data col-
lected 1 month post-stroke. Patients performed three tasks, the Purdue Pegboard Test (PPT), handgrip strength, and movement 
time. Fractional anisotropy (FA) derived from diffusion MRI was measured in 33 WM regions. We used linear regression 
models controlling for age, sex, and education to determine WM regions associated with ILH impairment.
Results PPT was impaired in 42%, grip in 59%, and movement time in 24% of 29 included patients (mean age, 
51.9 ± 10.5 years; 21 men). PPT was predicted by ipsilesional corticospinal tract (i-CST) (B = 17.95; p = 0.002) and supe-
rior longitudinal Fasciculus (i-SLF) (B = 20.52; p = 0.008); handgrip by i-CST (B = 109.58; p = 0.016) and contralesional 
anterior corona radiata (B = 42.69; p = 0.039); and movement time by the corpus callosum (B =  − 1810.03; p = 0.003) 
i-SLF (B =  − 917.45; p = 0.015), contralesional pons-CST (B = 1744.31; p = 0.016), and i-corticoreticulospinal pathway 
(B =  − 380.54; p = 0.037).
Conclusion ILH impairment was associated with WM disruption to a combination of ipsilateral and contralesional tracts 
with a pattern influenced by task-related processes, supporting the degeneracy theory. We propose to integrate ILH assess-
ment in rehabilitation programs and treatment interventions such as neuromodulation.

Keywords Less-affected hand · Ipsilateral pyramidal tract · Contralesional hemisphere · Sensorimotor systems · Structural 
Connectivity

Glossary
FA  fraction of Anisotropy (diffusion MRI meas-

ure of white matter integrity)
FMS  Fugl-Meyer Score (Total score ranging 0 to 

226, upper limb motor score subscore 0-66, 
sensory score 0-24 and coordination score 
0-6)

JHU atlas  Johns Hopkins University atlas based on the 
MNI-ICBM labels 2-mm template

ILH  Ipsilateral Hand
MST  Movement Screening Test = movement time
NIHSS  National Institute of Health Stroke Scale (neu-

rological severity)
PPT  Purdue Pegboard Test
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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

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 Cal-

losum (CC3 and CC4)
CST  Corticospinal tract
SCR  Superior Corona Radiata
PLIC  Posterior Limb of Internal Capsule
CP  Cerebral Peduncle
CRP  Cortico Reticulospinal 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
c  contralesional 

Introduction

Hand movements represent a specific 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 rehabilita-
tion interventions [1, 2]. Parallel to sensorimotor deficits of 
the paretic hand contralateral to the lesion, the ipsilateral 
hand (ILH) may show sensorimotor deficits for a large vari-
ety of sensorimotor tasks from the acute to chronic periods 
of stroke [3–8]. ILH impairment is frequent in subacute 
stroke [8] and may compound functional disability since 
patients require both hands to perform daily life activities 
[9].

Although several mechanisms have been postulated to 
account for post-stroke ILH deficits, no consensus has been 
reached and many aspects remain unresolved [10]. Anatomi-
cally, ILH impairment may result from ipsilateral descend-
ing motor pathways (i.e., fibers emerging from the damaged 
hemisphere and descending in the spinal cord without decus-
sating), transcallosal fibers interacting with the undamaged 
hemisphere, and altered sensorimotor information through 
fibers crossing in the brainstem such as cerebellar pedun-
cles. Accordingly, a first theory implicates the “uncrossed” 
ipsilateral corticospinal tract (CST) [11], as 3–15% of the 
corticospinal fibers descend in the ipsilateral spinal lateral 
funiculus without decussating in the medullary pyramids 
[12, 13] (Fig. 1). ILH impairment may also relate to the 

cerebellar peduncles via the fronto-cerebellar loops and the 
corticoreticulospinal pathway (CRP) that has bilateral spinal 
outputs. Another theory relies on bilateral parietal hemi-
spheric control of unilateral movements [6, 10, 14, 15]. The 
lateralization of motor control has been recently revisited to 
enhance the role of the contralesional hemisphere, based on 
increased contralesional activity in the sensorimotor network 

Fig. 1  Schematic representation of crossed and uncrossed fibers of 
the corticospinal tract (CST). ACR and ALIC fibers emerging from 
the SMA and PMC and SCR-PLIC fibers emerging from PMC and 
MI merge in the CP to form the CST, which continue in the pons 
and medulla. Then, the CST is divided into 2 parts. (1) Crossed CST 
(solid red and blue lines): most CST fibers decussate in the medul-
lar pyramids to descend in the contralateral spinal cord and terminate 
in the contralateral anterior spinal horn to distal extremity muscles 
(direct cortico-motoneurons). (2) Uncrossed CST (dotted red and blue 
lines): a small proportion of the CST descends in the ipsilateral spi-
nal lateral funiculus without decussating and terminates bilaterally in 
the ventromedial intermediate zone to propriospinal neurons. In addi-
tion, information is shared between the ipsilesional and contralesional 
hemispheres through transcallosal fibers (CC, dashed dark lines), 
before travelling through the CST. Abbreviations: CST = corticospinal 
tract, SCR = superior corona radiata; PLIC = posterior limb of inter-
nal capsule, CP = cerebral peduncle. Other ROIs are ACR = anterior 
corona radiata; ALIC = anterior limb of internal capsule; CC = cor-
pus callosum; RF = reticular formation; PN = propriospinal neurons; 
MN = motoneurons; i = ipsilesional; and c = contralesional tracts
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[16–18], and bilateral motor control supported by the pos-
terior parietal cortex [19]. ILH impairment may also relate 
to interhemispheric transcallosal disconnections [20] as the 
corpus callosum (CC) coordinates motor function through 
the balance of excitatory and inhibitory interhemispheric 
interactions [14]. Finally, the impact of neuropsychological 
deficits such as apraxia and neglect has also been reported 
as a factor of ILH impairment [21–23].

Such a large variety of mechanisms can be put in per-
spective with the theory about degeneracy of the connectiv-
ity in neural networks [24] proposing that many patterns 
of neural architecture are functionally equivalent. Indeed, 
the connectivity pattern for a specified task arises during 
development in part by a process involving exuberant exten-
sion of neuronal processes that compete for targets. In this 
view, degenerate mechanisms would allow for sensorimotor 
plasticity and behavioral adaptation [25].

Based on the degeneracy theory, we hypothesized that 
ILH impairment would result from the summation of sev-
eral disruptions to the sensorimotor network, with a pattern 
determined by the motor and visuomotor processes engaged 
in the ILH tasks. Since diffusion MRI provides reliable 
measures of white matter microstructure such as fractional 
anisotropy (FA) reflecting the neural changes related to the 
stroke lesion and its remote effects [26–30], we aimed to 
determine microstructure white matter (WM) disruption 
patterns associated with ILH impairment. WM disruption 
was assessed with FA measures in the motor WM network 
and ILH with three behavioral tasks engaging distinct motor 
and visuomotor processes. To this extent, we performed a 
cross-sectional analysis of patients in the ISIS-HERMES 
Study [31] with concomitant ILH and FA measures collected 
1 month post-stroke.

Materials and methods

Participants

Patients

We enrolled 31 patients in the randomized controlled 
stem cell trial (ISIS-HERMES) at the stroke unit of the 
hospital from October 2010 to 2014 (ClinicalTrials.gov 
NCT00875654) [31]. In this study, we used the clinical, 
behavioral, and MRI data collected 1 month post-stroke, 
corresponding to the baseline visit performed before cell 
therapy administration. Patients received standard medi-
cal care including thrombolysis and thrombectomy when 
indicated. 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, first-ever unilateral infarct in the internal 
carotid artery territory, moderate to severe neurological defi-
cit defined as a NIH stroke scale (NIHSS) [32] score ≥ 7, and 
the ability to follow a rehabilitation program. In addition 
to the inclusion–exclusion criteria listed in Table S1, we 
excluded patients with apraxia, or neglect diagnosed with 
an extinction NIHSS subscore > 1.

Healthy participants

In addition, we included 31 healthy participants matched for 
age (± 5 years) and sex to the patients. Exclusion criteria are 
listed in Table S1.

Demographic and clinical measures

Age, sex, education level, handedness [33], height, weight, 
and stroke risk factors were collected. Of note, all partici-
pants were right-handed. Neurological severity was assessed 
using NIHSS and sensorimotor deficit using the Fugl-
Meyer Score (FMS) [34], with upper limb motor, sensory, 
and coordination subscores (Table 1). A global cognitive 
assessment was performed with the Mini-Mental State Exam 
and the RBANS, exploring five domains (spatial, atten-
tion/executive, immediate and delayed memory, language) 
[35]. Assessments were performed by a stroke neurologist 
(NIHSS, neuropsychologists (RBANS, behavioral meas-
ures), and physiotherapists (FMS).

Behavioral measures

We explored ILH impairment using three behavioral tests. 
The Purdue Pegboard Test (PPT) (Lafayette Instrument 
Company, Indiana) [36] was performed as described in 
http:// www. equip ement- ergot herap ie. com/8- dexte rité- manip 
ulati on. html, as a standardized quantitative test requiring 
motor (for grasping) and visuomotor (for reaching) com-
ponents. The hand dynamometer (Lafayette Instrument 
Company, Indiana; https:// www. prohe althc arepr oducts. 
com/ 100- kg- 220lb- hand- grip- dynam ometer- lafay ette- instr 
uments/) is a validated test to measure handgrip force (Grip). 
The Motor Screening Task (MST) measures movement time 
to assess sensorimotor deficits in CANTAB (https:// www. 
cambr idgec ognit ion. com/ cantab/ cogni tive- tests/ atten tion/ 
motor- scree ning- task- mot/). Raw scores were converted to 
percentiles to adjust for age and sex using published norms 
[37] and CANTAB norms. Scores below the 5th percentile 
were considered as impaired. The frequency of ILH impair-
ment was also assessed in patients without cognitive deficit, 
defined as RBANS > 40.
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MRI data acquisition

The MRI protocol included structural and diffusion 
sequences. All participants were scanned on a 3 T Philips 
magnet (Achieva 3.0 TTX; Philips, the Netherlands) with 
a 32-channel head coil. High-resolution (1  mm3) sagit-
tal 3D-T1-weighted (TR 9.9 ms, TE 4.6 ms, flip angle 8°, 
TI 920 ms, inter shot time 1792 ms) and fluid-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 ms, TE 72 ms, FOV 240 mm, slice thickness 2.0 mm, 
70 axial slices, SENSE factor 2, fold-over direction anter-
oposterior, fat shift direction P, fat suppression, and voxel 
size 1.67*1.67*2 mm). We acquired 60 noncollinear direc-
tions with a b value of 1000 s/mm2 and 10 directions with 
a b value of 0 s/mm2 that were averaged to give 1 average 
direction.

MRI data analysis

Structural images were used to manually delineate lesion 
masks and compute lesion volumes using MRIcron (https:// 
www. nitrc. org/ proje cts/ mricr on). Diffusion-weighted images 
were processed with the Diffusionist toolkit derived from 
FSL software, as previously described [38]. 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 WM 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 deline-
ated lesion masks [39]. FA was estimated only in the tem-
plate’s skeleton and outside the lesion mask. We estimated 
average FA values with atlas-based regions of interest (ROI) 
approach using the human brain WM JHU atlas [40]. As FA 
values vary along the CST tract, we selected the JHU atlas 
that includes 4 ROIs for the CST. FA was estimated in a set 
of 33 ROIs listed in Table 2 and represented in Fig. S1. Dif-
fusionist toolkit and related documentation can be found at 
http:// mri- diffu sioni st. com/.

Statistical analysis

ILH impairment was explored using descriptive statistics. 
First, we explored the relationship between behavioral tasks 
(PPT, handgrip, and MST percentiles) and clinical scores 
using Spearman correlations. As both ILH scores and FA 
measures showed a normal distribution, we tested the linear 
associations between ROI-derived FA and ILH raw scores 
using partial Pearson’s correlations controlling for educa-
tion, age, and sex, with 95% confidence intervals obtained 
with bootstrapping based on 1000 samples. In addition, FA 
values were compared between stroke patients and healthy 
participants using a t-test with bootstrapping based on 1000 
samples to provide robust 95% confidences intervals.

We used linear regression models to determine the WM 
ROIs and thus the tracts associated with ILH impairment. 
The effects of ROIs, lesion side, volume, BMI, height, and 
weight were tested and included in the model only if sig-
nificant. All models were adjusted for the effects of edu-
cation, age, and sex. The best model was determined with 

Table 1  Patients’ clinical and 
behavioral data (n = 29)

See glossary for abbreviations

Variables Mean SD Median Percentile 25 Percentile 75

Age (years) 52.14 9.84 53.00 59.00 46.50
Education (years) 10.90 3.53 10.00 14.00 8.00
Lesion volume (ml) 102.66 63.99 97.00 141.50 49.50
Barthel Index 44.48 32.39 45.00 12.50 72.50
NIHSS 13.90 4.72 12.00 17.50 11.00
FMS total score/226 136.86 38.97 130.00 166.50 106.00
FMS motor score /66 36.45 27.91 31.00 52.00 15.00
FMS sensory score /24 11.31 7.92 14.00 17.00 0
FMS hand coordination /6 0.93 1.98 0 0 0
MMSE 25.15 6.20 27.00 29.00 24.50
Paretic PPT performance 1.25 3.23 0 0 0
Paretic Grip performance 3.79 9.79 0 0 0
Paretic MST (s) 634 284 441 942 423
ILH PPT performance 10.84 4.41 12.00 14.33 9.17
ILH Grip performance 23.90 12.34 21.66 34.83 16.50
ILH MST (s) 561 223 502 593 409
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the statistical significance of the factors with the F-test 
(p < 0.05), model fit estimated with Durbin-Watson test and 
distribution of residuals, and model accuracy assessed with 

adjusted R2. Internal validation was performed with boot-
strapping based on 1000 samples. Statistical data analyses 
were performed using SPSS 23.0.

Table 2  Partial correlations between ILH tasks and JHU tracts controlling for education, age, and sex, with bootstrapping based on 1000 samples

Abbreviations: r indicates Pearson correlation coefficient; p significance (2-tailed); 95% CI 95% confidence interval. Tracts: ipsilesional (i-) and 
contralesional (c-). ROIs: SCR superior corona radiata; PLIC posterior limb of the internal capsule; CP cerebral peduncle; PCR posterior corona 
radiata; SCP superior, MCP middle, and ICP inferior cerebellar peduncles; SLF superior longitudinal fasciculus, CC genu body and splenium of 
the corpus callosum, ACR  anterior corona radiata, ALIC anterior limb of the internal capsular

PPT Grip MST

95% CI 95% CI 95% CI

Tracts r p Lower Upper r p Lower Upper r p Lower Upper

Vol tot  − 0.38 0.058  − 0.76 0.08  − 0.34 0.093  − 0.68 0.06 0.44 0.025 0.17 0.69
Corticospinal tract (CST)
i-Pons 0.30 0.137  − 0.14 0.64 0.30 0.141  − 0.08 0.60  − 0.18 0.387  − 0.53 0.28
c-Pons 0.05 0.814  − 0.47 0.41 0.12 0.564  − 0.48 0.48 0.05 0.820  − 0.20 0.38
i-CP 0.48 0.014 0.10 0.79 0.51 0.008 0.19 0.75  − 0.26 0.192  − 0.62 0.11
c-CP 0.42 0.031 0.03 0.71 0.44 0.024 0.08 0.68  − 0.29 0.149  − 0.68 0.06
i-PLIC 0.57 0.002 0.32 0.80 0.40 0.044 0.09 0.69  − 0.32 0.108  − 0.66 0.04
c-PLIC 0.16 0.423  − 0.22 0.54 0.09 0.662  − 0.28 0.49  − 0.02 0.913  − 0.44 0.28
i-SCR 0.41 0.038  − 0.02 0.70 0.37 0.061  − 0.06 0.68  − 0.27 0.175  − 0.60 0.21
c-SCR 0.20 0.337  − 0.16 0.49 0.08 0.691  − 0.36 0.52  − 0.11 0.601  − 0.42 0.22
Hemispheric tracts
i-ACR 0.50 0.009 0.16 0.77 0.42 0.034 0.08 0.73  − 0.50 0.009  − 0.73  − 0.22
c-ACR 0.54 0.005 0.27 0.76 0.59 0.002 0.23 0.78  − 0.56 0.003  − 0.77  − 0.25
i-ALIC 0.42 0.032 0.04 0.72 0.22 0.271  − 0.14 0.54  − 0.18 0.368  − 0.54 0.25
c-ALIC 0.48 0.012 0.16 0.74 0.44 0.024 0.11 0.72  − 0.43 0.029  − 0.71  − 0.08
i-SLF 0.54 0.005 0.15 0.79 0.39 0.049  − 0.04 0.78  − 0.57 0.002  − 0.80  − 0.26
c-SLF 0.49 0.011 0.05 0.79 0.52 0.007 0.24 0.77  − 0.49 0.010  − 0.73  − 0.16
i-PCR 0.63 0.001 0.26 0.83 0.61 0.001 0.33 0.81  − 0.40 0.046  − 0.63  − 0.14
c-PCR 0.44 0.026 0.04 0.70 0.50 0.010 0.14 0.75  − 0.52 0.007  − 0.77  − 0.16
Commissural tracts (corpus callosum)
Genu 0.62 0.001 0.33 0.85 0.61 0.001 0.31 0.79  − 0.61 0.001  − 0.83  − 0.36
Body 0.42 0.032 0.08 0.70 0.46 0.017 0.06 0.72  − 0.31 0.118  − 0.58 0.01
Splenium 0.54 0.004 0.18 0.77 0.60 0.001 0.21 0.86  − 0.47 0.015  − 0.69  − 0.17
Cerebellar peduncles
i-SCP 0.31 0.119  − 0.08 0.64 0.38 0.053 -0.01 0.64  − 0.23 0.263  − 0.52 0.09
c-SCP 0.47 0.016 0.12 0.73 0.45 0.020 0.11 0.68  − 0.32 0.113  − 0.62 0.01
i-ICP 0.35 0.077  − 0.09 0.67 0.41 0.038 0.06 0.64  − 0.34 0.093  − 0.59  − 0.09
c-ICP 0.17 0.405  − 0.29 0.64 0.18 0.374  − 0.20 0.55  − 0.20 0.319  − 0.57 0.15
i-MCP 0.11 0.587  − 0.30 0.46 0.20 0.335  − 0.32 0.55  − 0.05 0.798  − 0.31 0.24
c-MCP 0.26 0.205  − 0.16 0.58 0.16 0.436  − 0.24 0.50  − 0.10 0.615  − 0.47 0.33
Cortico Reticulospinal Pathway (CRP)
i-Pons-CRP 0.34 0.092 0.11 0.59 0.31 0.130 0.03 0.64  − 0.35 0.084  − 0.67 0.06
i-CP-CRP 0.24 0.244  − 0.08 0.52 0.24 0.242  − 0.05 0.56  − 0.25 0.216  − 0.59 0.19
i-PLIC-CRP 0.30 0.143  − 0.07 0.61 0.20 0.326  − 0.16 0.56  − 0.32 0.109  − 0.64 0.06
i-CR-CRP 0.02 0.922  − 0.33 0.31 0.07 0.747  − 0.31 0.41  − 0.22 0.271  − 0.55 0.06
c-Pons-CRP 0.06 0.783  − 0.35 0.38 0.08 0.696  − 0.30 0.48  − 0.03 0.900  − 0.43 0.37
c-CP-CRP 0.07 0.733  − 0.28 0.48 0.14 0.510  − 0.24 0.50  − 0.04 0.848  − 0.47 0.37
c-PLIC-CRP -0.05 0.829  − 0.42 0.37 0.10 0.632  − 0.27 0.48  − 0.02 0.910  − 0.29 0.22
c-CR-CRP -0.02 0.925  − 0.35 0.37  − 0.13 0.515  − 0.45 0.20 0.08 0.717  − 0.21 0.33
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Results

Twenty-nine patients (21 males, 10 right lesions, all right-
handed) completed clinical, behavioral, and MRI assess-
ments at 1 month post-stroke (Fig. S2). We also included 29 
age-and sex-matched healthy participants (21 males, mean 
age 51.1 ± 12.2 years, all right-handed) Clinical data are pre-
sented in Table 1. Lesion overlap (Fig. 2) highlights that the 
middle cerebral artery territory was infarcted in all patients.

ILH assessment

Behavioral measures are presented in Table  1. ILH 
was impaired in 12 patients for PPT (41.4%, 95% 
CI = 24.1–62.1), 17 for grip (58.6%, 95% CI = 41.4–75.9) 
and 7 for MST (24;1%, 95% CI = 10.3–41.4). In the sub-
group of 24 patients without cognitive deficit, rates were 
not significantly different from the whole group, with PPT 
impaired in 10 patients (41.7%, 95% CI = 21.7–62.5), grip 
in16 patients (66.7%, 95% CI = 47.6–86.4), and MST in 7 
patients (29.2%, 95% CI = 10.0–47.6).

Factors associated with ILH impairment

PPT, Grip, and MST significantly correlated with clini-
cal but cognitive scores (Table S2). ILH correlated with 
the paretic hand for PPT, with a trend for grip and MST 
(Table S3). There was no significant effect of lesion side on 
ILH performances. FA values were significantly lower in the 
patients than in the healthy participants for all ROIs but the 
contralesional pons-CST, PLIC-CST, and PLIC-CRT, and 
bilateral SCR-CRT (Table S4).

Table 2 reports ILH and FA correlations. PPT correlated 
with the ipsilesional (i-) CST (CP-, PLIC, and SCR ROIs), 
contralesional (c-) CP-CST, bilateral SLF, ALIC, ACR, and 
PCR, CC, and c-SCP. Grip correlated with the same ROIs 
but i-SCR and i-ALIC, and with i-ICP. MST correlated with 
bilateral SLF, ACR, PCR, c-ALIC, CC genu and splenium, 
and lesion volume.

Linear regression models are presented in Table  3. 
PPT was predicted by ipsilesional PLIC-CST (B = 17.95; 
p = 0.002) and SLF (B = 20.52; p = 0.008) with no signifi-
cant effect of education, age, and sex; r2 = 0.696, indicating 
good model accuracy. Handgrip strength was predicted by 
ipsilesional CP-CST (B = 109.58; p = 0.016) and contral-
esional ACR (B = 42.69; p = 0.039), with an effect of male 
sex, but no education and age; r2 = 0.571, indicating mod-
erate accuracy. Movement time was predicted by CC genu 
(B =  − 1810.03; p = 0.003) ipsilesional-SLF (B =  − 917.45; 
p = 0.015), contralesional pons-CST (B = 1744.31; 
p = 0.016), and ipsilesional PLIC-CRP (B =  − 380.54; 
p = 0.037), with male sex and high education supporting 
better performance; r2 = 0.755, indicating good accuracy.

Discussion

Clinical assessment of ILH

We assessed behavioral performances of the less-affected 
hand (ILH) in 29 patients at 1 month post-stroke. Since the 
degree of ILH impairment may depend on the type of task 
that is tested [10], we used three tasks with different motor 
and visuomotor processes. PPT, grip, and movement time 
were impaired in 41.4%, 58.6%, and 24.1%, respectively, 
highlighting that ILH impairment is frequent, in line with 

Fig. 2  Overlap of stroke lesions 
in the 29 patients. Axial slices 
are displayed with for z MNI 
coordinates. Left lesions are 
represented on the left side and 
right lesions on the right side of 
each slice (neurologic conven-
tion). Note that ipsilesional SCR 
and SLF were damaged in all 
patients, and PLIC, ALIC, and 
ACR in 70% of them
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previous studies [6, 8, 10, 15, 41]. Among the multiple tasks 
described in the literature exploring post-stroke ILH impair-
ment, PPT impairment is the most commonly described, 
while more heterogeneous results are reported for handgrip 
strength [6, 15] and movement time [42]. Here, the low fre-
quency of MST suggests that this test may be an insensitive 
measure compared to kinematic measures, [42, 43], and that 
visuomotor components of ILH impairment may have been 
underestimated.

We measured FA in the main tracts related to hand motor 
function [29, 30, 44] and found that all ROIs but pons and 
PLIC ROIS of the contralesional CST had lower FA values 
in patients than in healthy participants, indicating micro-
structural damage to contralesional and interhemispheric 
white matter tracts following stroke that may compound 
ILH function.

ILH performances correlated with clinical motor and sen-
sory scores highlighting that ILH impairment scales with 

sensorimotor stroke severity and Barthel index. The effect of 
stroke severity was particularly strong for ILH PPT that cor-
related with the paretic PPT and lesion volume, while trends 
were observed for grip and MST.

Correlation analyses between ILH and FA in ROIs of the 
motor network also revealed task dissociations. PPT (including 
reach movements requiring visuomotor processes and precise 
grasp requiring motor processes), MST (visuomotor reaching 
task), and grip strength (pure motor task) were predicted by 
a combination of different tracts of the motor network. This 
argues against the idea that a single mechanism may account 
for ILH impairment that varies in terms of modality and 
degree.

Table 3  Linear regression 
models for ILH PPT, GRIP, and 
MST, with bootstrapping based 
on 1000 samples

SE indicates standard error; 95% CI, 95% confidence interval; Tracts: ipsilesional (i-) and contralesional 
(c-). ROIs: PLIC posterior limb of the internal capsule, CP cerebral peduncle, SLF superior longitudinal 
fasciculus, genu-CC genu body of the corpus callosum, ACR  anterior corona radiata

PPT r2 = 0.696 B Bootstrap

Bias SE p 95% CI

Variables r2 change Lower Upper

(Constant)  − 1.69  − 0.16 4.79 0.696  − 12.30 7.02
Education 0.32  − 0.01 0.17 0.065  − 0.02 0.65
Age 0.450  − 0.08 0.00 0.05 0.067  − 0.17 0.02
Sex  − 1.16  − 0.22 1.04 0.251  − 3.57 0.63
i-PLIC 0.182 17.95 0.82 5.22 0.002 8.24 29.15
i-SLF 0.120 20.52 0.46 6.78 0.008 8.80 36.36
GRIP r2 = 0.571 B Bootstrap

Bias SE p 95% CI
Variables r2 change Lower Upper
Constant  − 18.10  − 1.98 21.03 0.329  − 66.47 17.71
Sex  − 14.89  − 0.66 3.79 0.001  − 24.01  − 8.54
Age 0.327  − 0.12 0.01 0.14 0.318  − 0.38 0.18
Education 0.35 0.02 0.50 0.484  − 0.55 1.38
c-ACR 0.233 109.58 5.48 42.65 0.016 36.52 206.99
i-CP-CST 0.088 42.69 0.02 18.67 0.039 4.09 78.76
MST r2 = 0.755 B Bootstrap

Bias SE p 95% CI
Variables r2 change Lower Upper
Constant 1172.19 52.11 431.26 0.008 398.01 2202.31
Education  − 17.66 0.00 6.36 0.009  − 29.74 -3.14
Age 0.351  − 1.83  − 0.26 3.57 0.612  − 9.02 5.39
Sex 135.87 0.83 58.95 0.035 24.22 261.94
genu -CC 0.243  − 1810.03  − 47.30 419.95 0.003  − 2632.43  − 925.48
i-SLF 0.103  − 917.45  − 18.63 308.59 0.015  − 1539.04  − 323.94
c-pons-CST 0.074 1744.31  − 5.22 672.29 0.016 260.57 2947.88
i-PLIC-CRT 0.045  − 380.54  − 5.18 170.54 0.037  − 719.31  − 75.81
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Mechanisms of ILH impairment

Our findings showed that, depending on the task, several 
tracts including the CST, c-ACR, CC, i-SLF, and to a lesser 
extent i-CRP, were associated with ILH impairment.

We found moderate to strong correlations between the 
three ILH scores and i-CST, while no significant correla-
tion was observed with contralesional CST-CR and CST-
PLIC, suggesting that motor processes of ILH impairment 
are driven by the ipsilesional CST. Furthermore, i-CST pre-
dicted ILH impairment, explaining 18.2 and 8.8% of the PPT 
and grip variance, respectively. Anatomically, the uncrossed 
fibers of the ipsilesional CST (Fig. 1-S3A) descending in the 
dorsal funiculus terminate in the ventromedial intermediate 
zone to propriospinal neurons connected to distal motoneu-
rons through intersegment spinal interneurons. Although 
the ventromedial intermediate zone is related to the motor 
function of the trunk and arms [45], propriospinal neurons 
may connect with distal motoneurons through intersegment 
spinal interneurons and thus be involved in the motor control 
of dexterous hand movements [46]. Moreover, other corti-
cospinal pathways projecting to the reticular formation such 
as the CRP terminate bilaterally to the propriospinal neurons 
of the ventral and lateral intermediate zone and contribute 
to motor performance [47]. Our findings, showing that 
i-PLIC-CRP was a factor of MST performance, strengthen 
the hypothesis that ipsilesional descending pathways partici-
pate in ILH impairment.

ILH scores were also correlated with FA in the bilateral 
ALIC, ACR, and CC. Linear models showed that c-ACR 
was a significant factor of handgrip impairment, explain-
ing 23.3% of the variance. ACR has been linked to cogni-
tion and particularly to attention in adults with brain injury 
[48]. Moreover, a part of ACR fibers originate in the SMA, 
descend through the ALIC [49], and then merge with the 
CST in the CP [13], which continues in the pons and medulla 
to decussate at the pyramid caudal end [13, 50]. The involve-
ment of SMA in simple motor tasks is documented by stroke 
studies, with SMA lesions leading to mild motor deficits 
[50], and i-SMA fMRI–related activity supporting motor 
recovery [17, 51]. Therefore, motor control components of 
ILH impairment may also implicate the contralesional CST 
through transcallosal and c-ACR fibers from premotor and/
or prefrontal areas (Fig. 1-S3.B).

We found that all ILH scores strongly correlated with the 
CC including the genu, which predicted MST and explained 
24.3% of the variance. A role of the CC is motor coordina-
tion of bimanual [52] and unilateral hand motor movements 
through the balance of excitatory and inhibitory interhemi-
spheric interactions [14]. The ipsi- and contralesional motor 
areas exert a reciprocal influence through transcallosal fib-
ers [53], as evidenced in tracer studies showing reciprocal 
transcallosal connections for both MI and SMA [54]. In 

nonhuman primates, SMA lesions impaired the ILH motor 
program through transcallosal connections to contralesional 
SMA [55]. Taken together, our findings concur with previ-
ous stroke studies [6, 56], suggesting that the information 
is shared with the contralesional hemisphere through tran-
scallosal fibers, before travelling through the descending 
motor pathways. This is consistent with the recent literature 
proposing an active and specific role of the ipsilateral hemi-
sphere in the planning and execution of voluntary move-
ments [19].

ILH impairment also correlated with decreased FA in 
bilateral SLF and i-SLF predicted PPT and MST explaining 
12.0 and 10.3% of the variance, respectively. These find-
ings support the theory that ILH impairment relates to the 
bilateral hemispheric control of unilateral movement [6, 10, 
14, 15]. In this view, the damaged hemisphere would alter 
movements of both ILH and paretic hands. In the literature, 
unimanual motor tasks implicating visuomotor components 
yield bilateral activity in the frontoparietal network [14, 
57–59]. In our study, PPT and MST that require visuomo-
tor control (in contrast to handgrip) were associated with 
the SLF, a key structure of the frontoparietal network con-
necting parietal, premotor, and motor frontal areas in both 
human [60–62] and nonhuman primates [13]. Furthermore, 
our findings that i-SLF disruptions alter ILH with visuomo-
tor processing are supported by previous works showing an 
essential role for the SLF in motor planning and kinematic 
components of movement execution in 30 right-handed 
healthy participants [44].

Interestingly, ILH impairment did not correlate with 
cognitive deficits and was not significantly improved in 
patients without cognitive deficit, suggesting that cognitive 
impairment did not influence ILH impairment in this study. 
Nevertheless, as patients with severe apraxia or neglect 
were excluded from our study, we may have underestimated 
the effects of cognitive impairment related to apraxia and 
neglect on ILH impairment [22].

There were significant correlations between lesion vol-
ume and MST, with a trend for PPT and grip. Surprisingly, 
few studies, if any, have explored the relationships between 
lesion volume and ILH impairment in humans. Our find-
ings are consistent with nonhuman macaque experiments 
[63] reporting that reaching ILH tasks were compounded 
by lesion volume.

Limitations

The small sample size is the main limitation of this study. 
However, this is the first study exploring the microstruc-
tural WM disruptions to understand the underlying mech-
anisms of ILH impairment following stroke. Also, the 
homogeneity of our population in terms of age, absence 
of leukoaraïosis, and stroke severity and territory may 
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have compensated, at least for a part, for this limitation. 
Nevertheless, the small sample may explain why we did 
not observe any effect of the lesion side, in contrast with 
others [7]. Another limitation relates to ILH impairment 
patients’ perception. When patients with impaired ILH 
were asked if they noticed that their ILH was impaired, 
most of them answered that their ILH function was worse 
than before stroke, but much better than the contralateral 
hand. However, we did not record all patients’ answers.

Conclusion

This study showed that motor-related tract disruptions 
predict ILH impairment, with a pattern related to the pro-
cesses engaged in each task: tasks with motor processing 
were associated with the ipsilateral CST suggesting the 
involvement of uncrossed CST fibers, while tasks with 
visuomotor processing were related to i-SLF supporting 
hand motor control. In addition, our findings revealed a 
role for the contralesional hemisphere that may modulate 
the planning and execution of hand movements through 
prefrontal/premotor areas and transcallosal interactions. 
Taken together, ILH impairment may result from the sum-
mation of several WM disruptions, supporting the concept 
of degeneracy of the motor network. Our results provide a 
theoretical basis for integrating ILH impairment in reha-
bilitation programs to improve functional recovery and for 
research interventions, such as neuromodulation.
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3.3 Study III. Resting-state fMRI

3.3 Study III. Visuomotor resting-state functional MRI con-
nectivity predicts hand motor outcome following stroke

3.3.1 Overview

The third work of this thesis explored the resting-state fMRI functional connectivity as-
sociated with hand motor outcome following stroke. In Study I, using the task-fMRI, we
found a dissociation between simple grasp task and reach-to-grasp task in terms of brain
activity within the sensorimotor network. However, we could not explore the influence of
visual components on motor recovery and test the dual visual theory since our analysis was
limited to the sensorimotor regions activated during the passive motor task performed in
the task-fMRI scan. As no task is performed during the scan, resting-state fMRI allows
the exploration of both motor and non-motor functional connectivity associated with motor
performance and motor outcome after stroke.

This study aimed to explore the influence of visual regions on hand motor outcomes
following stroke. Similar to Study I, our hypothesis was mainly based on the dual visuomotor
stream theory (Goodale and Milner, 1992). For a visuomotor task, it can be expected to find
an association between visuomotor connectivity and the performance of a task involving
online visuomotor feedback, such as the PPT. In contrast, such an association is not certain
with regard to a pure motor task, such as the handgrip. Although the handgrip task does not
require a continuous visual input to be performed, the visual system may have an influence
on the preparation and execution of any motor actions. Based on this, we hypothesized that
in addition to the intrinsic motor connections (i.e., connectivities within the sensorimotor
network), visuomotor connectivity (i.e., connectivity between occipital areas and motor areas)
is engaged in any motor action, regardless of whether or not it requires online visual control.

In this study, we used handgrip strength to assess the hand motor performance and
outcome. RS-fMRI was assessed at one-month post-stroke, and handgrip scores were
assessed at one-month post-stroke (M0), and six months later (M6). Correlation analysis and
linear regression modeling were used. Internal validation was performed using bootstrapping
based on 1000 samples. To validate our model, we used the IRMAS dataset as the training
dataset (n=54) and validated it using the ISIS-HERMES dataset (n=25).

We found that at M0, handgrip was associated with connectivity between the ipsilesional
primary motor (BA4a) and visual cortices and between the ipsilesional parietal (SPL-7M)
and lateral occipital cortex (OC). At M6, grip predictors included connectivity between ipsile-
sional BA4a and dorsal OC, between ipsilesional primary sensory (BA3b) and contralesional
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premotor (BA6 ma) cortices, and between ipsilesional SPL-7M and lateral OC. The models
were adjusted for age, sex, and baseline motor-NIHSS.

In summary, in addition to interhemispheric sensorimotor connectivity, visuomotor
connectivity (i.e., connectivity between primary sensorimotor areas and occipital areas)
was associated with hand motor outcome at M0 and at M6. The article was submitted to
Neurology Journal on 11 May 2022 and is currently under review.

3.3.2 Article

This part was intentionally left blank. The article starts on the next page.
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ABSTRACT 

 

Background and Objectives. Hand motor deficit following stroke is a leading factor of long-

term disability. Based on the two-visual-stream theory positing two separate streams for 

perception and action, we hypothesized that visuomotor connectivity may influence hand 

motor outcome. In this study, we investigated whether visuomotor connectivity assessed with 

resting-state functional MRI (rs-fMRI) predicts hand motor outcome following stroke.  

Methods. This longitudinal study included patients with a first-ever ischemic stroke in the 

anterior circulation from two datasets. Handgrip strength was assessed one month following 

stroke (M0) and six months later (M6). Rs-fMRI data acquired at M0 was analyzed using Conn 

toolbox. The Fisher z-scores of the ROI-to-ROI correlation coefficients from the individual 

first-level analysis were correlated to grip after adjusting for age and sex. Then, we built a 

developmental model in dataset-I to determine the connectivity predictors of handgrip at M0 

and M6. We used the second dataset for external validation.  

Results. The developmental study included 54 patients (mean age 58.2; SD=15 years), and the 

validation study 25 patients (mean age 52.7; SD=9.3 years). There were significant differences 

between the two datasets in terms of motor severity and lesion volume.  

At M0, handgrip was associated with connectivity between the ipsilesional primary motor 

(BA4a) and visual cortices and between ipsilesional parietal (SPL-7M) and lateral occipital 

cortex (OC) after adjusting for age, sex, and baseline motor-NIHSS. At M6, grip predictors 

included connectivity between ipsilesional BA4a and dorsal OC, between ipsilesional primary 

sensory (BA3b) and contralesional premotor (BA6 ma) cortices, and between ipsilesional SPL-

7M and lateral OC after adjusting for age, sex, and baseline motor-NIHSS. Calibration plots 

of predicted against observed values for the training and validation models showed large 

overlaps of the 95% confidence intervals of the regression lines, with R2 reaching 0.615 and 

0.780 at M0  and 0.776 and 0.820 at M6, respectively.   

Conclusions.  This study, based on training-validation models, showed that visuomotor 

connectivity predicts hand motor outcome, consistently with the two-visual-stream theory. 

Hand motor outcome was also predicted by interhemispheric sensorimotor connectivity, 

confirming previous works. Visuomotor connectivity may be a target in developing 

rehabilitation interventions. 
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Glossary 

NIHSS =National Institutes of Health Stroke Scale; ROI= Region of Interest; rs-fc; resting 

state functional connectivity; rs-fMRI= resting state functional MRI.  

Brain areas are listed in Figure 2. 
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Introduction 

Stroke is a leading cause of motor disability, with the hand being frequently impaired. 1 As 

hand movements are involved in most of the basic daily life activities, loss of functional hand 

movement is tremendously disabling. The extent of hand motor deficit and recovery varies across 

patients. While some patients fully regain hand motor function six months after stroke, recovery 

remains incomplete in 30-67% of the cases even with rehabilitative training programs.2, 3 In this 

context, accurate prediction of hand function could allow for more timely and targeted 

intervention, thereby improving recovery, and reducing post-stroke disability. Among the 

numerous neuroimaging techniques for exploring hand motor recovery,3-6 resting-state functional 

MRI (rs-fMRI) has emerged as a powerful and reliable tool to map the functional brain 

connectivity and reorganization following stroke.7-9 An advantage is that rs-fMRI can be 

performed in patients with severe motor deficit, as no movement is required during image 

acquisition. There is growing evidence in the stroke literature that resting-state functional 

connectivity within the motor networks correlates with neurological scores8, 10, 11 and motor 

outcome.12, 13 Motor outcome of the upper limb has been diversely associated with increased or 

decreased functional connectivity between ipsilesional primary sensorimotor areas (SMI) and 

contralesional SMI,8, 13-16 SMA,10, 15, 16 and dPMC.12, 13, 17 In contrast, the influence of non-motor 

regions on hand recovery has been sparsely explored. A recent chronic stroke study suggested that 

better hand motor scores correlate with increased connectivity between the ipsilesional 

sensorimotor and ventral visual networks.14 Several other studies have also reported extrinsic 

connectivity alterations between the motor and visual networks, but their design was based on 

comparisons between stroke and healthy participants rather than on the association between 

functional connectivity and hand behavior.18, 19 From a theoretical perspective, the influence of the 

occipital regions on hand motor recovery is supported by the two streams hypothesis, a model 

developed first by Ungerleider and Mishkin in nonhuman primates,20 and then by Goodale and 

Milner in humans,21 positing two separate streams for perception and action. In this model, cortical 

visual processing is segregated between a dorsal stream in the parieto-occipital cortex engaged in 

hand motor actions and a ventral stream in the temporo-occipital cortex for object perception.21 

The essential role of the dorsal (or dosolateral) stream in grasping and hand movements has been 

confirmed by several studies in both macaques22 and humans using fMRI and TMS paradigms.23, 

24 In other words, the different modalities of grip, such as strength and goal-related actions, may 

Thesis Work

102



be influenced  by visual inputs, depending on context-related cues about, for example, weight and 

temperature.22 

Furthermore, we have shown using task-fMRI that hand motor recovery following stroke 

is associated with motor task-related activity in a set of sensorimotor and parietal regions of the 

dorsal stream.6 Given the evidence that the dorsal stream originates in the dorsal visual cortex and 

may interact with the ventral visual cortex,25 we hypothesized that the visual cortex may promote 

hand recovery following stroke through visuomotor connections in addition to intrinsic motor 

connections. In the present study, we seeked to identify resting state connectivity predictors that 

independently contribute to the prediction of hand motor outcome following ischemic stroke. To 

this aim, we applied a longitudinal design assessing handgrip one month following stroke and six 

months later. We used rs-fMRI with a seed-based approach to study rs-fc between the different 

regions of the visuomotor network. Hand motor outcome was assessed with handgrip strength 

since it is a reliable measure of motor impairment 3, 26
 and rehabilitation outcome.27 Furthermore 

it is a specific measure of the motor system while other measures such as hand dexterity may be 

compounded by additional visual, sensory and cognitive deficits. Following the current 

recommendations for predictive modeling,28 we used a training dataset of 54 patients (IRMAS 

study) to develop our models, and tested their validity in a validation dataset including 25 patients 

from the ISIS-HERMES study.6  

Methods 

Participants 

Training Dataset 

The IRMAS study included 76 patients with a first-ever ischemic stroke, recruited between 

January 2010 and January 2012 confirmed with an MRI within 12 hours after onset, with mild-

severe stroke severity (NIHSS ≥ 1) (IRMAS study, CHU Pitié-Salpêtrière, Paris, France).4 

Inclusion and exclusion criteria are presented in Figure 1A. Then, only patients with anterior stroke 

circulation and with both MRI and behavioral assessment at one month (M0) and behavioral 

assessment at six months (M6) following stroke were included in training dataset, resulting in 54 

patients (Figure 1B). IRMAS study was approved by the local ethic committee of the Pitié-

Salpêtrière Hospital. All patients gave written informed consent. 
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Validation Dataset 

The validation Dataset was part of ISIS-HERMES study, a monocentric (Grenoble Alpes 

University Hospital (CHUGA), France), prospective, randomized clinical controlled trial assessing 

the safety and tolerance of intravenous autologous mesenchymal stem cells (MSCs) in patients 

with a first-ever moderate to severe ischemic stroke within the anterior circulation territory.29 

Thirty-one patients aged 18-70 with a persistent neurological deficit (National Institutes of Health 

Stroke Scale (NIHSS) were enrolled at two weeks post-onset between August 2010 and August 

2015. The duration of the follow-up was 2 years and the study ended August 31, 2018. Inclusion 

and exclusion criteria are presented in Figure 1A and the details of the study elsewhere.29 The 

present dataset included 25 patients who underwent the full MRI protocol one month following 

stroke (M0, just before the MSC injection) with a behavioral follow-up six months later (M6). 

ISIS-HERMES study was approved by the local ethic committee, and registered with 

ClinicalTrials.gov number NCT00875654. All patients gave written informed consent. 

Clinical and behavioral scores 

Stroke severity was assessed with the of NIHSS30 that was used to compute a motor severity score 

summing the motor arm and motor leg items. The maximum score of 8 indicates hemiplegia. We 

assessed hand motor deficit with handgrip strength, a reliable and sensitive measure of stroke 

motor recovery,31 using the LaFayette dynamometer. (https://www.prohealthcareproducts.com/ 

100-kg-220lb-hand-grip-dynamometer-lafayette-instruments/). Patients were seated with the 

paretic hand positioned at the side of the body holding the dynamometer. Then they were asked to 

squeeze the dynamometer as strong as possible without moving other parts of the body. The 

average of raw scores in 3 trials was used as the handgrip score. NIHSS and handgrip were assessed 

one month following stroke and 6 months later. Clinical assessment was performed by a stroke 

neurologist (OD, CR) and handgrip measurements by a stroke neurologist for training dataset 

(FBC) and a neuropsychologist for validation dataset (BN). 

MRI  

Training dataset 
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Images were acquired with 3T Siemens Trio MRI Scanner, with 12-channel head matrix coil at 

CENIR facility (www.cenir.org). Structural imaging involved a T1-weighted MP-RAGE (TR 2.3 

s, TE 4.18 ms, voxel size 1*1*1 mm3) and T2-FLAIR weighted (TR 9.5 s, TE 103 ms, voxel size 

0.9*0.9*3 mm3). Two rs-fMRI sequences of 7 minutes each were acquired for every participant: 

EPI, 173 volumes, 41 slices, TR 2460 ms, TE 30 ms, flip angle 90o, voxel size = 3*3*3 mm3, gap 

=0 ). Participants were instructed to keep their eyes closed and to avoid moving or falling asleep. 

MRI protocol and behavioral scores were acquired one month following stroke during the same 

session. 

Validation dataset 

MRI images were acquired on a Philips 3T scanner (Achieva 3.0T TX) with a 32-channel head 

coil at IRMaGe MRI facility (Grenoble, France). Two high-resolution structural and one rs-fMRI 

sequences were acquired with the following parameters. 3D-T1-weighted images: TR 7.75 ms, TE 

3.62 ms, flip angle 90o, FOV: 255*192*255, 192 slices, voxel size = 0.98*0.98*1 mm, thickness 

= 1 mm, gap = 0, duration = 339 s; 3D-FLAIR: 0.5*0.5*1 mm, TR 4800 ms, TE 342 ms, flip angle 

9o, FOV: 256*192*256, 192 slices, voxel size = 1 mm, thickness = 1.4 mm, gap = 0, duration = 

370 s); rs-fMRI: echo planar images (EPI), TE = 30 ms, TR 2000 ms, voxel size 3*3*3.5 mm; 

gap=0.25 mm, 400 volumes, duration 13 min 40 s. Participants were instructed to remain still and 

relaxed during the scan with eyes open while looking at a white “X” sign in the middle of the black 

background screen, without thinking anything in particular and to avoid falling asleep. These 

sequences were the first part of the ISIS-HERMES MRI protocol that was acquired one month 

following stroke at the same time as behavioral scores. 

 

MRI data analysis 

Stroke lesion volume was determined by manual delineation based on the FLAIR images using 

mricron (https://www.nitrc.org/projects/mricron). Data preprocessing and processing were 

performed using CONN Toolbox (http://www.nitrc.org/projects/conn). Preprocessing pipeline for 

volume-based analysis with direct normalization to MNI-space was performed in CONN Toolbox, 

including realignment, slice-timing correction, outlier detection, direct segmentation, and 
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normalization of functional (2*2*2 mm3) and structural images (1*1*1 mm3), and smoothing of 

functional images (5*5*5 mm3). Images from patients with lesions on the right side were flipped 

about the y axis prior to the pipeline, and thus all lesions are located in the left hemisphere for 

group analyses, to perform the group analysis without having to divide participants into smaller 

groups based on lesion side. Of note, most stroke studies flip their data as only slight and non-

significant asymmetry exists regarding the sensorimotor system.13, 32 As hemispheric asymmetries 

have been reported for the occipital lobes in terms of surface area, cortical thickness, and local 

gyrification,33 the 10 anatomical occipital regions extracted from the Julich atlas (brain.eu) were 

grouped into 3 ROIs based on the visual area subdivisions (See Figure 2).  

We used the Artifacts Detection Tool (ART) to detect outliers, with thresholds for signal intensity 

outliers set at 5 standard deviations (SD) above or below the mean, and a motion limit of 0.9 mm 

in any direction. During the denoising step, white matter, CSF, and the outliers detected by the 

ART toolbox were used as confounding effects in the linear regression. Then, a bandpass filter of 

0.09 to 0.008 was applied. For training dataset, the two sessions of rs-fMRI were preprocessed 

separately and then merged for group analyses.  

Since the regions of interest (ROIs) were determined a priori, based on the hypothesis that 

visuomotor connectivity would predict handgrip at M0 and M6, we used an ROI-based approach, 

including 78 ROIs (39 ROIs for each hemisphere) provided by the sensorimotor, parietal and 

occipital areas of the Julich atlas (ebrains.eu). The ROI list is provided in Figure 2. 

  We performed a First-Level analysis (FLA) resulting in a seed-based connectivity (SBC) map for 

each patient representing the level of functional connectivity between a ROI and every voxel in the 

brain. We checked by visual inspection image quality of each SBC map. Then, we computed ROI-

to-ROI connectivity (RRC) matrices to estimate the level of functional connectivity between each 

pair of ROIs in our set of 78 regions. Finally, we extracted the Z-scores that are the RRC matrices 

of Fisher-transformed correlation coefficients for each pair of ROIs. Then, we correlated the z-

scores of each RRC (pair of ROIs) with the grip performance at M0 and M6 using partial 

correlations adjusted for age and sex, resulting in a matrix representing RRC associated to grip 

performance at each time point, M0 and M6, for each dataset. Of note, partial correlations were 

adjusted for cell treatment in addition to age and sex for the validation dataset at M6.  
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MRI data analysis was performed at IRMaGe by A.V.J. and F.F.H. who were blinded to clinical 

and behavioral outcomes. 

Statistical analysis 

First, we performed univariate analysis using descriptive statistics of means, standard deviations 

(SD), medians, interquartile ranges (IQR) for continuous data, and frequencies for categorical data. 

We assessed test normality using the One-sample Kolmogorov-Smirnov test. Bivariate analyses 

for dataset comparisons were performed with the Mann-Whitney-U test and chi-squared test. We 

also examined whether the connectivity measures (i.e. the RRC Z-scores) have a linear relationship 

with the outcome. 

For model development, we seeked to determine the connectivity measures associated with grip at 

M0 and M6 in the training dataset using multivariate linear regression. We built a model at each 

timepoint, with handgrip at M0 or M6 as the dependent variable. As we used grip raw scores, we 

entered age and gender to account for the effects of demographics influencing task performances. 

The effects of handedness, lesion volume and side, and stroke severity on the models were tested 

and kept if significant. Connectivity measures were preselected from RRC matrices using LASSO 

linear regression, and then introduced in the linear regression model using a stepwise forward 

method. Variables were kept in the model if significant (p<0.05). We evaluated unadjusted 

correlations between predictors and handgrip using Spearman tests. We used R-squared measures 

of goodness of fit (R2, coefficient of determination), Durbin-Watson test, and residuals statistics 

(plots, descriptives, and Cook’s distance) to assess the overall performance of the models. 

Collinearity statistics were performed to remove variables with high collinearity indicated by 

variance inflation factor (VIF) >4. In addition, to adjust the models for overfitting, we performed 

an internal validation using bootstrapping based on 1000 samples providing unbiased coefficients 

with 95% CIs. The contribution of connectivity measures on handgrip was assessed with the R2 

change, F significance, and significance of bootstrap coefficients.  

 

For external validation, we first built a validation model at each timepoint in the validation dataset 

using the formula (intercept and predictor coefficients) provided by the training models. We 

estimated model performance with R2, Durbin-Watson test and residuals statistics. Calibration was 

3.3 Study III. Resting-state fMRI

107



assessed using the R2 obtained from the plots of the predicted against observed values with 95% 

CIs.34 Training and validation models were compared using the calibration plots. Second, we used 

the validation dataset to test the significance of the training model predictors, after adjusting for 

the effect of stem-cell treatment in the M6 model, resulting in a updated model with estimates and 

95% confidence intervals (CIs) at each timepoint.  

We performed statistical analyses using IBM SPSS Statistics-28.1 and Python-3.8. 

 

Data availability 

Data are available on-demand in accord with applicable French laws and regulations. 

Results 

Participants 

Out of 76 and 31 patients with unilateral stroke that were enrolled, 54 had complete data eligible 

for analysis in training dataset and 25 in validation dataset. Figure 1B shows the study flowchart. 

Demographic, stroke, and behavioral data for each dataset with dataset comparisons are presented 

in Table 1. The datasets matched for age, sex, handedness, and lesion side.  Lesion volume was 

larger and clinical scores were worse in the validation dataset. Grip was higher in men than in 

women in the training but not in the validation dataset. In both datasets, lesion volume and stroke 

severity correlated with grip but not age, handedness, and lesion side (table 1). Finally, stem cell 

treatment had no significant effect on handgrip at M6 in the validation dataset. The overlap of 

stroke lesions represented in Figure 3 shows a similar maximal extent of the lesions in both datasets 

with a higher proportion of subcortical lesions in the validation dataset.  
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Figure 1. Training and Validation datasets. A. Inclusion Criteria and B. Study Flow Chart 
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rs-fMRI 

RRC matrices 

The RRC matrices representing the resting state functional connectivity associated with grip at M0 

and M6 are provided in Figure 2 for each dataset. Globally, grip measures at M0 and M6 in both 

datasets were associated with connectivity between bilateral motor (SM1-PMC) and occipital 

areas. More specifically, handgrip was strongly associated with connectivity between i.SM1-PMC 

regions and bilateral OC including OC1, and in a lesser extent the dorsal, lateral and ventral OC 

regions. Grip was also strongly associated with connectivity from ipsilesional (i.) SM1 to 

contralesional (c.) SM1-PMC, c.IPS, and bilateral SPL. In addition, grip was associated with 

connectivity from occipital areas to i.SPL and interhemispheric occipital connectivity.  

Model development  

 The linear regression model in the training dataset showed that grip at M0 was predicted by 

visuomotor connectivity, i.e. connectivity between the ipsilesional primary motor (Brodmann Area 

BA4a) and visual (OC1) cortices and between the ipsilesional parietal (SPL-7M) and visual (OC 

lateral) cortices after adjusting for age, sex, and baseline motor NIHSS. At M6, grip predictors 

included ipsilesional BA4a to OC-dorsal connectivity, sensorimotor connectivity, i.e. connectivity 

between the ipsilesional primary sensory cortex (BA3b) and contralesional premotor cortex (BA6 

ma), and connectivity between ipsilesional SPL-7M and OC lateral areas after adjusting for age, 

sex, and baseline motor NIHSS. Of note, all connectivity predictors but i.7M to i.OC-lateral 

connectivity were correlated with grip. These results are illustrated in Figure 4. The fit of the 

models, R2, reached 0.615 at M0 and 0.776 at M6 (Figure 4B). Table 2 indicates the contribution 

of each predictor. Internal validation with bootstrap based on 1000 replications showed that all 

predictors remained statistically significant (Table 2). 
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External validation 

Calibration step 

For external validation, we first calibrated the models in the validation dataset by applying the 

predictors and coefficients of the training dataset and computing R2. Calibration plots of predicted 

against observed  values at M0 and M6 showed a large overlap of the 95% CIs of the regression 

lines of the two models, indicating that the training model was validated in the external dataset. 

(Figure 4A).  Figure 4B shows similar R2 (0.780 at M0 and 0.820 at M6) and adjusted R2 values 

for the training and validation models, with residuals and Cook’s distances showing no major bias.  

Updated model 

We tested the significance of the connectivity predictors in the validation dataset at M0 and M6 

after adjusting for age, sex and motor NIHSS. We entered stem-cell treatment in the M6 model to 

account for a potential effect of stem-cells on grip outcome. The models showed statistically 

significant effects of the connectivity predictors with updated coefficients at both timepoints as 

shown in Table 3.  

Demographic and stroke predictors. There was an effect of age on the grip at M0 in the validation 

model, and an effect of sex on the grip at M6 in the training model. We observed no effect of 

handedness or lesion side. While lesion volume and total NIHSS correlated with the grip at M0 

and M6 (Table 1), they were not kept by the models. In contrast, motor severity indicated by the 

motor NIHSS was a strong predictor of grip at both M0 and M6 (Tables 2-3). 

The effect of visuomotor connectivity on the difference of M6-M0 hand motor scores assessing 

hand motor recovery was not result.  

 

3.3 Study III. Resting-state fMRI

115



T
a
b

le
 3

. V
a
lid

a
tio

n
 M

o
d

el w
ith

 u
p

d
a
ted

 co
efficien

ts w
ith

 p
red

icto
r co

n
trib

u
tio

n
 (R

2
 ch

a
n

g
e) a

n
d

 u
n

a
d

ju
sted

 co
rrela

tio
n

 w
ith

 g
rip

 

a
t M

0
 a

n
d

 M
6
. 

 
M

o
d

el S
p

ecifica
tio

n
 

 

C
o
n

tr
ib

u
tio

n
  

to
 th

e m
o
d

el 
 

U
n

a
d

ju
sted

 C
o
rrela

tio
n

  

to
 D

ep
en

d
en

t V
a
ria

b
le 

G
rip

 M
0
 

B
 

S
E

 
B

eta
 

t 
p

 
9
5
%

 C
I 

 
R

2
 ch

a
n

g
e 

p
 

 
rh

o
 

p
 

In
tercep

t 
-3

.8
5
3

 
7
.8

1
6
 

 
-0

.4
9
3

 
0
.6

2
8
 

-2
0
.2

1
1

 
1
2
.5

0
5
 

 
 

 
 

 
 

A
g
e
 

0
.3

6
6
 

0
.1

1
8
 

0
.3

6
9
 

3
.1

1
1
 

0
.0

0
6
 

0
.1

2
0
 

0
.6

1
2
 

 
0
.0

8
2
 

0
.1

6
4
 

 
-0

.0
9
9

 
0
.6

3
8
 

F
em

ale/M
ale 

-1
.6

6
6

 
2
.3

1
7
 

-0
.0

8
3

 
-0

.7
1
9

 
0
.4

8
1
 

-6
.5

1
6

 
3
.1

8
4
 

 
0
.0

0
1
 

0
.9

0
5
 

 
0
.0

7
2
 

0
.7

3
3
 

M
o
to

r N
IH

S
S

 at M
0
 

-2
.1

5
3

 
0
.4

1
5
 

-0
.5

8
5

 
-5

.1
8
4

 
0
.0

0
0
 

-3
.0

2
3

 
-1

.2
8
4

 
 

0
.5

1
4
 

<
0
.0

0
1
 

 
-0

.5
6
9

 
0
.0

0
3
 

i.4
a-i.O

C
1

 
1
5
.3

7
1
 

3
.9

4
9
 

0
.4

6
5
 

3
.8

9
2
 

0
.0

0
1
 

7
.1

0
5
 

2
3
.6

3
7
 

 
0
.1

2
7
 

0
.0

0
7
 

 
0
.5

1
9
 

0
.0

0
8
 

i.7
M

-i.O
C

lateral 
-1

2
.0

0
3

 
5
.4

6
2
 

-0
.2

7
0

 
-2

.1
9
8

 
0
.0

4
1
 

-2
3
.4

3
5

 
-0

.5
7
1

 
 

0
.0

5
6
 

0
.0

4
1
 

 
-0

.3
9
3

 
0
.0

5
2
 

G
rip

 M
6
 

B
 

S
E

 
B

eta
 

t 
p

 
9
5
%

 C
I 

 
R

2
 ch

a
n

g
e 

p
 

 
rh

o
 

p
 

In
tercep

t 
3
.8

2
3
 

1
0
.7

9
3
 

 
0
.3

5
4
 

0
.7

2
8
 

-1
8
.9

4
8

 
2
6
.5

9
4
 

 
 

 
 

 
 

A
g
e
 

0
.2

3
9
 

0
.1

5
1
 

0
.1

8
2
 

1
.5

7
8
 

0
.1

3
3
 

-0
.0

8
0

 
0
.5

5
8
 

 
0
.0

0
1
 

0
.9

0
8
 

 
-0

.0
9
9

 
0
.6

3
8
 

F
em

ale/M
ale 

-1
.5

2
8

 
3
.2

6
7
 

-0
.0

5
7

 
-0

.4
6
8

 
0
.6

4
6
 

-8
.4

2
0

 
5
.3

6
3
 

 
0
.0

0
0
 

0
.9

2
3
 

 
0
.0

7
2
 

0
.7

3
3
 

M
o
to

r N
IH

S
S

 at M
0
 

-2
.4

7
2

 
0
.5

4
9
 

-0
.5

0
6

 
-4

.4
9
9

 
0
.0

0
0
 

-3
.6

3
1

 
-1

.3
1
3

 
 

0
.4

9
0
 

<
0
.0

0
1
 

 
-0

.5
6
9

 
0
.0

0
3
 

i.3
b

-c.6
m

a
 

1
9
.5

2
6
 

7
.4

7
0
 

0
.2

9
8
 

2
.6

1
4
 

0
.0

1
8
 

3
.7

6
6
 

3
5
.2

8
6
 

 
0
.1

1
8
 

0
.0

1
3
 

 
0
.3

6
9
 

0
.0

6
9
 

i.4
a-i.O

C
d
o
rsal 

1
9
.0

0
6
 

5
.3

1
4
 

0
.4

9
8
 

3
.5

7
7
 

0
.0

0
2
 

7
.7

9
5
 

3
0
.2

1
7
 

 
0
.0

9
4
 

0
.0

4
5
 

 
0
.4

9
6
 

0
.0

1
2
 

i.7
M

-i.O
C

lateral 
-2

3
.5

9
2

 
7
.8

4
2
 

-0
.4

0
0

 
-3

.0
0
9

 
0
.0

0
8
 

-4
0
.1

3
7

 
-7

.0
4
8

 
 

0
.1

1
6
 

0
.0

0
3
 

 
-0

.3
9
3

 
0
.0

5
2
 

S
tem

 cell (y
es/n

o
) 

0
.5

0
0
 

2
.8

7
6
 

0
.0

2
1
 

0
.1

7
4
 

0
.8

6
4
 

-5
.5

6
8

 
6
.5

6
9
 

 
<

0
.0

0
1
 

0
.8

6
4
 

 
0
.3

6
2
 

0
.0

7
6
 

  

Thesis Work

116



Figure 4. External validation. A) Model calibration plots of predicted against observed grip 

values at M0 and M6; B) Model performance for the training and validation datasets at M0 and 

M6 assessed with R2 and adjusted R2; C) Schematic representation of the connectivity 

predictors on an axial view of the brain. 
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Discussion 

Main findings 

Based on the two-visual-system theory, we hypothesized that the visuomotor connectivity 

and more specifically connectivity between dorsal occipital and sensorimotor areas was 

associated with hand motor outcome following stroke. To test our hypothesis, we assessed rs-

fMRI connectivity at one month following stroke (M0) and hand motor performance at M0 and 

6 months later (M6) in a training dataset of 54 patients and an external validation dataset of 25 

patients. We found that hand motor performance at M0 was associated with connectivity 

between ipsilesional primary motor (i.4a) and occipital (i.OC1) cortices, and between ipsilateral 

SPL-7M and lateral occipital cortex. At M6, hand motor outcome was predicted by connectivity 

between ipsilateral 4a and dorsal occipital cortex, between i.SPL-7M and i.OC-lateral, and 

between ipsilesional primary somatosensory cortex (i.3b) and contralesional pre-SMA (c.6ma) 

(Figure 4C). Our findings highlight the influence of visuomotor connectivity assessed with 

resting fMRI data on hand motor performances measured at both subacute and chronic phases 

of stroke. Furthermore, the dorsal visuomotor stream was an independent predictor of hand 

motor outcome, in agreement with our hypothesis. In addition, ipsilesional and contralesional 

SMI-PMC connectivity were associated with handgrip scores at both timepoints, confirming 

the role of interhemispheric sensorimotor connectivity in motor recovery. We evaluated our 

models using internal and external validation to limit the overfitting that is usually observed in 

MRI studies. However, the generalizability of our findings is limited by the relative small 

sample size of the datasets and other features that are discussed in the sequel of the paper. 

Visuomotor connectivity 

We found that visuomotor connectivity at M0 was associated with grip at M0 and M6, 

suggesting a role for visuomotor influence on hand motor performance following stroke.   

First, functional connectivity between ipsilesional primary motor cortex BA-4a and primary 

occipital cortex OC1 was associated with handgrip at M0. Handgrip is a manual task requiring 

distal upper limb sensorimotor control with a proprioceptive feedback to adjust the position of 

the hand and to apply the maximal grip force to a dynamometer. While there is no reaching 

movement and visual control is not essential, handgrip requires object manipulation and force 

evaluation. BA-4a is a motor area specifically involved in handgrip strength as shown in 

previous works.6, 35 OC1 is primarily involved in visual perception that is subsequently 
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processed in the dorsal, lateral and/or ventral visual extrastriate areas depending on the type of 

visual information. According to the two-visual-system theory, the visual ventral and dorsal 

streams originate from the primary occipital area OC1.25 Interestingly, as shown in Figure 2, 

handgrip performance was associated with connectivity between OC1 and all sensorimotor 

areas, and not only BA4a. Overall, our findings highlight the influence of visual perception on 

motor actions, in agreement with Milner’s theory proposing that perceptual systems participate 

in motor actions to move or manipulate objects.  

Increased connectivity between the dorsal occipital and SMI cortex was a strong predictor of 

hand motor outcome at M6, confirming our main hypothesis. The role of the dorsal visuomotor 

stream in motor actions has been formulated since 1982 in nonhuman primates20 and 1992 in 

humans.21 Despite conceptual differences between the two models in terms of the detailed role 

of the two streams (“what and where” versus “what and how”, respectively), both models 

proposed that the dorsal visuomotor stream is engaged in motor actions, either to process the 

spatial location of the object or to implement hand action and online control of hand 

manipulation and movement. According to this model, the dorsal stream projects from the 

visual areas to the posterior parietal cortex to reach the PMC and then SMI.   

While the dorsal visuomotor stream is engaged in visually guided movements, we found that 

dorsal visuomotor connectivity predicted handgrip strength, a task that does not integrate reach 

movements. As described above, handgrip requires perceptual information on object properties, 

fingers, wrist and arm orientation, and strength control related to static muscle contraction. Our 

findings are in line with the current literature proposing that the dorsal visuomotor network 

participates in generating and controlling hand actions, with or without reach movement.22, 23 

In this view, dorsal visuomotor connectivity may be promoted by rehabilitation programs that 

integrate mirror therapy to improve hand motor stroke recovery.  

Connectivity between the ipsilateral lateral occipital cortex and dorsomedial SPL (7M) was a 

predictor of hand motor performance at both timepoints. SPL-7m, lying in the medial posterior 

part of BA7, is strongly connected with the dorsal visual areas and plays an important role in 

the integration of visual and motor information.23, 36 SPL-7m is also involved in aspects of 

contextual attention and visuospatial perception, including the representation and manipulation 

of objects. The lateral occipital cortex belongs to the lateral grasping network dedicated to 

selecting and controlling purposeful hand actions.22 For example, it is activated when grasping 

requires the prediction of weight of an object.37  
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Connectivity within the sensorimotor network 

Our rs-fMRI data acquired at M0 showed that increased interhemispheric motor connectivity 

predicted better hand motor outcome at M6, suggesting a supportive role of ipsilesional and 

contralesional sensorimotor coupling at the subacute period of stroke. Our findings are in line 

with a large body of the literature showing  that motor outcome is associated with 

interhemispheric connectivity including the primary sensorimotor,8, 13, 15, 16 SMA,10, 15, 16 and 

PMC regions.13  

Regarding the respective contribution of connectivity predictors to the model, visuomotor 

connectivity reached 16.2% at M0 and 8.5% at M6 while interhemispheric motor connectivity 

contributed to 5.3% of the model at M6. The contribution of visuomotor and motor connectivity 

was even higher in the validation study reaching 18.3% at M0 and 21.0% at M6, and 11.8% at 

M6, respectively (Tables 2-3). Interhemispheric motor connectivity predicted hand outcome in 

the same amount (6.3%) as in another study.38 Although a recent study in 52 patients with 

chronic subcortical stroke reported a trend for correlations between ventral visuomotor 

connectivity and hand-wrist motor scores of the Fugl-Meyer assessment,14 the role of subacute 

visuomotor connectivity on hand outcome has not been reported yet. 

Methodological considerations and limitations 

Following TRIPOD guidelines, we performed internal validation resulting in robust 

connectivity predictors and external validation showing similar performances for both models. 

At our knowledge, this is the first study assessing functional connectivity following stroke with 

internal and external validation. However, since a single external validation appears insufficient 

to understand the performance heterogeneity across different settings,39 larger populations 

should be tested before our model can be used at individual level. Indeed, a first limitation of 

this study is the small sample size of the datasets decreasing the statistical power of our analysis. 

We partly compensated for this limitation by using long runs for the resting-state sequence.19, 

40 Of note, most previous rs-fMRI studies were performed with a similar or smaller sample size 

and shorter scan duration.  

A second limitation relates to the differences between the two datasets in terms of lesion 

volume, lesion location, and motor severity. Lesion volume, while lower in the training than in 

the validation dataset, had no effect on brain connectivity when tested in the models. The 

subcortical versus cortical location of stroke lesions may have influenced the connectivity 
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pattern supporting hand motor performance since cortical lesions may affect the motor network. 

Here, the proportion of subcortical lesions was higher in the validation dataset, which may 

explain some differences between the models. However, patients from both datasets had both 

cortical and/or subcortical lesions (Figure 3), which has probably limited the effect of stroke 

location in our study. Along the same lines, the higher motor severity observed in the validation 

dataset may have influenced the effects of visuomotor and motor connectivity on hand outcome. 

Higher contribution of both visuomotor and motor connectivity in the validation model suggests 

a compensatory process in patients with a more severe deficit. However, we found no 

significant interaction between motor severity and visuomotor or motor connectivity supporting 

this hypothesis. It is also possible that the higher homogeneity of the validation population that 

was included in a clinical trial accounted for better model performances. 

Another limitation relates to the validation study that was part of a randomized clinical trial 

assessing cell-therapy safety,29 as treatment may have influenced hand outcome. To compensate 

for this limitation, we entered the treatment in the M6 model. Interestingly, cell-therapy effect 

was weak and not significant. 

Clinical Implications 

Several clinical implications may benefit from this study. First, resting-state visuomotor 

connectivity at the subacute phase of stroke may serve as a biomarker to predict hand motor 

outcome. Second, stroke rehabilitation may implement programs integrating visual inputs to 

enhance motor re-learning processes in patients with hand motor deficit. Third, our results 

suggest a supportive role of the dorsal visual stream in hand motor recovery and that occipital 

areas may represent a relevant target for brain stimulation therapy such as TMS.  

Conclusion 

This study highlighted the influence of visuomotor connectivity on hand motor outcome 

following stroke, supporting the two visual stream model. The role of visuomotor connectivity 

along with interhemispheric sensorimotor connectivity in motor recovery needs to be confirmed 

in further studies before it can be used in clinical settings.  
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3.4 Study IV. Predictive value of Surface-based morphome-
try metrics on hand motor outcome after stroke

3.4.1 Introduction

There is neuroimaging evidence that structural neural reorganization can occur in brain
regions following stroke, both inside and outside of the lesion. Decrease of cortical thickness
in the ipsilesional hemisphere following stroke has been reported in acute (Chen et al., 2021;
Duering et al., 2015; Liu et al., 2015a), subacute, (Cheng et al., 2015) and chronic (Buetefisch
et al., 2018; Jones et al., 2016; Ueda et al., 2019; Zhang et al., 2014) stroke. Brain regions
may undergo cortical atrophy due to neuronal loss caused either directly by the lesion or
indirectly by disconnection from a damaged region (Carrera and Tononi, 2014; Di Pino
et al., 2014). Indeed, Chen et al. (2021) and Liu et al. (2020) reported changes in cortical
thickness following a brainstem and basal ganglia stroke, respectively. Studies have also
reported changes in the contralesional hemisphere, termed "transcallosal diaschisis". When
compared to healthy controls, some studies showed increased cortical thickness (Brodtmann
et al., 2012; Liu et al., 2015a), while some others reported a decrease (Chen et al., 2021;
Cheng et al., 2020), or no significant changes (Cheng et al., 2015; Zhang et al., 2014)
of cortical thickness in the contralesional hemisphere. In this case, the increased cortical
thickness can be interpreted as a result of a compensatory process in areas participating in
the recovery. These changes were influenced by the time of assessment following stroke
and stroke topography (cortical or subcortical strokes). Therefore, the first aim of this study
was to explore the changes in the SBM metrics, including the cortical thickness, fractal
dimension, and gyrification index both in damaged and undamaged hemispheres following
stroke, and its evolution over time, from baseline to six-month follow-up.

The current literature about the relationship between morphological changes and hand
motor performance after stroke remains inconclusive. While most studies did not show
significant correlations, (Buetefisch et al., 2018; Cheng et al., 2020, 2015; Jones et al.,
2016; Liu et al., 2020; Schaechter et al., 2006) others have reported a positive correlation
between motor performance and cortical thickness changes in the primary sensorimotor
cortex and supramarginal gyrus (Liu et al., 2015a; Ueda et al., 2019). Of note, the latter
studies used motor scores assessing the upper limb but not the hand. In studies using a
specific assessment of hand motor performance, (Buetefisch et al., 2018; Cheng et al., 2020,
2015; Schaechter et al., 2006) hand performance did not correlate with the absolute value
or change in cortical thickness. This lack of correlation may be due to the relatively small
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sample size (n<50) in most of the cited studies. In addition, very few studies,(Chen et al.,
2021; Zhang et al., 2008) explored more sophisticated surface-based morphometry metrics,
such as the gyrification index or fractal dimension representing the cortical complexity of the
brain regions. Therefore, our second aim was to investigate the association between surface-
based morphometric measures, including cortical thickness, fractal dimension, gyrification
index, and hand motor outcome following stroke.

3.4.2 Methods

In this study, we used data from patients and healthy controls of the ISIS-HERMES, IRMAS,
and RESSTORE studies, with a total of 106 patients and 107 healthy participants that served
as controls. The SBM metrics were derived from anatomical T1 images and processed using
CAT12 (detailed in the chapter 2). In addition to the cortical thickness (CT), we extracted
two other metrics: the fractal dimension (FD), representing the structural complexity of the
cerebral cortex, and the gyrification index (GI), measuring a comparison of the amount of
cortex within the sulcal folds and the outer visible cortex. We first compared the three metrics
between groups (controls, patients at M0, and patients at M6) and then used these metrics to
predict hand and global motor performance, respectively, assessed with the handgrip and the
mNIHSS.

Comparisons between controls and patients at M0 and at M6 were performed using
independent t-tests for each hemisphere (ipsilesional and contralesional hemispheres) and
each ROI of the HCP atlas with Bonferroni correction for multiple comparisons. For the
hemispheres, patients were grouped by lesion side so that the left ipsilesional hemisphere
and left contralesional hemisphere of the patients was compared to the left hemisphere of
the controls and similarly for the right side. Then, the three metrics (CT, FD, and GI) were
extracted at the ROI level using the HCP atlas (Glasser et al., 2016), see figure2.2. for
controls-patients comparison. Binary lesion masks of each patient were used to calculate the
percentage of patients having lesions at each ROI, but stroke lesions were not masked.

To assess the predictive value of SBM metrics on hand motor recovery, several statistical
and machine learning methods were used to predict hand motor outcomes at M6 using each
of the SBM metrics separately and in combination. The methods include linear regression
with l1 and l2 penalty (separately), random forest (RF), and support vector machine (SVM).
As baseline models, predictive models using either initial severity or lesion volume were
built.
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3.4.3 Results

Participants

To control for the effect of age on the SBM-derived metrics, we included healthy participants
who were older than 30 years old (107 from 169 participants [63%]) so that the age of the
selected control and stroke groups was comparable. One hundred and six patients with stroke
were included, among which 83 have behavioral and clinical scores at M6. The flowchart of
the sample selection is presented in figure3.1. Participants’ characteristics are presented in
table 3.1, and behavioral and clinical scores were provided in table3.2.

Fig. 3.1 Study flowchart

Table 3.1 Characteristics of participants

Variables Patients Controls

Age, mean(SD) 55.97 (13.99) 54.45 (15.34)

Male/Female, n(%) 67/36 (65.05/34.95) 50/57 (46.73/53.27)

Right/Left lesion, n(%) 53/53 (50/50) N/A

Lesion volume, mean(SD) 63.57 (67.95) N/A

Subcortical/Cortical/Both, n(%) 48/34/24 (45.28/32.08/22.64) N/A

Stem-cell Treatment/Not, n(%) 30/76 (28.3/71.7) N/A

128



3.4 Study IV (Surface-based morphometry)

Table 3.2 Behavioral and clinical scores of stroke group

Variables mean SD median IQR

Grip_PH_M0 8.72 11.44 1 14.99

Grip_PH_M6 14.16 14.35 12.8 24.28

mNIHSS_M0 3.04 3.07 2 5

mNIHSS_M6 1.72 2.25 0 4

NIHSS_M0 7.79 6.61 8 11

NIHSS_M6 4.5 4.84 3 8

Comparison between controls and patients

Mean, standard deviation (SD), median, and interquartile range (IQR) of the cortical thickness
(CT), fractal dimension (FD), and gyrification index (GI) are presented for each group in
Table B.1. When analyzed at the hemispheric level, CT at M0 was significantly lower in
patients than in controls in the ipsilesional, contralesional, and both hemispheres, with a
higher difference for the ipsilesional hemisphere. On the other hand, while FD in stroke
patients was decreased in the ipsilesional hemisphere, the difference did not reach significance
in the contralesional hemisphere. In contrast, we did not find any change in GI in the patients’
group compared to the controls. Similar results were found at M6, with higher differences
between CT and controls, suggesting a decrease in CT over time. Indeed, CT was significantly
lower at M6 than at M0, whereas no difference was observed for FD and GI. Between-group
comparison is presented in Table 3.3

Table 3.3 Between-group comparison (t-values) of CT, FD, and GI

Controls-M0 Controls-M6 M6-M0

CT FD GI CT FD GI CT FD GI

Ipsilesional Left 5.137** 6.454** -1.019 7.218** 6.857** -0.6 -2.166* -0.197 -0.166

hemisphere Right 5.309** 6.920** -0.980 7.371** 7.339** -1.108 -2.166* -0.197 0.264

Contralesional Left 3.333* 0.822 -0.279 3.519* -0.076 -0.423 0.037 1.194 -0.166

hemisphere Right 3.524* 1.318 -0.158 3.326* -0.61 -0.030 0.037 1.194 0.264

Whole brain - 4.582** 4.512** -0.643 6.007** 4.697** -0.543 -1.269 0.491 0.030

CT indicates Cortical thickness, FD: Fractal dimension, GI: Gyrification index. ** indicates t-test with p<0.001, * for p<0.05

When analyzed at ROI-level, decreased CT was observed mainly in the damaged regions
such as the insula, superior temporal sulcus, frontal and parietal operculum, auditory areas,
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and inferior parietal lobule. However, additional areas also showed a significant CT decrease,
despite being relatively spared by the stroke lesion (damaged in less than 10% of all patients).
These regions involved the visual areas (V1, V3, V4, V8, and visual ventral area), cingulate
cortex (BA 23, 24, 31, 32), and frontal cortex (BA8, 9, and 11). Interestingly, CT in the
homologous contralesional regions was also decreased. To exclude the possible effects of
the stroke lesion on cortical measures, we performed an analysis in patients with only a
subcortical stroke, and similar results were found. Detailed t-test results at ROI level for
CT are presented in Table 3.4. ROI-level comparison regarding FD showed less significant
difference especially in the contralesional hemisphere. Almost no difference was found for
GI. Results for FD and GI are provided in Table B.2 and Table B.3

SBM predictive values for hand motor outcome

The baseline models for the prediction of handgrip strength at M6 were built using logistic
regression by introducing initial severity (NIHSS at M0) or lesion volume as predictors. The
accuracy of the grip model was 0.78 with initial severity and 0.71 with lesion volume.

Then, we used several statistical and machine learning methods to predict hand motor
outcomes at M6 using each of the SBM metrics separately and in combination. Predictive
values represented by the AUC are provided in table 3.5. Of note, the highest predictive
values were obtained when using a random forest approach, with AUC values that was higher
than the baseline models. When used separately, CT was the best predictor, followed by FD
and then GI. Interestingly, the predictive values were slightly higher when CT, FD, and GI
were used in combination.

3.4.4 Discussion

The two main objectives of this study were to explore SBM metrics changes following a
stroke over time and to determine their predictive value on hand motor outcome. To this
aim, data from 107 healthy controls and 106 patients with stroke were collected regarding
the T1 anatomical MRI images, and hand behavioral scores were assessed using a handgrip
dynamometer. Following a stroke, decreased CT was found in both hemispheres, decreased
FD only in the ipsilesional hemisphere, and no change was found for GI. CT in the ipsile-
sional hemisphere was reduced over time, while no change was found in the contralesional
hemisphere for FD and GI. The ROI-level analysis showed that CT was decreased not only in
the damaged areas but also in some undamaged areas, such as the visual areas, cingulate and
frontal cortex, in both the ipsilesional and contralesional hemispheres. CT with a random
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Table 3.4 Cortical thickness (CT) comparison between patients (at M0) and controls at ROI-level
ROI % Ipsi Contra ROI % Ipsi Contra ROI % Ipsi Contra
Insula-G 57.01 -6.62* -5.35* PFm 19.63 -2.98 -2.38 ProStriate 4.67 0.20 1.69
Insula2-post 56.07 -8.13* -4.32* 47m 18.69 -2.16 -2.04 V3 3.74 -0.76 -2.03
Insula-post 54.21 -6.25* -2.89 Frontal-eye-fiels 17.76 -3.38 -3.31 V7 3.74 1.27 1.22
OP2-3-VS 53.27 -4.54* -6.42* IP2 17.76 -0.73 -0.64 IPS1 3.74 -0.01 1.38
FO3 52.34 -6.93* -3.84 Superior-Temporal-medial 16.82 -0.89 -0.19 PreCuneus-visual 3.74 -3.02 -2.97
FO2 52.34 -4.88* -5.41* 55b 16.82 -3.54 -3.74 23d 3.74 -4.26* -2.8
Insula-mid 50.47 -8.82* -4.21* 1 16.82 0.75 0.56 5L 3.74 -0.49 0.52
FO1 48.60 -5.36* -1.47 TPOJ3 16.82 -1.23 -1.91 8BL 3.74 -4.89* -3.81
Belt-medial 47.66 -4.99* -1.05 47r-post 16.82 0.09 -5.48* 9p 3.74 -7.39* -5.13*
43 46.73 -3.80 -1.89 TE1-mid 15.89 -2.65 -1.6 10p-ant 3.74 -4.98* -3.2
52 46.73 -4.39* -1.84 6-ant 14.95 -1.80 -1.87 Entorhinal 3.74 -5.33* -4.41*
A1 44.86 -3.47 -2.03 TG-d 14.95 -6.57* -5.78* Perirhinal-ectorhinal 3.74 -3.63 -6.89*
Piriform 44.86 -7.69* -4.17* Temporal-mid 13.08 -0.84 -0.76 PH 3.74 -1.39 -2.34
OP4-PV 43.93 -6.5* -2.55 7PC 13.08 0.36 -0.39 Visual-dorsal-transitional 3.74 1.02 -0.51
6-rostral 42.99 -2.71 -0.61 IP-Lat-dorsal 13.08 -0.19 1.58 ParaHippocampal2 3.74 -1.94 -0.82
OP1-SII 42.99 -4.66* -6.85* FST 13.08 -0.70 0.88 V4t 3.74 -1.51 0.64
FO4 42.99 -4.76* -3.45 8Av 12.15 -1.91 -1.03 25 3.74 2.55 -2.3
Belt-lateral 42.99 -4.82* -4.55* 46 12.15 -2.00 -0.36 V6 2.80 1.97 0.54
Insula-Ag-ant 42.06 -8.77* -3.73 9-46v-ant 12.15 -6.88* -6.9* V8 2.80 -2.33 -1.79
RetroInsula 41.12 -3.47 0.9 IP-Lat-ventral 11.21 -0.13 0.44 LOC2 2.80 -3.32 0.39
Para-Belt 41.12 -3.14 -5.86* 6d 11.21 -1.58 -1.79 33 2.80 -3.17 -0.8
Para-Insular 38.32 -6.33* -3.23 47-ant 11.21 -7.65* -3.46 32d 2.80 -4.98* -5.08*
TA2 36.45 -6.22* -4.46* 13l 11.21 -4.22* -6.54* 8BM 2.80 -4.35* -5.12*
FO 36.45 -3.29 -0.95 TE1-post 10.28 -4.17* -2.86 10r 2.80 -6.37* -1.36
3a 35.51 1.49 0.49 LOC3 10.28 -1.94 -1.49 10d 2.80 -0.05 3.4
IFJp 35.51 -4.24* -3.45 IP-medial 9.35 1.03 0.36 9a 2.80 -2.04 -1.55
PFcm 35.51 -3.94* -3.85 9-46d 9.35 -5.88* -6.25* 10v 2.80 -3.40 -2.65
Insula-ventral-ant 35.51 -5.36* -3.16 6-8-inf-transitional 9.35 -2.20 -2.15 ParaHippocampal1 2.80 -1.53 -1.59
44 34.58 -2.81 -1.49 PGp 9.35 1.86 -0.53 V1-VM 2.80 -0.69 0.06
Auditory-4 34.58 -4.71* -4.06* IP1 9.35 -1.02 -0.88 V3-VM 2.80 -0.72 -3.07
IFJa 33.64 -5.88* -3.93* 5Mv 8.41 -1.68 1.4 V2-VM 2.80 -0.69 -2.79
PFop 32.71 -4.83* -2.11 24d-ventral 8.41 -4.82* -3.66 31a 2.80 -3.25 -2.44
PeriSylvian-language 28.97 -4.29* -2.01 PGs 8.41 -3.08 -2.45 s32 2.80 -2.37 -2.3
45 28.97 -3.65 -3.38 6ma 7.48 -4.71* -4.08* 10p-post 2.80 -2.69 -1.91
PFt 28.97 -0.50 -1.17 6mp 7.48 -4.53* -5.44* TG-v 2.80 -5.56* -4.47*
IFSp 28.04 -6.28* -5.24* 8Ad 7.48 -6.14* -8.56* 24-post 2.80 -6.57* -3.77
TPOJ1 28.04 -1.03 -1.28 Hippocampus 7.48 -6.71* -2.35 SPOC2 1.87 -0.84 -0.47
Premotor-eye-fields 27.10 -2.05 0.58 TE2-ant 7.48 -3.93* -4.0* Superior-Frontal-language 1.87 -1.35 -2.16
8C 27.10 -1.87 -0.1 23c 6.54 -1.47 1.98 a24 1.87 -2.36 -4.41*
Auditory-5 27.10 -4.32* -2.13 IP-ventral 6.54 -0.51 -1.12 p32 1.87 -3.36 -4.37*
PFC 27.10 -2.33 -4.34* 24prime-post 6.54 -5.89* -6.8* 9mid 1.87 -6.45* -2.5
Superior-Temporal-visual 26.17 -5.28* -1.22 32 6.54 -6.03* -3.65 ParaHippocampal3 1.87 -2.48 -1.58
47s 26.17 -6.97* -3.57 OFC-post 6.54 1.72 -0.17 TF 1.87 -3.09 -2.98
STSd-post 26.17 -1.86 -2.15 IP0 6.54 1.42 0.68 TE2-post 1.87 -5.1* -3.45
2 25.23 0.39 0.15 V3CD 6.54 -2.04 -0.56 31p-d 1.87 -2.05 -1.27
6v 25.23 -5.34* -1.59 V4 5.61 -4.23* -3.66 Visual-ventral 1.87 -1.08 -1.39
STSd-ant 25.23 -6.89* -3.92* LOC1 5.61 -2.30 1.27 Orbital-frontal 1.87 -4.93* -2.8
STSv-post 25.23 -3.32 -4.96* 24d-dorsal 5.61 -6.2* -3.52 V3A 0.93 1.27 -0.58
9-46v-post 24.30 -2.46 -0.1 24prime-ant 5.61 -7.05* -5.48* Fusiform-face 0.93 -3.44 -0.81
47-lat 23.36 -2.63 -1.41 11l 5.61 -6.42* -7.41* InferoTemporal-post 0.93 -3.20 -1.16
IFSa 23.36 -0.37 -2.71 32-ant 5.61 -5.38* -5.19* 7P-med 0.93 -2.31 -2.54
IP-ant 23.36 -0.30 0.21 V1 4.67 0.52 0.83 7M 0.93 -2.22 -4.39*
STGa 23.36 -7.81* -5.67* V2 4.67 0.90 0.55 SPOC1 0.93 -4.56* -0.9
PGi 22.43 -1.90 0.53 V3B 4.67 -1.35 0.75 23ab-ventral 0.93 -4.9* -2.79
4 21.50 -0.45 0.08 5M 4.67 -0.58 -0.28 31p-v 0.93 -4.0* -2.11
PHT 21.50 -4.92* -0.44 7A 4.67 -1.19 -1.92 10p-polar 0.93 -5.28* -1.27
TPOJ2 21.50 -2.34 0.7 Supp-Cingulate-eye 4.67 -3.45 -3.59 PreSubiculum 0.93 0.33 -0.4
STSv-ant 21.50 -3.54 -6.71* 7A-med 4.67 -0.07 -1.54 V6A 0.93 2.70 0.55
SI 19.63 2.30 1.73 7P 4.67 0.32 0.85 RetroSplenial 0.00 -5.38* -3.61
TE1-ant 19.63 -4.13* -4.68* 6-8-sup-transitional 4.67 -5.1* -4.94* 23ab-dorsal 0.00 -3.96* -3.35

Values in the table indicate t-value comparison between patients and control (negative value means decreased CT
compared to controls, and vice versa), Ipsi/Contra: comparison in the ipsilesional/contralesional hemisphere, *
indicates significant difference using Bonferroni correction for multiple comparison, % indicates percentage of
patients having lesions in the ROI.

131



Thesis Work

Table 3.5 Performance of the model represented by the area under the curve
(AUC) of hand grip models using different algorithms

Predictors LR-l1 LR-l2 RF SVM

CT 0.790 0.718 0.805 0.677

FD 0.728 0.718 0.744 0.697

GI 0.595 0.631 0.733 0.390

CT-FD 0.785 0.815 0.815 0.815

CT-GI 0.790 0.795 0.815 0.764

FD-GI 0.687 0.708 0.810 0.713

CT-FD-GI 0.779 0.805 0.836 0.805

CT: Cortical thickness, FD: Fractal dimension, GI: Gyrification index, LR: Logis-
tic regression, l1: l1 regularization (LASSO), l2: l2 regularization (Ridge), RF:
Random Forest, SVM: Support Vector Machine

forest model provided the best predictor of the motor outcome at a six-month follow-up, with
an accuracy of 80%, which is similar to the baseline model based on initial severity. Models
combining CT and FD or the three metrics slightly improved the accuracy of the model.

Our results regarding CT decrease in the ipsilesional hemisphere are in agreement with
the growing body of stroke literature, regardless of whether the patients were scanned in the
acute, (Chen et al., 2021; Duering et al., 2015; Liu et al., 2015a) subacute, (Cheng et al.,
2015) or chronic (Buetefisch et al., 2018; Jones et al., 2016; Ueda et al., 2019; Zhang et al.,
2014) phase of stroke. Indeed, we found that cortical thinning was not limited to the lesion
but extended to undamaged regions, suggesting that neuroplastic changes may occur beyond
the lesion site, especially in the regions that are structurally connected to the lesioned area.
(Cheng et al., 2015; Duering et al., 2015) For example, the insular cortex was damaged
in most of our stroke population (more than 50%), and is known to have a wide range of
structural connectivity with the frontal, temporal, parietal, and occipital regions. (Ghaziri
et al., 2017)

Furthermore, cortical thinning was also observed in the contralesional hemisphere, al-
though to a lesser extent than in the ipsilesional hemisphere. This is in line with some
previous studies (Chen et al., 2021; Cheng et al., 2020), but in contradiction with others
that reported no changes (Cheng et al., 2015; Zhang et al., 2014), or even increased CT
(Brodtmann et al., 2012; Liu et al., 2015a). Interestingly, we also found reduced cortical
complexity (decreased FD) in the ipsilesional but not in the contralesional hemisphere and no
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change for GI. As CT is a measure of a physical distance, it is expected to be more sensitive to
changes in both neural and non-neural elements, as opposed to FD, which compacts detailed
information into one single measure of structural complexity, or GI, which measures the brain
morphology (gyri and sulci) in a more macroscopic scale. Several explanatory mechanisms,
including neuroinflammatory response and degeneration through transcallosal fibers, were
proposed to account for cortical thinning on the contralesional side. In contrast, compen-
satory processes such as increased neuronal sprouting, dendritic arborization, synaptogenesis,
and angiogenesis were attributed to the interpretation of increased cortical thickness. Many
methodological considerations, such as the heterogeneous clinical characteristics of the
patients, delay from stroke, differences in methods and study design, may be responsible for
these varying results. In particular, the brain areas where the stroke lesion is involved would
be of importance, as several studies observed cortical thickness changes only in specific ROIs
but not in others. For example, Zhang et al. (2014) reported decreased CT in the ipsilesional
M1, and no change in contralesional hemisphere M1. Brodtmann et al. (2012) reported an
increase in contralesional CT in paracentral, superior frontal gyrus, and insula, but their
analysis of CT was only performed in undamaged brain regions, those that are not directly
affected by the lesion or edema and that may undergo plastic changes. In our data, globally
CT was significantly decreased in the contralesional hemisphere. Interestingly, at the ROI
level, there was no significant CT changes in the contralesional M1 (despite being lesioned
in 21% of our population) and a slight increase of CT in a part of the contralesional insula
(Insula-Ag anterior), even though it was not significant. Another factor that is not taken into
account in most studies is the degree of which the patients use or rely on their ipsilateral hand
during recovery, as changes in CT could represent this compensatory process. Overall, with
these heterogeneous results from studies with relatively small sample sizes, it can be inferred
that there is still no agreement on how stroke lesions affect the CT in the contralesional side.

In addition, we found that CT predicted hand motor outcomes. The random forest
algorithm reaching 80.5% and 83.6% for the three metrics did better than the baseline
model based on initial severity (78%) and much better than the model using lesion volume
(71%). This result indicates that morphological information coming from anatomical images
could be useful in determining hand motor prognosis of stroke, even when no other clinical
information is gathered. It was also observed that adding information from FD or GI improved
the predictive value of the model. However, hand motor-related changes following stroke
was better captured by the CT than the other metrics.

This study has several limitations in which results must be interpreted cautiously. First,
it has to be noted that the effect of brain edema, if present, on the measurements of SBM
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metrics have not been taken into account. Except careful qualitative inspection and exclusion
of patients with edema, this remains a problem in SBM analysis that is yet to be resolved.
Second, the stroke population used in this study was relatively young, with a mean age of
56 years. As younger age is known to be associated with higher cortical thickness, and
higher capacity for recovery and other compensatory process, our result might be different
from the general stroke population. Third, despite of higher sample size used compared
to previous studies, it was not enough to build machine learning models with adequate
parameter tuning and cross-validation steps, and therefore the prediction accuracy reported
could be overestimated.

This study presented evidence of brain morphological changes following a stroke in
the ipsilesional and contralesional hemispheres, and that cortical thickness may provide
prognostic value for hand motor outcome at a six-months follow-up period. These findings
may expand our understanding of structural changes occurring in the brain following stroke,
and may be helpful for designing rehabilitative strategies at the individual level. However,
discrepancy between studies regarding changes in the contralesional hemisphere should be
further investigated with more detailed methodology while controlling several associated
factors in a larger population.
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3.5 Study V (VLSM)

3.5.1 Introduction

For more than a century, lesion–symptom mapping studies have yielded valuable insights into
the relationships between brain and motor functions (Feys et al., 2000; Godefroy et al., 1998;
Shelton and Reding, 2001). During the last decades, newer techniques have been developed,
such as Voxel-based Lesion-Symptom Mapping (VLSM) analysis, which determines the
voxels in which the lesion is associated with the impaired explored function (Baldo and
Dronkers, 2007; Rorden et al., 2009). Several studies have used VLSM to explore the
spatial location associated with upper limb motor deficits (Frenkel-Toledo et al., 2019, 2022,
2020; Lo et al., 2010; Moon et al., 2016; Plantin et al., 2019; Schoch et al., 2006) or by
other voxel-based analyses such as multivoxel pattern analysis (Park et al., 2016). These
studies have shown uper-limb motor deficits to be associated with lesions mainly located
in the corticospinal tract (CST) et more specifically in the corona radiata (either superior
[SCR] or posterior [PCR] part), and/or the posterior limb of internal capsule. Motor-related
brain regions have also been reported including the insula, basal ganglia, cerebellum, as
well as other white matter tracts, such as the anterior limb of the internal capsule (ALIC),
superior longitudinal fasciculus (SLF), external capsule (EC), and superior fronto-occipital
fasciculus (SFO). With regards to lesions associated with hand motor outcomes, lesions in
the corona radiata (Frenkel-Toledo et al., 2019, 2020; Lo et al., 2010; Plantin et al., 2019)
and or posterior limb of the internal capsule (Frenkel-Toledo et al., 2019; Park et al., 2016;
Schiemanck et al., 2008) are the most cited for correlating with worse outcomes.

Moreover, dissociations have been reported for the neural correlates of the upper-limb and
hand, i.e., the proximal and distal motor components of upper limb function. Distal movement
is known to depend almost exclusively on the crossed CST that form the lateral CST, while
proximal movement is also supported by the uncrossed CST that form the anterior CST, with
a more bilateral innervation at the spinal level (Kuypers, 2011) (Figure 1.7). However, such
a dissociation is not very clear at the subcortical level. At the level of the internal capsule,
in which the axons descending from the cortical areas are densely packed, a gradient in
terms of somatotopy (face, UL, LL) is recognized along an anterior-posterior axis, but not in
terms of functional (proximal vs. distal) that is reported to be highly overlapped (Park et al.,
2001). More recently, proximal vs. distal motor deficit lesion association has been explored
by Frenkel-Toledo et al. (2019, 2020) using an approach based on the hemispheric lesion
side. In patients with a right hemisphere lesion, damage to the superior temporal cortex and
the retro-lenticular internal capsule was associated with proximal but not distal upper limb
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functions in the subacute but not in the chronic phase. Of note, in the left-lesioned stroke
group, i.e., no significant voxel was significantly associated with a motor deficit of the right
upper limb. However, the interpretation of these dissociations is hampered by the small
sample size of the splitted subgroups (acute-chronic, and left-right stroke lesions) resulting
in low statistical power. In their second study (Frenkel-Toledo et al., 2020), the authors
found that damage in specific voxels within the SLF, putamen, EC, SCR, and insula affected
shoulder abduction and finger extension independently, but no spatially separated cluster of
voxels was identified.

The studies cited above used continuous motor scores in the VLSM analysis. An ad-
vantage of these measures is that the degree of impairment is taken into account in the
analysis. However, care must be taken in interpreting the results, especially when clinical
implementations are expected. As each voxel from the resulting VLSM analysis is commonly
represented by a z-score, an intuitive pathophysiological interpretation is that: voxels with
higher z-score are associated with a worse behavioral score. In clinical settings, this arbitrary
level of severity is relatively difficult to be implemented to the patients, as compared to binary
state (good or bad recovery). For this reason, motor scores in this study were binarized into
no motor function (score=0) or some residual motor function (score=1). This way, a lesion
in a significant voxel (with a certain cluster size threshold) would be associated with a motor
deficit. Association with subsequent behavioral scores (for example lesion associated motor
performance assessed at the chronic phase) would be highly useful in clinical settings when
informing patients and caregivers about the level of motor recovery that can be expected. In
this case, lesion location predicts complete hand deficit at the chronic phase, i.e., no hand
recovery.

The aim of study V was to determine the lesion locations associated with distal upper limb
performance and proximal motor deficits at one month post-stroke (M0) and at six-month
follow-up (M6) in a relatively large sample of patients with a subacute ischemic unilateral
hemispheric stroke documented by a MRI. To this aim, anatomical MRI images from 102
patients with stroke from two centers (Grenoble and Paris) were collected, and a VLSM
approach was used to associate the lesion spatial location at voxel level with binarized hand
(handgrip strength) and global motor scores (mNIHSS), representing distal and proximal
motor performance respectively.
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3.5.2 Methods

We collected anatomical MRI images from three different studies (ISIS-HERMES, IRMAS,
RESSTORE) performed in two centers (Grenoble and Paris). Handgrip score was used to
assess hand performance, and mNIHSS was used for the global motor outcome. mNIHSS
was derived from a summation of motor arm and leg motor scores of the NIHSS (National
Institute of Health Stroke Scale). Of note, as the NIHSS motor scale assesses the degree of
which movement of the arm and the leg (whether or not participants can lift their arm or leg,
see NIHSS scale in Appendix A.2.1), the score reflects more the proximal than distal motor
ability. Voxel-based Lesion-Symptom Mapping (VLSM) analysis was performed to identify
the voxels in which the lesion was associated with (1) no hand motor function (grip = 0) and
then (2) some degree of motor deficit (mNIHSS score > 1), with both scores assessed at one-
month post-stroke (M0) and six-months follow-up (M6). The effect of age, sex, center, lesion
side, and lesion volume were introduced as covariates. The effect of stem-cell treatment was
regressed when predicting any scores at M6. Permutation–based thresholding was used to
control for family-wise error (FWE) at 5% (p<0.05, 5000 Freedman–Lane permutations).

3.5.3 Results

Participants

A total of 102 patients from three cohorts were recruited. Detailed information on the patient
characteristics, with the clinical and behavioral scores, is shown in table 3.6. The stroke
lesion overlay (Figure 3.4) showed a wide distribution of lesions across the middle cerebral
artery territory. Areas including the insula, corona radiata, internal and external capsule,
thalamus and basal ganglia, and frontal and parietal operculum were the most frequently
involved. Of note, images from patients with the right lesion were flipped along the x-axis,
and thus all patients were assumed to have lesions on the left side in order to increase the
statistical power.

VLSM

General findings

The statistical maps of the VLSM analysis for grip and mNIHSS at both M0 and M6
are provided in figure 3.3, with the detailed number of voxels in the involved ROI presented
in table 3.7. In general, the patterns were similar between grip and mNIHSS, with lesions
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Table 3.6 Patient characteristics with clinical and behavioral scores

Categorical Variables N n %

Sex (Male/Female) 102 66/36 64.71/35.29

Center (Grenoble/Paris) 102 45/57 44.12/55.88

Stem-cell Treatment (Yes/No) 102 30/72 29.41/70.59

Topology (Subcortical/Cortical/Both) 102 32/23/47 31.37/22.55/46.08

Lesion side(Right/Left) 102 51/51 50/50

Binary Grip M0 (Score>0/Score=0) 98 54/44 55/45

Binary Grip M6 (Score>0/Score=0) 91 59/32 65/35

Binary mNIHSS M0 (Score≤1/Score>1) 102 63/39 62/38

Binary mNIHSS M6 (Score≤1/Score>1) 88 41/47 47/53

Numerical Variables N Mean(SD) Median(IQR)

Age (years) 102 55.98(14.06) 57(28)

Lesion volume (cc) 102 62.59(63.57) 43.75(91.83)

Grip at M0 (kg) 98 8.81(11.47) 1(14.99)

Grip at M6 (kg) 91 14.31(14.35) 12.95(24.28)

mNIHSS at M0 102 2.98(3.03) 2(5)

mNIHSS at M6 88 1.72(2.26) 0(4)

NIHSS at M0 98 7.71(6.6) 8(11)

NIHSS at M6 85 4.46(4.85) 3(8)

SD: Standard Deviation, IQR: Interquartile range, NIHSS: National Institute of Health Stroke Scale,
mNIHSS: motor NIHSS

located in the superior and posterior corona radiata, and the posterior limb of the internal
capsule (PLIC) were associated with worse motor performance at both time points.
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3.5 Study V (VLSM)

Fig. 3.2 Lesion overlay of all included participants (n=102). The scale indicates number of
patients having lesions in certain voxel.
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3.5 Study V (VLSM)

Lesions associated with proximal and distal motor scores

At M0, the statistical maps between grip and mNIHSS overlapped. mNIHSS map
(indicated with blue color in figure 3.3) covering the grip map (indicated with red color) and
also areas outside of it at each level of corona radiata and internal capsule. At M6, despite
some overlap between the two, a dissociation pattern was observed: the grip map covered
more anteriorly, including the one-third anterior part of the PLIC and the anterior corona
radiata, while the grip map covered more posterior part until the retrolenticular part of the
PLIC.

Lesions associated with scores at M0 and M6

At M0, the number of significant voxels was higher than at M6. PLIC regions accounted
for a higher percentage of significant voxels at M6 (30% and 41.5% for grip and mNIHSS,
respectively) than at M0 (11.9% and 22.26%), while for putamen (only for mNIHSS), caudate,
and pallidum, higher percentages of significant voxels were observed at M0 than at M6.

3.5.4 Discussion

This study aimed to explore the association between stroke lesion location and motor perfor-
mance in a population of 102 patients with a subacute stroke using VLSM. We found that the
patterns of lesion associated with complete hand paresis (grip=0) and with a more proximal
motor deficit (mNIHSS > 1) were similar, including voxels located in the corona radiata
(both superior [SCR] and posterior [PCR] part), posterior limb of the internal capsule (PLIC),
and, with smaller clusters in the caudate, at both one-month post-stroke (M0) and six-months
follow-up (M6). This result is in line with a large body of the literature(Feys et al., 2000;
Frenkel-Toledo et al., 2019, 2022, 2020; Lo et al., 2010; Park et al., 2016; Schiemanck et al.,
2008) and is somewhat expected considering that the dense corticospinal fibers are dedicated
to voluntary motor movements and the participation of basal ganglia to motor control and
learning. Regarding the period of stroke, there were more significant voxels at M0 than at
M6, indicating that a wider range of spatially located lesion would relate to a subacute motor
deficit, but only patients with a more specific lesion location would remain with a chronic
motor deficit. Indeed, the PLIC accounts for a higher percentage of significant voxels at
M6 than M0,https://www.overleaf.com/project/62dffb76ce1c9c30774781f3 confirming the
importance of PLIC in motor recovery. Conversely, the reverse is observed for basal ganglia
(higher percentage at M0 than M6), suggesting that patients with a lesion in the basal ganglia
may show a motor deficit at the subacute phase of stroke but have a high probability of motor
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3.5 Study V (VLSM)

recovery at the chronic period. This is in agreement with the literature about the role of basal
ganglia in motor control and of the CST in motor execution.

Somatotopic organization in the PLIC

The statistical maps of grip and mNIHSS at M0 showed a large overlap, with the mNIHSS
map covering the grip map and some surrounding areas at each level of corona radiata and
internal capsule. At M6, despite some overlap between the two, a dissociation was observed
along an anterior-posterior axis with the grip map covering the one-third anterior part of
the PLIC and the anterior corona radiata, and the mNIHSS map covering the posterior part
of the PLIC until its retrolenticular part. Interestingly, although mNIHSS is composed of
both upper- and lower- limb motor components the mNIHSS VLSM map covered the most
posterior part of the PLIC. The somatotopic organization of the Iinternal capsule has not
been clearly defined according to the scientific findings to date. According to a classical
view of the anatomical and electrophysiological literature, the motor fibers descending in
the PLIC are organized along an anteromedial-posterolateral axis, meaning that hand fibers
are located anteromedial to foot fibers (BERTRAND et al., 1965; Dawnay and Glees, 1986;
Wells, 1983). A more recent anatomical study exploring the descending motor fibers from
the different motor cortical areas in the macaque using anterograde tracers revealed an
anterior-posterior organization to the cortical origin of the descending fibers, with the fibers
originated from the anterior cingulate area are located in the most anterior part of the PLIC
while the M1 fibers are grouped in its posterior part (Morecraft et al., 2002). In parallel
electrophysiological studies in humans reported reported the existence of overlaps between
all body part representations (BERTRAND et al., 1965). For example, Duerden et al. (2011)
investigated the somatotopic organization and probabilistic mapping of motor responses
in the PLIC using electrophysiological stimulation of the motor fibers in 52 patients with
ventrolateral thalamotomy or deep brain stimulation surgery. They showed a somatotopic
organization in the PLIC along an anteromedial to posterolateral axis for the face, arm, and leg
fibers, consistently with the classical literature. However, they also found a large percentage
of spatial overlap of the maps for the representation of the body parts, reaching (68.5%)
for the arm and leg representations. In fact, the results regarding the overlap between the
arm and leg representations are more in agreement with our findings, as they both represent
proximal parts of the limbs.

Lesion dissociation between upper limb and hand (proximal vs. distal) has been explored
by Frenkel-Toledo et al. (2019, 2020). In the first study, (Frenkel-Toledo et al., 2019) the
authors found that in the right-lesioned stroke group, lesions in the insula, EC, SLF, ALIC,
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caudate, and SFO were associated with a proximal motor deficit, while lesions in the putamen
and SCR were associated with a proximal and distal motor deficit. In contrast, in the left-
lesioned stroke group, they found no significant voxels but a trend for lesions in the SCR,
PLIC, EC, SLF, and putamen to be associated with both proximal and distal motor deficits. In
the second study,(Frenkel-Toledo et al., 2020) they found that damage in specific voxel within
the SLF, putamen, EC, SCR, and insula affected shoulder abduction and finger extension
independently, but no spatially separated cluster of voxels could be identified.

Taken together, all these results suggest that the spatial organization in the PLIC may
follow several concomitant patterns in terms of anatomical (Cingulate, premotor, MI cortices),
somatotopic (face, arm, leg), and functional (distal, proximal) organization of the motor
system, explaining both the dissociation and the overlaps that are reported in most studies.
This study confirms previous literature that stroke lesions in the corona radiata and PLIC are
associated with motor deficits. In addition, lesions located specifically in the hand part of the
PLIC and the anterior corona radiata predicted bad hand motor outcome at six months. This
information could be useful in clinical settings when informing patients and caregivers about
the course of the recovery.
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3.6 Study VI (Multimodal MRI)

3.6 Study VI (Multimodal MRI)

3.6.1 Introduction

In study I to study V, each MRI modality was used separately to predict hand motor outcome
following stroke. Each of the modalities explored in these studies is to some extent suitable
for hand-motor outcome prediction, depending on the type of hand motor outcome measure
that is assessed. VLSM, SBM, and DTI define structural MRI, while task-fMRI and rs-fMRI
relate to functional MRI for exploring the motor network. When used in combination,
different modalities might bring either complementary or redundant information. Some
studies have included multiple modalities to predict the motor outcomes of stroke patients.
In most of these studies, a common practice is to combine one structural and one functional
modality. Diffusion-weighted imaging, which has a high predictive value for motor outcome,
is widely used in multimodal approaches, either together with resting-state fMRI (Carter et al.,
2012; Chen and Schlaug, 2013; Lam et al., 2018; Lee and van Donkelaar, 2006; Lin et al.,
2018; Lindow et al., 2016; Liu et al., 2015b, 2022; Rosso et al., 2013; Xia et al., 2021) or with
task-fMRI. (Qiu et al., 2011; Song et al., 2014; Wang et al., 2012) Interestingly, fractional
anisotropy (FA), a metric derived from DWI measuring white matter integrity, is reported in
all of these studies to be associated with upper-limb motor performance. Functional features,
on the other hand, were found to be also associated with motor performance but with a lower
coefficient or to improve prediction accuracy but with a lower contribution to the explained
variance. No study, as far as this thesis is concerned, has explored the use of SBM metrics
together with DWI or fMRI modality to predict motor outcomes.

In Study VI, we explored the four MRI modalities presented in the previous studies (study
I-IV, all except VLSM [Study V]), either separately or in combination. More specifically,
several questions will be explored: Which MRI modality predicts hand motor outcome the
best? Does a combination of two or more modalities provide better prediction than one,
or do they bring redundant information to the model? Is it worth performing all of the
MRI sequences to obtain better prognostic models? In this study (Study VI), the different
modalities were compared and then used in combination to determine the models with the
best prediction accuracy. Handgrip strength will be used as the main outcome measure of
hand motor performance. Other outcome scores, including the mNIHSS and NIHSS, will
also be used in order to have a better view of the contribution of each modality to more global
components of stroke deficit.
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3.6.2 Methods

To answer these questions, data from each modality, including surface-based morphometry,
diffusion-weighted, task fMRI, and resting-state fMRI, were used in a total of 175 healthy
controls and 108 patients. In patients, MRI was acquired at one-month post-stroke (M0). Pre-
processing steps for each modality are detailed in chapter2. MRI values from each modality
were converted into z-scores against data from healthy controls of each cohort. Three outcome
measures at six-month follow-up (M6) were binarized and tested in the models: Handgrip
scores, either no (score=0) or some degree (score>0) of hand motor function; mNIHSS,
and NIHSS, either no-mild (score 0 or 1) or moderate-severe (score>1) motor/neurological
deficit. Prediction models were built using several statistical and machine learning algorithms,
including logistic regression (LR) with l1 (LASSO) or l2 (Ridge) regularization, random
forest, and support vector machine (SVM). The data were randomly split into a training and a
testing dataset with a proportion of 70:30. Therefore, each model was built using the training
dataset and then evaluated using the testing dataset. Model performance was evaluated using
the Area under the curve (AUC).

For all MRI modalities, an ROI-based analysis was performed using the ROIs from the
HCP atlas (Glasser et al., 2016), as described above, in the method chapter. For morphological
imaging, an SBM analysis was performed using CAT12 to obtain three metrics: cortical
thickness (CT), fractal dimension (FD), and gyrification index (GI). For RS-fMRI, we used
graph theory analysis to compute 7 graph metrics: global efficiency (GE), local efficiency
(LE), Betweenness Centrality (BE), average path length (APL), clustering coefficient (CC),
cost (C), and degree (D). Graph theory analysis was used instead of the classical ROI-based
approach to limit the number of variables, as there is only one value per graph metric and
ROI. Therefore, 2260 (7 metrics x 380) ROIs were used while 144400 (380 x 380) ROI-to-
ROI connectivity z-score values would have been used with the ROI-based approach. For
task-fMRI, we used the Cohen’s d effect sizes derived for each ROI from the t maps obtained
using spm12. Finally, for diffusion MRI, we used a constrained spherical deconvolution
(CSD) approach in MRTrix software to estimate the Fractional Anisotropy (FA) in 72 white
matter ROIs (Wasserthal et al., 2018). Within each MRI modality, model performances were
compared, and the best metric was used to be compared with the other modalities. Then,
each modality was compared either independently or in a combination of two to predict
each outcome measure. Of note, only the highest accuracy among different algorithms is
presented for models with a combination of two modalities.
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3.6.3 Results

Participants

Data from a total of 172 healthy controls (mean age 43.48 years, 78 males) and 105 patients
(mean age 55.89 years, 68 males, 53 right strokes) from the three cohorts were used. A com-
plete description of the characteristics and clinical and behavioral scores of the participants
is summarized in table 3.8.

Predictive value of each modality when used independently

The model performance of each metric is provided in table B.4 for each modality. In most
models, the best prediction was found using random forest analysis. For SBM, cortical thick-
ness showed higher AUC than fractal dimension and gyrification index models, regardless
of the algorithm that was used. Among RS-fMRI graph theory metrics, GE was the best
predictor. Consequently, in the multimodal analysis, CT and GE were used to represent SBM
and RS-fMRI modality, respectively.

Model performance using each modality independently for grip, mNIHSS, and NIHSS is
reported in table 3.9. Each modality showed different predictive values for each outcome
measure. The grip was best predicted by task-fMRI, mNIHSS by DWI, and NIHSS equally
by SBM, DWI, and RS-fMRI. Relatively, a low prediction was found for the mNIHSS by
SBM and for NIHSS by task-fMRI.

Predictive value of each modality when used in a combination of two

Model performances for the combination of 2 modalities are provided in table 3.10. Table
3.10 shows that grip is best predicted by the combination of task-fMRI and DWI, mNIHSS by
DWI alone or the combination of SBM and task-fMRI, and the NIHSS by any combination
of two modalities (AUC>0.9). In addition, the AUC for combined DWI and SBM modalities
reached 1. Of note, as the prediction of two combined modalities is approaching 1 for all
outcome measures, no additional improvement of the model seemed necessary, and therefore
combinations of three and four modalities were not tested.

3.6.4 Discussion

After exploring each modality separately, this last study aimed to compare the contribution
to motor outcome prediction provided by these modalities either independently or in combi-
nation. We found that hand motor outcome was best predicted by task-fMRI alone, with an
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improved prediction if used together with DWI. Additionally, upper- and lower-limb motor
outcome assessed with the mNIHSS was best predicted by DWI, and global neurological
severity assessed with the NIHSS was equally well predicted by DWI, RS-fMRI, and SBM
independently.

The best prediction of hand motor outcome assessed with the handgrip was provided
by task-fMRI using a wrist flexion-extension task. This could be expected considering the
fact that task-fMRI is designed to explore motor-related systems related to wrist and hand
movements. Interestingly, adding another functional modality did not improve the model,
but adding structural information (DWI) did. This finding confirmed the complementary
relationship between structural and functional neuroimaging approaches in explaining brain
changes following stroke, in line with previous studies using DWI and resting-state fMRI
(Lam et al., 2018; Lin et al., 2018; Rosso et al., 2013). Studies using task-fMRI and DWI
(Song et al., 2014; Wang et al., 2012), however, only reported correlations between the two
instead of their independent and joint contribution to predicting hand motor outcomes.

The specificity of task-fMRI, however, brought lesser value as the outcome measures
reflect a more global deficit (mNIHSS and NIHSS). We found that motor deficit that is known
to be well reflected by the CST structural damage was best predicted by DWI and that adding
another modality did not improve the prediction accuracy. Indeed, in other studies using
global motor measures, the predictive value is usually lower for fMRI than for DWI, with FA
explaining most of the motor outcome variance, while fMRI added only slight improvements
to the model fits (Carter et al., 2010; Lam et al., 2018; Lee et al., 2019; Lin et al., 2018;
Lindow et al., 2016; Qiu et al., 2011; Rosso et al., 2013; Xia et al., 2021). The second best
model was the combination of task-fMRI and DWI for the hand and NIHSS outcomes or
task-fMRI and SBM for the mNIHSS outcome, indicating that the unexplained variance of
task-fMRI can be complemented by structural information. In contrast, all modalities but
the task-fMRI predicted the NIHSS with high accuracy. As the NIHSS comprises additional
measures than motor deficit, such as visual loss, language deficit, inattention, and level of
consciousness, it could be expected that MRI modalities that bring global structural and
functional information would be more relevant compared to a specific motor-task-related
brain activity.

This study has several limitations. A first limitation is the heterogeneity of our data
in terms of stroke populations (baseline stroke severity and delays, stem-cell treatment),
MRI data acquisition (eyes open and eyes closed in RS-fMRI, an active and passive task in
task-fMRI), representing potential biases for the interpretation of our findings. However,
we introduced these variables as covariates in the models to account for their effects. This
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may also considered as strength since such heterogeneity reflect better the diversity of stroke
populations in routine. A second limitations is the small sample size, leading to use the
testing dataset in the hyperparameter tuning, resulting in an increased risk of overfitting in
our predictive models. Indeed, this is reflected by the very high accuracy reaching up to 1,
(i.e., perfect prediction) in some models. Nevertheless, the main aim of this study was more
to compare predictive values of different MRI modalities at the exploratory level for motor
outcomes. Therefore, further studies are needed to validate our predictive models with the
aim to use them in clinical settings.

Fig. 3.4 Best MRI modality biomarkers according to outcome measures
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3.6 Study VI (Multimodal MRI)

Table 3.9 Predictive value of each modality using different algorithms

Dependent variable MRI Modality LR-l1 LR-l2 RF SVM

Grip M6

SBM 0.790 0.718 0.805 0.677

DWI 0.849 0.855 0.836 0.803

RS-fMRI 0.754 0.749 0.872 0.713

task-fMRI 0.922 0.878 0.944 0.867

mNIHSS M6

SBM 0.406 0.553 0.694 0.571

DWI 0.982 0.982 0.939 0.861

RS-fMRI 0.726 0.673 0.827 0.577

task-fMRI 0.917 0.906 0.865 0.844

NIHSS M6

SBM 0.988 0.952 0.958 0.927

DWI 0.948 0.954 0.961 0.935

RS-fMRI 0.967 0.953 0.973 0.927

task-fMRI 0.769 0.744 0.679 0.756
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Table 3.10 Predictive value of MRI modalities when used in combination of two

Dependent variable MRI modality DWI RS-fMRI SBM task-fMRI

Grip M6

DWI 0.855 0.882 0.855 0.969

RS-fMRI 0.872 0.872 0.944

SBM 0.805 0.844

task-fMRI 0.944

mNIHSS M6

DWI 0.982 0.885 0.894 0.910

RS-fMRI 0.827 0.780 0.833

SBM 0.694 0.979

task-fMRI 0.917

NIHSS M6

DWI 0.961 0.979 1.000 0.987

RS-fMRI 0.973 0.980 0.911

SBM 0.988 0.923

task-fMRI 0.769
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Discussion and Conclusion

The present thesis benefited from the three cohorts (ISIS-HERMES, IRMAS, and RES-
STORE) performed in two centers (CHUGA and Pitié Salpêtrière Paris) in healthy partici-
pants and stroke patients assessed with clinical and multimodal MRI imaging examinations.
Focusing on hand motor recovery, the current work investigates the predictive value of 5
different MRI modalities, including the task-fMRI, DTI, rs-fMRI, SBM, and VLSM, first
separately (study I to study V) and then in combination. We assessed and compared the
contribution of each MRI modality relative to the others when used either independently or
in combination (study VI). The present chapter presents a summary of the main findings in
each study and is followed by a general discussion about hand motor impairment, predictive
models and neural correlates, methodological considerations reviewing the strengths and
limitations of the thesis, perspectives for future studies, and a conclusion.

4.1 Summary of the main findings

Study I. Task fMRI

• Purdue pegboard test (PPT) and handgrip scores were lower in patients with stroke
than healthy participants. No significant effect of age was found for both tasks but an
effect of sex was observed: Men had higher scores than women in handgrip while not
in PPT.

• Both PPT and handgrip in patients improved significantly over time. There was an
effect of the lesion side (patients with a left-sided hemispheric stroke had better PPT
scores than those with a right-sided hemispheric stroke) for the PPT. No effect of age,
gender, and lesion volume on recovery was observed.

• Task-related fMRI brain activity was associated with hand behavioral scores, with a
specific spatiotemporal pattern: while almost no significant correlations were found
at baseline, hand motor performances positively correlated with bilateral activity in
the sensorimotor network at six-month follow-up and with activity in the ipsilesional
sensorimotor and parietal regions at two-year follow-up.

• There was a dissociation between the simple grasp task (handgrip) and manual dexterity
task (PPT). PPT recovery was predicted by fMRI activity within MI-4p and both the
dorsolateral and dorsomedial network, while handgrip was predicted by activity in the
MI-4a and only the dorsolateral network.
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4.1 Summary of the main findings

Study II. DTI

• Impairment of the ipsilateral hand was frequent in patients with stroke, both in the
whole group or in a subgroup of patients without cognitive deficit.

• Impairment of the ipsilateral hand correlated with neurological clinical scores (NIHSS,
FMS, Barthel index) but not with cognitive scores.

• Decreased Fractional anisotropy (FA) in several white matter tracts, including the cor-
ticospinal tract (CST), anterior corona radiata (ACR), corpus callosum (CC), superior
longitudinal fasciculus (SLF), and corticoreticulospinal pathway (CRP) was associated
with the impairment of the ipsilateral hand.

• A set of white matter tract FA predicted hand motor recovery assessed using the three
motor scores: PPT was predicted by ipsilesional CST at the level of PLIC and SLF,
handgrip was predicted by ipsilesional CST at the level of cerebral peduncle, and
contralesional ACR and movement time was predicted by CC-genu, ipsilesional SLF
and CRT at the level of PLIC, and contralesional CST at the level of the pons.

Study III. Resting-state fMRI

• Handgrip scores measured at baseline and six-month follow-up were associated with
functional connectivity within the sensorimotor network, connectivity between bilateral
motor and occipital areas, connectivity between ipsilesional superior parietal lobule
and occipital areas, and connectivity between the interhemispheric occipital areas

• Handgrip is predicted by visuomotor connectivity at both time points: at baseline by
BA4a-OC1 and SPL7M-OC.lateral and at six-month by MI4a-OC.dorsal and within-
sensorimotor connectivity (BA3b-BA6ma).

Study IV. SBM

• Cortical thickness (CT) is lower in patients with stroke than in healthy controls at both
time points in the ipsilesional hemisphere and, to a lesser extent, the contralesional
hemisphere. Fractal dimension (FD) is reduced only in the ipsilesional hemisphere,
while no change was found for the gyrification index (GI).

• CT in the ipsilesional hemisphere was reduced over time (from baseline to six-months
follow-up), while no change was found for FD and GI.
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• Using a random forest approach, CT may predict hand motor outcome with an accuracy
that is similar to that of initial severity, while lower accuracy was found using FD and
GI. When the three metrics were used in combination, predictive values were slightly
higher.

Study V. VLSM

• Lesions located in the superior and posterior corona radiata (SCR and PCR), posterior
limb of the internal capsule (PLIC), and caudate were associated with poor proximal
and distal motor performance at both baseline and six-month follow-up.

• At baseline, The statistical maps of grip and mNIHSS showed a large overlap, with
the mNIHSS map covering the grip map and some surrounding areas at each level
of corona radiata and internal capsule. At M6, a dissociation was observed along an
anterior-posterior axis with the grip map covering the one-third anterior part of the
PLIC and the anterior corona radiata, and the mNIHSS map covering the posterior part
of the PLIC until its retrolenticular part.

Study VI. Multimodal MRI

• Hand motor outcome was best predicted by task-fMRI, with improved prediction if
used together with DWI.

• Global motor outcome was best predicted by DWI alone, and adding other modalities
did not improve prediction accuracy

• Global neurological severity was equally well predicted by DWI, RS-fMRI, and SBM
independently

4.2 Hand motor impairment after stroke

The fact that this thesis was focused on hand motor impairment following stroke is due to
its high frequency and crucial role in patients’ quality of life. In our dataset, hand motor
performance was impaired in both the contralateral hand (Study I) and in the ipsilateral
hand (Study II), with variable degrees of impairment depending on the measurement used.
Then, we observed significant improvement in hand motor performances over time between
baseline and six-month follow-up, with some degree of recovery until two-year follow-up.

156



4.3 Predictive models and neural correlates of hand motor recovery

This is in line with the literature on stroke recovery, that globally significant recovery occurs
in the first 6 months after stroke, and that that neurologic and functional recovery should not
be expected after the first 5 months.(Jørgensen et al., 1995) It needs to be noted, though, that
Study I and II were based on participants of the ISIS-HERMES study with 31 patients with
moderate to severe stroke (NIHSS > 6). This fact implies that even though this study benefited
from a wide range of clinical, cognitive, and behavioral measurements, the nature of its
inclusion criteria would surely overestimate the severity and frequency of hand impairment
in the general population. For this specific reason, we have explored clinical and behavioral
data from routinely assessed patients in the local stroke unit, including 209 patients with
unilateral stroke, and found similar results, even though to a lesser degree. (Razak et al.,
2022)

Studies reporting the frequency of ipsilateral hand impairment are still scarce. Meanwhile,
impairment of the ipsilateral hand also needs to be assessed, given the fact that patients with
severe sensorimotor deficits of the contralateral hand mostly rely on their ipsilateral hand
and that most daily life activities require bimanual coordination of both hands. In study II
and in the related published work,(Razak et al., 2022) we shed a light on the importance
of assessing the ipsilateral hand: We found that the ipsilateral hand is frequent following
stroke (up to 35%, depending on the type of motor task assessed), that it predicts long-term
outcome assessed by modified Rankin Scale (mRS), and that it is associated with white matter
disruption to a combination of white matter tracts. We recommend to integrate the ipsilateral
hand assessment into rehabilitation programs, as it may bring additional information to assess
and improve recovery.

4.3 Predictive models and neural correlates of hand motor
recovery

4.3.1 Clinical assessments

One of the known best predictors of hand motor outcome is the hand motor performance
measured at initial time points, as reported by several previous studies. (Beebe and Lang,
2009; Plantin et al., 2021; Smania et al., 2007) The limitation of prediction using initial
assessment is that it is valuable only in moderately impaired patients due to the floor effect
on the severely impaired patients and ceiling effect as early as 3 months after stroke. (Lindow
et al., 2016) In this context, our study (Razak et al., 2022) showed that assessment of the
ipsilateral hand might bring useful predictive information, particularly in severe stroke, as
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the subtle impairment to the ipsilateral hand may provide a more continuous scale. Indeed,
ipsilateral hand impairment is reported to be more prominent in severe stroke. (Bustrén
et al., 2017) It is important to note, though, that these reported predictive values are highly
dependent on the type of the measurements used (strength, tapping speed, manual dexterity,
etc.) for both the predictors and the outcome measures, as not all aspects of hand motor
components would be captured by a single hand assessment type.

4.3.2 Lesion characteristics

Lesion volume has been suggested to be associated with stroke recovery, but varying evidence
supports this notion. Recent studies reported weak to no correlation between lesion volume
alone and upper-limb motor outcome (Page et al., 2013). In this thesis work, Study I
evidenced no effect of lesion volume on hand motor recovery of the paretic hand. In Study II,
a moderate correlation between lesion volume and movement time (r=0.44, p=0.025), a trend
with manual dexterity assessed using PPT (r=-0.38, p=0.058) and handgrip (r=-0.34, p=0.093)
of the ipsilateral hand were observed. In Study III, although the direct correlation between
lesion volume and hand motor outcome was not reported, the effect of lesion volume was
not kept by the linear regression model when predicting handgrip scores using resting-state
fMRI connectivity measures. In Study IV, the logistic regression model showed that lesion
volume could predict 71% of the binarized handgrip scores, either no hand function (grip=0)
or some degree of hand motor function (grip>0).

Taken together, these findings indicate that lesion volume explains a good part of the
hand motor outcome variance, while other factors such as stroke location may account for
the residual variance. The complementary contribution of lesion volume and lesion location
should not come as a surprise. Severe hand motor impairment with a low probability of
recovery could result from large brain lesions affecting multiple brain areas within the motor
network -or even other systems, as well as small brain lesions located in areas with dense
corticospinal tract. (Parsons et al., 2010; Seitz et al., 1998) Indeed, the location of stroke has
also been consistently reported to be associated with hand motor deficits. Based on results in
Study V and supported by other previous studies,(Feys et al., 2000; Frenkel-Toledo et al.,
2019, 2022, 2020; Lo et al., 2010; Park et al., 2016; Schiemanck et al., 2008) stroke lesion
involving the superior corona radiata and, more importantly, the posterior limb of the internal
capsule is associated with a lower probability of hand motor recovery.
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4.3 Predictive models and neural correlates of hand motor recovery

4.3.3 Structural Imaging

One of the most important contributions of neuroimaging approach to the prediction of hand-
motor outcomes is the precise quantification of the damaged structural neural resources, also
known as structural reserve (Stinear, 2010). Although VLSM methods may lay out voxels
in which lesions would be associated with certain behavioral deficits, it does not provide
the degree of damage in the corresponding structure. In this regard, diffusion-weighted
imaging strategies have been developed to accurately examine the contribution of white
matter damage to the behavioral deficit and have gained huge attention in the neuroimaging
field. Fractional anisotropy (FA), together with other DWI-derived metrics such as axial and
radial diffusivity (AD/RD), is commonly used as a measure of "intactness" or "integrity" of
the white matter.

An obvious target in the context of hand motor deficit is the corticospinal tract (CST),
although other white matter tracts such as the superior longitudinal fasciculus (SLF), corpus
callosum CC), and other corticocortical fibers have gained more attention in more recent
studies. Within the CST, FA estimated from DWI at the subacute phase has been consistently
reported to be a predictor of motor outcome, both for the upper limb (Buch et al., 2016;
Byblow et al., 2015; Puig et al., 2013, 2010; Radlinska et al., 2010; Yu et al., 2009; Zhang
et al., 2014) and for the hand (Imura et al., 2015; Koyama et al., 2014; Schaechter et al.,
2009; Song et al., 2012). In addition to the CST, these predictive values were also reported
for other white matter tracts, including corticocortical intrahemispheric tracts such as SLF
(Koyama and Domen, 2017; Rodríguez-Herreros et al., 2015), interhemispheric tracts (CC)
(Li et al., 2015; Sisti et al., 2012; Stewart et al., 2017) , and alternate corticofugal pathway
(Jang et al., 2013). For a comprehensive review, see (Koch et al., 2016). Although not
explicitly reported, we found similar results in our dataset. However, the abundance of
evidence for white matter integrity as a predictor of contralateral hand motor outcome is
the main reason why this thesis focused on studying the ipsilateral hand instead (Study II),
which has been given less attention in the literature. In this study, we found that ipsilateral
hand impairment was associated with white matter disruption to a combination of different
tracts (CST, SLF, ACR, and CC) depending on the motor task that is measured. Recently,
similar result has been reported regarding the somatosensory outcome: contralateral touch
function was correlated with the structural connectivity along the somatosensory fibers, while
ipsilateral touch function correlated with connectivity in the SLF and CC. (Koh et al., 2021)

Several key points can be learned from this thesis, together with other structural brain
imaging studies on hand motor outcomes following stroke. First, very strong evidence
for CST integrity as a main and crucial factor explaining hand motor impairment and
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recovery is available. Second, other structural connectivities, those involving corticocortical
intrahemispheric, interhemispheric, or corticofugal tracts, may explain the residual variance
not accounted for by the CST alone. Along these lines, our results suggest that damage
in a more dispersed brain network is involved in accounting for impairments of the hand
ipsilateral to the lesion, in the sense that these additional tracts may serve as "collateral"
pathways when the main pathway is injured. This typical biological system with one main
actor followed by contributions from others with some degree of redundancy is advantageous
in a case of injury. Unless the damage involved the whole related structure, some room for
recovery would be available provided by the remaining structure to maintain function, at the
least for functional purposes. With regard to the hand motor systems, some residual degree
of hand movement, both for the contralateral and ipsilateral side, is important in performing
daily life activities and in determining individual independence. This view, supported by
findings in our work and others, is in favor of the old "redundancy and degeneracy" theory in
biological networks. (Edelman and Gally, 2001; Tononi et al., 1999)

4.3.4 Functional MRI

The effects of stroke are known to not only damage neural structures locally within the
lesion site but also to have remote effects, reflected by brain functional changes. Functional
MRI (fMRI) has been used to investigate these changes both when performing a specific
task (task-fMRI) and during rest (resting-state fMRI). Using passive wrist flexion and
extension task, task-fMRI in healthy volunteers showed brain activity in the canonical motor
areas, including the primary sensorimotor areas, dorsal premotor cortex, supplementary
motor areas, parietal operculum, putamen, thalamus, and cerebellum.(Hannanu et al., 2017)
Motor activity patterns provided by task-fMRI are relevant in the context of predicting hand
motor recovery following stroke, as good motor recovery is usually associated with the
recruitment of the original functional network. (Carey et al., 2013; Rosso et al., 2013) More
specifically, motor-related brain activity follows a specific temporal pattern during stroke
recovery: bilateral activity is usually observed within the sensorimotor network during the
early period, followed by the restoration of physiological hemisphere activity balance at the
chronic stage associated with good functional recovery. Of note, our findings in study I are
in agreement with this spatiotemporal pattern. Similarly, changes in resting-state functional
connectivity between brain areas following stroke, with decreased interhemispheric FC
from the ipsilesional sensorimotor cortex, have been reported early after stroke, with a
return to more normal connectivity in the sensorimotor networks during the recovery process.
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4.3 Predictive models and neural correlates of hand motor recovery

Overall, the motor outcome of the upper limb has been associated with increased or decreased
functional connectivity between the ipsilesional and contralesional motor areas (SM1, SMA,
and dPMC). However, the influence of non-motor regions on hand recovery has been sparsely
explored.

In this thesis, Study I and III (using task- and resting-state fMRI, respectively) were
performed with a specific hypothesis based on the dual visuomotor stream theory: brain
functional activity or connectivity is associated with motor recovery, with areas belonging
to the visuomotor neural pathway (dorsolateral or dorsomedial) engaged depending on the
type of the motor task assessed. In Study I, this hypothesis was confirmed, as distinct
spatiotemporal patterns were observed for the two motor tasks. The reach and grasp task
(PPT) was associated with activity within both dorsolateral and dorsomedial networks, while
the simple grasp task (handgrip) was associated with activity within the dorsolateral network
only. Our findings also pointed out that different subregions of M1 (M1a and M1p) are
involved in simple versus highly skilled tasks requiring independent finger movements. With
regards to the accuracy of the predictive models, a main advantage of task-fMRI is that
brain activity is specific to the task of interest (as opposed to the resting-state fMRI where
no task is performed), resulting in better predictive models. As reported in our studies,
PPT and handgrip models explained 93% and 96% of the variance, respectively (Study I),
while the handgrip model in rs-fMRI only explained 82% in the handgrip model (Study III).
Similarly, in Study VI, using the random forest method, the task-fMRI model reached an
accuracy of 94%, while the RSFC model using global efficiency reached 87.2%. Conversely,
being non-task-specific, rs-fMRI offers the advantage of exploring functional connectivity
in the whole brain outside the task-related regions. A limitation is that brain areas that are
non-targeted by the tasks, such as the visual areas, cannot be explored with fMRI using a
motor task. Resting-state fMRI, on the other hand, allowing the exploration of connectivity
in the whole brain, including the visuomotor connectivity, i.e., connectivity between occipital
and motor areas, was our first choice to test the dual visual system hypothesis.

In Study III, we found that in addition to connectivity within the sensorimotor network,
visuomotor connectivity is associated with and predicted hand motor outcome. This finding
suggests that handgrip, a pure grasp motor task that does not require visual online control to
be performed, also engaged visuomotor connectivity. It is possible that the visual systems
influence the preparation and execution phases of motor actions during cognitive processes
such as "motor imagery", in which imagined movements are the internal simulation of real
movements.(Jeannerod and Decety, 1995) Indeed, it has become increasingly recognized
in recent studies that the occipital areas, more specifically the primary visual cortex (V1),
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are involved in motor-related functions, including planning and executing object-oriented
actions.(Gallivan et al., 2019; Monaco et al., 2020) Study III used data from two cohorts,
ISIS-HERMES and IRMAS, to perform a validation step. However, the dissociation between
the tasks could not be investigated as there were no additional behavioral scores in the
IRMAS dataset. When using only the HERMES dataset, the association between PPT (reach
and grasp task) with visuomotor connectivity was observed, with a stronger correlation than
that of handgrip (results not reported).

Overall, studies using fMRI in this thesis may contribute to a better understanding of
visuomotor actions in stroke patients. Hand motor recovery was associated with a set of
sensorimotor areas depending on the task modality, and visuomotor connectivity was engaged
regardless of whether or not motor action requires visual feedback. Nonetheless, further
investigation is needed to confirm this view across different populations.

4.4 Methodological Considerations

4.4.1 Generalizability of the results

Stroke patients included in the three cohorts were relatively younger than the general stroke
population (mean age of 56 years) due to the inclusion and exclusion criteria, as older
patients tend to have either very severe outcomes or not be eligible for any behavioral or MRI
assessments or presented with severe comorbid factors in other systems. Additionally, our
stroke population is limited to those with first-ever lesions in the MCA territory presented
with no severe leukoaraiosis or atrophy. These facts indicate that our population does not
fully represent the typical patient admitted to a stroke unit, and therefore results should be
cautiously generalized to the broader stroke population.

4.4.2 Sample size

A small sample size leading to a lack of statistical power is a major problem in neuroimaging
field not exclusive to studies in this work. In fact, neuroimaging literature cited in this thesis
used an average of 37 stroke patients, with 4 studies using less than 10 participants. This
size, considering the number of statistical tests that need to be performed for any imaging
analysis, is considered small with a high risk of type-1 error (false positive), overestimation
of effect size, and low reproducibility. For this reason, analyses included in this thesis
reported statistical analysis with correction for multiple comparisons or internal validation
methods whenever necessary to minimize this risk. Additionally, data from another study
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4.4 Methodological Considerations

(RESSTORE) or even a center (IRMAS) with a similar study design were added at the
later stage of this work (Study III-VI) to increase the statistical power while taking into
consideration any heterogeneity between the studies.

In Study IV and Study VI, a machine learning approach was used in order to deal with a
large number of variables available in a relatively small number of cases, often termed the
"p»n" problem. Regression with regularization (either l1 [LASSO] or l2 [Ridge]) method,
random forest, and support vector machine are algorithms that are known to best deal with
this problem. In addition, only variables of interest, those that are known in the literature
to be relevant to hand motor recovery, are included, removing a large number of unrelated
variables.

The recommended practice in the machine learning method is to split the dataset into
three: training, validation, and test dataset, where training and validation datasets are used
iteratively to build the model, and the test dataset should be used just once to evaluate the
model. However, due to the small sample size, the dataset in our studies is split into training
and test datasets, in which hyperparameter tuning and cross-validation steps were performed
using both training and test datasets, and therefore accuracy reported in these studies might
be slightly overestimated. With this notion, we would regard the results of the two studies
more as preliminary for exploratory purposes, which would require more validation in future
research.

4.4.3 Heterogeneity in study designs and confounding factors

Along with the increased statistical power, the use of three different cohorts from different
centers also brings some degree of heterogeneity in this work in terms of clinical (stroke
population) and methodological (MRI data acquisition) point of view that is further discussed
below together with other confounding factors.

Stem-cell treatment

ISIS-HERMES study is a randomized controlled trial (RCT) in which patients were random-
ized to receive either an IV injection of mesenchymal stem cells (MSCs) or rehabilitation
alone. On the other hand, none of the participants in the IRMAS or RESSTORE studies
received stem-cell treatment. The stem cell injection was administered one day after the
one-month assessment (M0), and therefore the effect of stem cell was always introduced as
a covariate when performing correlations or regression to scores at M6 (but not to scores

163



Discussion and Conclusion

at M0), regardless of whether it has a significant effect or not. Interestingly, the stem-cell
treatment has no effect on all statistical tests performed.

MRI data acquisition

Task-fMRI

The task paradigm for the task-fMRI analysis is different according to the center: Greno-
ble center (ISIS-HERMES and RESSTORE) used a passive wrist flexion-extension task,
while Paris center (IRMAS) used an active wrist flexion-extension task. Task-related brain
activity during the active and passive motor tasks was reported to show no difference in
terms of topography, (Guzzetta et al., 2007; Jaeger et al., 2014; Loubinoux et al., 2001;
Zhavoronkova et al., 2017) although some reported higher activity and extent during active
than in passive tasks (Jaeger et al., 2014; Zhavoronkova et al., 2017). With this regard,
analysis using these data (Study VI) is controlled for the effect of the center.

RS-fMRI

During resting-state fMRI acquisition, patients in Grenoble center were instructed to
remain still and relaxed with eyes open while looking at a white "X" sign in the middle of
the black background screen, while patients in Paris center were instructed to keep their eyes
closed and to avoid falling asleep. Differences in RS-fMRI functional connectivity related
to the two eyes state (eyes closed vs. eyes open) have been previously reported (Laumann
et al., 2015; McAvoy et al., 2008; Xu et al., 2014), in which eye state has localized effects in
visual, somatomotor, and adjacent regions. In study III, correlation matrices and predictive
models were built first on the IRMAS dataset and then validated using the ISIS-HERMES
dataset. We found that in both datasets, RS functional connectivity within the sensorimotor
network and visuomotor connectivity were associated with handgrip scores at M0 and M6.
This result suggests that these connectivities are involved in grasp motor action, regardless of
whether rs-fMRI was performed during eyes closed or eyes open.

Age and sex

The effect of age and sex was significant on handgrip strength and the Purdue pegboard test,
in which male tends to have higher handgrip score, the female tends to have higher PPT
score, and the trends may differ by age group (Beller et al., 2019; Strauss et al., 2006). These
effects were therefore included in the analysis either as covariates (in partial correlation or
regression analysis) or by using z-score values computed from healthy controls or normative
data (Strauss et al., 2006) controlled for age and sex.

164



4.5 Clinical Implications

4.4.4 Brain asymmetry: to flip or not to flip?

One common practice in stroke neuroimaging studies when dealing with small sample size,
or when performing whole group analysis, is to flip the images along the x-axis (left-right
direction) so that all images can be assumed to have lesions on the same side and that group
analysis can be performed without having to split the dataset based on lesion side. In this
work, we performed the flipping step in study III and study V. The problem with this practice
is that it underestimates the fact that the brain is not perfectly symmetrical, and thus flipping
might cause some degree of inaccuracy: a voxel on one side of the brain might not correspond
to the same area on the other side after the flip process.

In Study I, during the reviewing process for publication, we processed the data both with
(the first submission) and without (the published version) the flipping step. Using this data,
we observed that detailed results from both methods were slightly different, but the main
results, in this case, brain areas activated by passive task-fMRI and their prediction to hand
motor outcome, remained the same. This could be due to the fact that brain asymmetry is not
prominent within the sensorimotor areas, those that are relevant in our task-fMRI study. On
the other hand, brain asymmetry has been reported for the occipital lobes in terms of cortical
thickness, surface area, and local gyrification. As this might affect our result for Study III,
which focused on visuomotor connectivity, 10 anatomical occipital regions extracted from
the Julich atlas (brain.eu) were grouped into 3 larger ROIs based on visual area subdivision.
In Study V, the flip step was necessary in order to reach adequate statistical power for
VLSM studies (n>90).(Lorca-Puls et al., 2018) A previous study dividing stroke groups into
subgroups based on lesion side with n=65 for each subgroup reported non-significant results
on left hemispheric stroke. (Frenkel-Toledo et al., 2019) In this context, we argue that the
effect of the lesion side is potentially smaller when compared to the effect of the stroke itself,
and therefore unless an adequate number of participants were available for each group, all
participants should be analyzed jointly with the flipping step. Of note, no flipping step was
performed for studies II, IV, and VI.

4.5 Clinical Implications

Among all studies presented in this thesis, the results from the VLSM study (Study V) would
be the closest for clinical use. First, no additional MRI sequence and preprocessing step is
needed to implement the results to incoming stroke patients, as routinely used anatomical
MRI or even CT scan images would be enough to locate stroke lesions. Second, the use
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of binarized outcome measure to predict patients’ hand motor function at a chronic period
have made it easier to interpret and implement the results. Third, the proposed model is in
good agreement with a large number of arguments from both basic neuroanatomy and recent
neuroimaging literature, supporting its validity. Fourth, as predictions using initial severity,
age, and lesion volume currently used in clinical settings are still prone to high error rates,
any increase in accuracy would be advantageous. The associations proposed in this study,
specifically between lesions at the level of PLIC and hand motor outcomes, are likely to be
useful for medical practitioners in informing patients and caregivers about the prognosis of
stroke in terms of hand motor recovery.

As this thesis focused on hand motor recovery post-stroke, the main clinical implication
of this thesis would be regarding the rehabilitation point of view. In Study III, we found that
there was an indication that visuomotor connectivity might be associated with better hand
motor outcomes. This fact implies that motor rehabilitation therapy with visual input, such as
movements while viewing mirrored movements of the contralateral hand, or viewing intended
normal hand movement from a screen/virtual reality system, may be useful in rehabilitation
programs to enhance hand motor recovery for patients with a motor deficit. Similarly, our
results in Study II and related work (Razak et al., 2022) evidenced the importance of the
assessment of the ipsilateral hand both to evaluate hand motor deficit and as an additional
predictive factor to consider, especially in severe stroke or when the contralateral hand is
completely plegic. In the same line, hand motor rehabilitation integrating the ipsilateral hand
would be recommended. It is important to note, though, that this does not mean that focus
should be shifted completely toward the ipsilateral hand while ignoring the contralateral hand.
The role of brain activity in the contralesional hemisphere (activated during movements of
the ipsilateral hand) in hand recovery is still under debate, with beneficial effects according
to some studies but deleterious to others. Our results instead argue against the inhibition
of the ipsilateral hand during rehabilitation, and in favor of the rehabilitative training for
both contralesional and ipsilesional hands, separately and simultaneously with bimanual
movements.

Another implication is the use of neuroimaging tools in clinical settings. Results from
Study I, II, III, IV, and VI pointed out the values brought by each MRI modality, in which
certain MRI sequence or processing steps can be considered to be integrated into the clinical
routine as a biomarker for evaluation and prognostic purposes, depending on the specific
goal of the assessment. Analyzing SBM metrics such as cortical thickness in both hemi-
spheres from anatomical T1 would provide a better prognostic value than lesion volume and
comparable to the initial deficit score. It would be of low cost, as only additional processing
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resources would be needed. Passive task-fMRI would bring the most useful information
for stroke patients with hand deficits in which the clinical concern is more specific toward
hand motor recovery. DWI or rs-fMRI is more suitable for patients in which multiple brain
systems (motor, emotion, cognitive) are concerned, providing information about the degree
of white matter damage and changes in the brain functional network. An important factor
to consider when integrating more MRI sequences into clinical settings is the additional
resources required, especially in terms of acquisition time. DWI, in particular, may be of high
interest to be implemented routinely considering its short acquisition time, with relatively
high and more global predictive values. At the hyperacute phase, reducing acquisition time
is crucial, and thus anatomical imaging, allowing several analyses such as stroke location,
volume, and SBM, should be sufficient. Later, when wider time windows are available,
additional assessments could be performed. However, our work suggests that not all of
the sequences or analyses presented in this thesis should be performed on other than an
exploratory basis, as information brought by more than two would be very likely to be
redundant for clinical purposes. Finally, even though predictive models in these studies
showed very high performance/accuracy, some factors explained in the previous section have
limited their generalizability to a broader population, and therefore at this level, they are most
useful in providing theoretical insights from a neurophysiological point of view, but further
external validation studies in larger populations are necessary before they can be reliably
used at the individual level in clinical settings.

4.6 Perspectives

First of all, models proposed in this thesis should be further tested in larger and different
stroke populations, preferably using a multicentric design and accounting for more factors
such as lesion side, handedness, cognitive scores, or other potential features. Another
important factor that was not taken into account in this work is that patients from the two
centers had varying rehabilitation programs in terms of type, frequency, and duration. Indeed,
in the literature, the effects of rehabilitation are rarely documented, reported, or accounted
for in the observed recovery.

The later part of this thesis, particularly Study VI, deserves deeper investigation consid-
ering its richness in multimodal MRI data availability, which is not performed due to the
time constraints of this Ph.D. Consequently, the results and interpretations of Study VI are
pragmatic, providing the predictive accuracy of each MRI modality when used separately
or in combination. Instead, analysis of the importance of each variable (at the ROI level)
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in the predictive models across different algorithms, and their correlation to each other, is
missing while it can provide insights about the contribution of each specific variable and
their interaction in predicting hand motor recovery.

Future research investigating stroke recovery or new therapy such as noninvasive brain
stimulation or stem cells could benefit from this thesis in terms of integrating suitable
neuroimaging assessments.

4.7 Conclusion

This thesis explored hand motor recovery after stroke using longitudinal and multimodal MRI
in an endeavor to determine hand motor outcome prediction models based on clinical and
neuroimaging parameters and neural correlates of hand impairment and recovery following
stroke. Based on six studies performed with different MRI modalities either separately or
simultaneously, it can be concluded that each of the explored modalities brings valuable
information to some extent about motor impairment and recovery depending on the specific
type of the desired outcome measured, and that combination of two -preferably combining
structural and functional features- would be beneficial, but more than that would be unneces-
sary. This thesis also highlighted associative white and grey matter regions and functional
connectivity involved in hand motor impairment and recovery that would be useful both
in clinical settings as potential targets to enhance recovery and in research settings when
assessing and predicting outcomes during investigation of possible new therapies following
stroke.
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Appendix A

Supplementary materials and methods

A.1 Inclusion and exclusion criteria of cohorts

A.1.1 ISIS-HERMES study

Inclusion Criteria

• Right or left carotid ischemic stroke in the 14 previous days, confirmed by MRI
• Persistent neurological deficit (NIHSS 7)
• Optimal medical treatment(antithrombotics, antihypertensive, statins)
• General state compatible with a program of functional rehabilitation

Exclusion Criteria

• Severe extensive stroke implying vital prognosis.
• Severe persistent neurological deficit (NIHSS > 24)
• Medical history of neurological pathology with a deficit as consequence (Rankin < 3

before stroke)
• Serious psychiatric disease
• Myocardial infarction less than 3 month old
• Recurring thromboembolic disease or less than 6 month old
• Patient with organ transplantation
• Medical history of infection (HIV,HTLV, HBV, HCV)
• Current immunosuppressive/immunomodulating treatment
• Medical history of cancer
• Medical history of chemotherapy
• Known chronic kidney failure(clearance of creatinin < 90 ml/min/1,73m2)
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• Known hepatic failure(diminution of prothrombin level (TP) not corrigiable with
vitamin K)

• Obesity hinding the bone-marrow sampling in the iliac crest
• Pathology implying vital prognosis in the 3 month following stroke
• Refusal to participate
• Patient unable to give personally his/her consent
• Pregnant, parturient and feeding women
• Woman in age to procreate who could not receive an effective method of contraception

during the study
• Participation to another therapeutic clinical trial or in period of exclusion of a thera-

peutic clinical study
• Privation of liberty with a decision of justice or administration, legal protection
• Non affiliation to social security

A.1.2 RESSTORE study

Inclusion Criteria

• Male or female > 18 year-old
• Subtentorial ischemic stroke (> 1.5 cm on 2 slices), admitted in stroke unit in the first

24h after stroke onset
• Inclusion from 1 to 4 days post-stroke
• NIHSS 7
• No decompressive craniectomy
• Patient able to follow a rehabilitation program
• Rankin scale = 0 before stroke onset
• Obtaining signed informed consent from patient or the proxy

Exclusion Criteria

• Contraindication for MRI.
• Coma (score of 2 or more on item 1a of the NIHSS related to awareness)
• Evidence on neuroimaging (CT or MRI) of a brain tumor, cerebral edema with midline

shift and a clinically significant compression of ventricles, cerebellar or brainstem
infarction, or subarachnoid hemorrhage, or intracerebral parenchymal hematoma

• Severe leucoariosis and/or severe cortical atrophia on cerebral imaging
• Previous territorial ischemic stroke
• Active infectious disease (HIV, hepatitis B, hepatitis C)
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A.2 Clinical score measurement

• History of cancer
• Pre-existing dementia
• A health status, any clinical condition (eg, short life expectancy, and coexisting disease)

or other characteristic that precludes appropriate diagnosis, treatment, or follow-up in
the trial

• Pregnancy / Breast feeding
• Patients who are participating in another therapeutic trial
• Inability or unwillingness of the individual or their legal guardian/representative to

provide written informed consent

A.1.3 IRMAS study

Inclusion Criteria

• First-ever ischemic stroke in the carotid territory
• Initial MRI with DWI performed within 12 hours of stroke onset
• Neurological deficit score of 1 on the National Institutes of Health Stroke Scale

(NIHSS)

Exclusion Criteria

• Younger than 18 years old or under the care of a legal guardian
• Functionally dependent before the stroke (modified Rankin score >2)
• Severe white matter lesions (Fazekas score 3),
• addicted to alcohol or drugs or diagnosed with a life-threatening pathology that would

potentially limit the 3-month follow-up visit

A.2 Clinical score measurement

A.2.1 National Institutes of Health Stroke Scale
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Patient Identification. ___ ___-___ ___ ___-___ ___ ___ 

 
     Pt. Date of Birth ___ ___/___ ___/___ ___ 

 
Hospital ________________________(___ ___-___ ___) 

 
Date of Exam ___ ___/___ ___/___ ___ 

 
            
Interval: [ ] Baseline [ ] 2 hours post treatment    [ ] 24 hours post onset of symptoms ±20 minutes    [ ] 7-10 days          
 [ ] 3 months [ ] Other ________________________________(___ ___) 
 

Time: ___ ___:___ ___   [ ]am [ ]pm

Person Administering Scale _____________________________________  

Administer stroke scale items in the order listed.  Record performance in each category after each subscale exam.  Do not go 
back and change scores.  Follow directions provided for each exam technique.  Scores should reflect what the patient does, not 
what the clinician thinks the patient can do.  The clinician should record answers while administering the exam and work quickly. 
Except where indicated, the patient should not be coached (i.e., repeated requests to patient to make a special effort). 

Instructions   Scale Definition Score 

1a.  Level of Consciousness: The investigator must choose a 
response if a full evaluation is prevented by such obstacles as an 
endotracheal tube, language barrier, orotracheal trauma/bandages.  A 
3 is scored only if the patient makes no movement (other than reflexive 
posturing) in response to noxious stimulation. 

 0 =    Alert; keenly responsive. 
 1 = Not alert; but arousable by minor stimulation to obey, 

answer, or respond. 
 2 = Not alert; requires repeated stimulation to attend, or is 

obtunded and requires strong or painful stimulation to 
make movements (not stereotyped). 

 3 = Responds only with reflex motor or autonomic effects or 
totally unresponsive, flaccid, and areflexic. 

______ 

1b.  LOC Questions:  The patient is asked the month and his/her age. 
The answer must be correct - there is no partial credit for being close.  
Aphasic and stuporous patients who do not comprehend the questions 
will score 2.  Patients unable to speak because of endotracheal 
intubation, orotracheal trauma, severe dysarthria from any cause, 
language barrier, or any other problem not secondary to aphasia are 
given a 1.  It is important that only the initial answer be graded and that 
the examiner not "help" the patient with verbal or non-verbal cues. 

 0 = Answers both questions correctly. 

 1 = 
 

Answers one question correctly. 

 2 = Answers neither question correctly.  

______ 

1c.  LOC Commands:  The patient is asked to open and close the 
eyes and then to grip and release the non-paretic hand.  Substitute 
another one step command if the hands cannot be used.  Credit is 
given if an unequivocal attempt is made but not completed due to 
weakness.  If the patient does not respond to command, the task 
should be demonstrated to him or her (pantomime), and the result 
scored (i.e., follows none, one or two commands).  Patients with 
trauma, amputation, or other physical impediments should be given 
suitable one-step commands.  Only the first attempt is scored. 

 0 = Performs both tasks correctly. 

 1 = Performs one task correctly. 

 2 = Performs neither task correctly. ______ 

2.  Best Gaze:  Only horizontal eye movements will be tested.  
Voluntary or reflexive (oculocephalic) eye movements will be scored, 
but caloric testing is not done.  If the patient has a conjugate 
deviation of the eyes that can be overcome by voluntary or reflexive 
activity, the score will be 1.  If a patient has an isolated peripheral 
nerve paresis (CN III, IV or VI), score a 1.  Gaze is testable in all 
aphasic patients.  Patients with ocular trauma, bandages, pre-existing 
blindness, or other disorder of visual acuity or fields should be tested 
with reflexive movements, and a choice made by the investigator.  
Establishing eye contact and then moving about the patient from side 
to side will occasionally clarify the presence of a partial gaze palsy.   

 0 = Normal. 

 1 = Partial gaze palsy; gaze is abnormal in one or both eyes, 
but forced deviation or total gaze paresis is not present. 

 2 = Forced deviation, or total gaze paresis not overcome by the 
oculocephalic maneuver. 

______ 
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Patient Identification. ___ ___-___ ___ ___-___ ___ ___ 

 
     Pt. Date of Birth ___ ___/___ ___/___ ___ 

 
Hospital ________________________(___ ___-___ ___) 

 
Date of Exam ___ ___/___ ___/___ ___ 

 
            
Interval: [ ] Baseline [ ] 2 hours post treatment    [ ] 24 hours post onset of symptoms ±20 minutes    [ ] 7-10 days          
 [ ] 3 months [ ] Other ________________________________(___ ___) 
 

3.  Visual:  Visual fields (upper and lower quadrants) are tested by 
confrontation, using finger counting or visual threat, as appropriate.  
Patients may be encouraged, but if they look at the side of the 
moving fingers appropriately, this can be scored as normal.  If there is 
unilateral blindness or enucleation, visual fields in the remaining eye 
are scored.  Score 1 only if a clear-cut asymmetry, including 
quadrantanopia, is found.  If patient is blind from any cause, score 3.  
Double simultaneous stimulation is performed at this point.  If there is 
extinction, patient receives a 1, and the results are used to respond to 
item 11. 

 0 = No visual loss. 

 1 = Partial hemianopia. 

 2 = Complete hemianopia. 

 3 = Bilateral hemianopia (blind including cortical blindness). 

______ 

4.  Facial Palsy:  Ask – or use pantomime to encourage – the patient 
to show teeth or raise eyebrows and close eyes.  Score symmetry of 
grimace in response to noxious stimuli in the poorly responsive or 
non-comprehending patient.  If facial trauma/bandages, orotracheal 
tube, tape or other physical barriers obscure the face, these should 
be removed to the extent possible. 

 0 = Normal symmetrical movements. 
 1 = Minor paralysis (flattened nasolabial fold, asymmetry on 

smiling). 
 2 = Partial paralysis (total or near-total paralysis of lower 

face). 
 3 = Complete paralysis of one or both sides (absence of 

facial movement in the upper and lower face). 

______ 

5.  Motor Arm:  The limb is placed in the appropriate position: extend 
the arms (palms down) 90 degrees (if sitting) or 45 degrees (if 
supine).  Drift is scored if the arm falls before 10 seconds.  The 
aphasic patient is encouraged using urgency in the voice and 
pantomime, but not noxious stimulation.  Each limb is tested in turn, 
beginning with the non-paretic arm.  Only in the case of amputation or 
joint fusion at the shoulder, the examiner should record the score as 
untestable (UN), and clearly write the explanation for this choice. 

  0 =  No drift; limb holds 90 (or 45) degrees for full 10 seconds. 
  1 =  Drift; limb holds 90 (or 45) degrees, but drifts down before 

full 10 seconds; does not hit bed or other support. 
  2 =  Some effort against gravity; limb cannot get to or 

maintain (if cued) 90 (or 45) degrees, drifts down to bed, 
but has some effort against gravity. 

  3 =  No effort against gravity; limb falls. 
  4 =  No movement. 
  UN = Amputation or joint fusion, explain:  _____________________ 

 5a.  Left Arm  

 5b.  Right Arm  

______ 

______ 

6.  Motor Leg:  The limb is placed in the appropriate position:  hold 
the leg at 30 degrees (always tested supine).  Drift is scored if the leg 
falls before 5 seconds.  The aphasic patient is encouraged using 
urgency in the voice and pantomime, but not noxious stimulation.  
Each limb is tested in turn, beginning with the non-paretic leg.  Only 
in the case of amputation or joint fusion at the hip, the examiner 
should record the score as untestable (UN), and clearly write the 
explanation for this choice. 

  0 =  No drift; leg holds 30-degree position for full 5 seconds. 
  1 =  Drift; leg falls by the end of the 5-second period but does 

not hit bed.    
  2 =  Some effort against gravity; leg falls to bed by 5 

seconds, but has some effort against gravity. 
  3 =  No effort against gravity; leg falls to bed immediately. 
  4 =  No movement. 
  UN = Amputation or joint fusion, explain: ________________ 

6a.  Left Leg 

6b.  Right Leg 

______ 
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     Pt. Date of Birth ___ ___/___ ___/___ ___ 
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 [ ] 3 months [ ] Other ________________________________(___ ___) 
 

______ 

7.  Limb Ataxia:  This item is aimed at finding evidence of a unilateral 
cerebellar lesion.  Test with eyes open.  In case of visual defect, 
ensure testing is done in intact visual field.  The finger-nose-finger 
and heel-shin tests are performed on both sides, and ataxia is scored 
only if present out of proportion to weakness.  Ataxia is absent in the 
patient who cannot understand or is paralyzed.  Only in the case of 
amputation or joint fusion, the examiner should record the score as 
untestable (UN), and clearly write the explanation for this choice.  In 
case of blindness, test by having the patient touch nose from 
extended arm position. 

 0 = Absent. 

 1 = Present in one limb. 

 2 = Present in two limbs. 

 UN = Amputation or joint fusion, explain:  ________________ 

______ 

8.  Sensory:  Sensation or grimace to pinprick when tested, or 
withdrawal from noxious stimulus in the obtunded or aphasic patient.  
Only sensory loss attributed to stroke is scored as abnormal and the 
examiner should test as many body areas (arms [not hands], legs, 
trunk, face) as needed to accurately check for hemisensory loss.  A 
score of 2, “severe or total sensory loss,” should only be given when 
a severe or total loss of sensation can be clearly demonstrated.  
Stuporous and aphasic patients will, therefore, probably score 1 or 0. 
The patient with brainstem stroke who has bilateral loss of sensation 
is scored 2.  If the patient does not respond and is quadriplegic, score 
2.  Patients in a coma (item 1a=3) are automatically given a 2 on this 
item. 

 0 = Normal; no sensory loss. 

 1 = Mild-to-moderate sensory loss; patient feels pinprick is 
less sharp or is dull on the affected side; or there is a 
loss of superficial pain with pinprick, but patient is aware 
of being touched. 

 2 = Severe to total sensory loss; patient is not aware of 
being touched in the face, arm, and leg. 

______ 

9.  Best Language:  A great deal of information about comprehension 
will be obtained during the preceding sections of the examination.  
For this scale item, the patient is asked to describe what is happening 
in the attached picture, to name the items on the attached naming 
sheet and to read from the attached list of sentences.  
Comprehension is judged from responses here, as well as to all of 
the commands in the preceding general neurological exam.  If visual 
loss interferes with the tests, ask the patient to identify objects placed 
in the hand, repeat, and produce speech.  The intubated patient 
should be asked to write. The patient in a coma (item 1a=3) will 
automatically score 3 on this item.  The examiner must choose a 
score for the patient with stupor or limited cooperation, but a score of 
3 should be used only if the patient is mute and follows no one-step 
commands. 

 0 = No aphasia; normal. 

 1 =  Mild-to-moderate aphasia; some obvious loss of fluency 
or facility of comprehension, without significant 
limitation on ideas expressed or form of expression.  
Reduction of speech and/or comprehension, however, 
makes conversation about provided materials difficult 
or impossible.  For example, in conversation about 
provided materials, examiner can identify picture or 
naming card content from patient’s response. 

 2 = Severe aphasia; all communication is through fragmentary 
expression; great need for inference, questioning, and guessing 
by the listener.  Range of information that can be exchanged is 
limited; listener carries burden of communication.  Examiner 
cannot identify materials provided from patient response. 

 3 = Mute, global aphasia; no usable speech or auditory 
comprehension. 

______ 

10.  Dysarthria: If patient is thought to be normal, an adequate 
sample of speech must be obtained by asking patient to read or 
repeat words from the attached list.  If the patient has severe 
aphasia, the clarity of articulation of spontaneous speech can be 
rated.  Only if the patient is intubated or has other physical barriers to 
producing speech, the examiner should record the score as 
untestable (UN), and clearly write an explanation for this choice.  Do 
not tell the patient why he or she is being tested. 

 0 = Normal. 
 1 = Mild-to-moderate dysarthria; patient slurs at least some 

words and, at worst, can be understood with some 
difficulty. 

 2 = Severe dysarthria; patient's speech is so slurred as to be 
unintelligible in the absence of or out of proportion to 
any dysphasia, or is mute/anarthric. 

UN = Intubated or other physical barrier, 
explain:_____________________________ 

______ 
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11.  Extinction and Inattention (formerly Neglect):  Sufficient 
information to identify neglect may be obtained during the prior 
testing.  If the patient has a severe visual loss preventing visual 
double simultaneous stimulation, and the cutaneous stimuli are 
normal, the score is normal.  If the patient has aphasia but does 
appear to attend to both sides, the score is normal.  The presence of 
visual spatial neglect or anosagnosia may also be taken as evidence 
of abnormality.  Since the abnormality is scored only if present, the 
item is never untestable.   

 0 = No abnormality. 

 1 = Visual, tactile, auditory, spatial, or personal inattention 
or extinction to bilateral simultaneous stimulation in one 
of the sensory modalities. 

 2 = Profound hemi-inattention or extinction to more than 
one modality; does not recognize own hand or orients 
to only one side of space. 

______ 

______ 

______ 

 

 
Rev 10/1/2003 





 

You know how. 

Down to earth. 

I got home from work. 

Near the table in the dining 
room. 

They heard him speak on the 
radio last night. 

 





 

MAMA 

TIP – TOP 

FIFTY – FIFTY 

THANKS 

HUCKLEBERRY 

BASEBALL PLAYER 
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University of North Carolina Hospitals 
Chapel Hill, NC 27514 
Department of Neurology 
 
MODIFIED RANKIN SCALE (MRS) 
MIM # 721 
 
 
 
 
 
 
Rater Name: ___________________________ 
 
Date: ___________________________ 
 
Score Description 
 
0  No symptoms at all 
1  No significant disability despite symptoms; able to carry out all usual duties and 

activities 
2  Slight disability; unable to carry out all previous activities, but able to look after own 

affairs without assistance 
3 Moderate disability; requiring some help, but able to walk without assistance 
4  Moderately severe disability; unable to walk without assistance and unable to attend to 

own bodily needs without assistance 
5  Severe disability; bedridden, incontinent and requiring constant nursing care and 

attention 
6 Dead 
 
TOTAL (0–6): _______ 
 
 
 
 
 
 
 
Rater Sign / pager:______________________________________________________ 
 
Provider Sign / MD# / pager:______________________________________________ 
 

                    HDF 536 /  4/03 
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Appendix B

Supplementary Results

B.1 Study IV. Surface-based Morphometry

Table B.1 Mean and SD of the SBM metrics for controls, patients at M0 and patients at M6

Metrics Hemisphere
Controls Patients-M0 Patients-M6

Mean SD Mean SD Mean SD

Cortical Thickness

Left ipsilesional 2.551 0.117 2.345 0.187 2.280 0.184

Right/contralesional 2.551 0.116 2.413 0.154 2.405 0.152

Whole brain 2.551 0.116 2.379 0.162 2.342 0.153

Fractal Dimension

Left ipsilesional 2.588 0.031 2.535 0.045 2.528 0.053

Right/contralesional 2.575 0.033 2.559 0.033 2.562 0.039

Whole brain 2.581 0.029 2.547 0.034 2.545 0.040

Gyrification Index

Left ipsilesional 28.364 0.495 28.467 0.665 28.358 0.776

Right/contralesional 28.456 0.486 28.411 0.513 28.451 0.571

Whole brain 28.410 0.473 28.439 0.552 28.404 0.628
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Supplementary Results

Table B.2 Fractal dimension (FD) comparison between patients (at M0) and controls at ROI-level
ROI % Ipsi Contra ROI % Ipsi Contra ROI % Ipsi Contra
Insula-G 57.01 -4.79* -2.59 PFm 19.63 -3.07 -3.87 ProStriate 4.67 -4.86* -1.52
Insula2-post 56.07 0.44 1.54 47m 18.69 -3.20 -2.28 V3 3.74 -4.77* -5.7*
Insula-post 54.21 0.26 2.75 Frontal-eye-fiels 17.76 -4.63* -4.69* V7 3.74 -1.05 -1.53
OP2-3-VS 53.27 -3.40 -5.78* IP2 17.76 -2.54 -3.39 IPS1 3.74 -2.56 -1.81
FO3 52.34 -0.02 0.2 Superior-Temporal-medial 16.82 -3.28 -4.05* PreCuneus-visual 3.74 -2.73 -0.16
FO2 52.34 0.24 0.03 55b 16.82 -3.55 -5.56* 23d 3.74 -2.03 -2.62
Insula-mid 50.47 -0.10 2.12 1 16.82 -4.37* -3.51 5L 3.74 -3.45 -1.68
FO1 48.60 -4.2* -0.61 TPOJ3 16.82 -2.95 -3.49 8BL 3.74 -0.62 -0.77
Belt-medial 47.66 -8.61* -3.56 47r-post 16.82 -1.88 -3.85 9p 3.74 -2.00 -1.11
43 46.73 -1.67 -0.25 TE1-mid 15.89 -5.0* -3.04 10p-ant 3.74 -3.54 -2.19
52 46.73 -2.80 -0.99 6-ant 14.95 -6.44* -4.56* Entorhinal 3.74 1.09 3.15
A1 44.86 -6.54* -4.2* TG-d 14.95 0.44 0.51 Perirhinal-ectorhinal 3.74 3.61 0.73
Piriform 44.86 0.57 2 Temporal-mid 13.08 -3.79 -5.06* PH 3.74 -2.28 -3.57
OP4-PV 43.93 0.49 2.02 7PC 13.08 -3.13 -2.57 Visual-dorsal-transitional 3.74 -3.58 -4.11*
6-rostral 42.99 -7.81* -4.59* IP-Lat-dorsal 13.08 -2.06 -0.96 ParaHippocampal2 3.74 -4.11* -1.93
OP1-SII 42.99 -0.05 -2.17 FST 13.08 -3.51 -2.15 V4t 3.74 -4.5* -2.62
FO4 42.99 -3.18 -2.71 8Av 12.15 -5.24* -3.77 25 3.74 -2.82 -6.43*
Belt-lateral 42.99 -6.9* -4.87* 46 12.15 -7.93* -3.38 V6 2.80 -2.81 -2.83
Insula-Ag-ant 42.06 0.04 2.64 9-46v-ant 12.15 -3.22 -3.72 V8 2.80 -2.91 -0.32
RetroInsula 41.12 -7.46* -3.76 IP-Lat-ventral 11.21 -2.66 -2.37 LOC2 2.80 -3.81 0.06
Para-Belt 41.12 -3.92* -4.98* 6d 11.21 -4.82* -4.48* 33 2.80 -3.82 -1.78
Para-Insular 38.32 -1.65 2.69 47-ant 11.21 -5.66* -2 32d 2.80 -0.12 -0.89
TA2 36.45 -8.31* -4.22* 13l 11.21 -0.98 1.4 8BM 2.80 -0.62 -2.16
FO 36.45 -4.74* -5.12* TE1-post 10.28 -5.57* -2.06 10r 2.80 -3.79 -1.22
3a 35.51 -4.32* -4.33* LOC3 10.28 -2.52 -4.55* 10d 2.80 -3.73 -1.92
IFJp 35.51 -4.6* -1.56 IP-medial 9.35 -2.28 -3.1 9a 2.80 -1.81 -4.27*
PFcm 35.51 -3.68 -3.96* 9-46d 9.35 -6.88* -3.66 10v 2.80 -3.30 -3.96*
Insula-ventral-ant 35.51 -0.91 1.19 6-8-inf-transitional 9.35 -4.25* -4.46* ParaHippocampal1 2.80 -2.75 -4.18*
44 34.58 -6.45* -4.37* PGp 9.35 -0.61 -2.76 V1-VM 2.80 -2.02 -1.92
Auditory-4 34.58 -5.4* -3.48 IP1 9.35 -1.93 -2.39 V3-VM 2.80 -5.14* -5.16*
IFJa 33.64 -3.96* -3.4 5Mv 8.41 -6.43* -1.64 V2-VM 2.80 -2.67 -3.65
PFop 32.71 -4.46* 1.13 24d-ventral 8.41 -4.22* -1.55 31a 2.80 -1.83 -0.16
PeriSylvian-language 28.97 -5.44* -2.84 PGs 8.41 -2.36 -1.14 s32 2.80 -1.37 -1.08
45 28.97 -7.02* -5.13* 6ma 7.48 0.85 -0.23 10p-post 2.80 -5.71* -2.92
PFt 28.97 -5.28* -3.78 6mp 7.48 -1.70 -1.45 TG-v 2.80 1.65 1.55
IFSp 28.04 -3.40 -2.59 8Ad 7.48 -2.99 -2 24-post 2.80 -2.58 -0.05
TPOJ1 28.04 -4.75* -2.75 Hippocampus 7.48 -0.44 -0.11 SPOC2 1.87 -5.01* -2.79
Premotor-eye-fields 27.10 -6.55* -2.29 TE2-ant 7.48 -1.96 -0.52 Superior-Frontal-language 1.87 -1.09 -2.77
8C 27.10 -6.33* -4.47* 23c 6.54 -5.03* -2.74 a24 1.87 2.56 0.73
Auditory-5 27.10 -7.82* -3.09 IP-ventral 6.54 -2.65 -1.3 p32 1.87 1.46 -0.12
PFC 27.10 -2.59 -4.53* 24prime-post 6.54 -1.71 -3.58 9mid 1.87 -4.49* -2.59
Superior-Temporal-visual 26.17 -6.52* 0.15 32 6.54 -2.91 0.57 ParaHippocampal3 1.87 -4.91* -2.78
47s 26.17 -4.11* -0.99 OFC-post 6.54 -6.27* -3.52 TF 1.87 -0.47 -0.6
STSd-post 26.17 -4.85* -5.21* IP0 6.54 -1.71 -3.32 TE2-post 1.87 1.02 -0.99
2 25.23 -4.9* -3.85 V3CD 6.54 -3.49 -1.83 31p-d 1.87 -6.01* -2.49
6v 25.23 -4.88* -5.11* V4 5.61 -6.49* -3.38 Visual-ventral 1.87 -5.34* -4.35*
STSd-ant 25.23 -8.68* -3.46 LOC1 5.61 -3.51 -2.63 Orbital-frontal 1.87 -0.25 2.55
STSv-post 25.23 -3.71 -3.38 24d-dorsal 5.61 -6.84* -1.15 V3A 0.93 -1.47 -2.72
9-46v-post 24.30 -5.97* -4.18* 24prime-ant 5.61 -2.71 -0.33 Fusiform-face 0.93 -1.87 -0.03
47-lat 23.36 -5.78* -3.13 11l 5.61 1.08 0.74 InferoTemporal-post 0.93 -2.79 0
IFSa 23.36 -4.35* -3.97* 32-ant 5.61 -1.42 -0.34 7P-med 0.93 -3.54 -2.47
IP-ant 23.36 -4.35* -3.93* V1 4.67 -3.71 -3.77 7M 0.93 -4.89* -2.33
STGa 23.36 -4.4* 0.08 V2 4.67 -3.63 -3.97* SPOC1 0.93 -3.50 0.13
PGi 22.43 -4.7* -3.94* V3B 4.67 -4.99* -2.13 23ab-ventral 0.93 0.41 0.3
4 21.50 -5.91* -4.96* 5M 4.67 -3.12 -2.31 31p-v 0.93 -2.12 -1.55
PHT 21.50 -3.52 1.16 7A 4.67 -2.78 -2.11 10p-polar 0.93 -4.83* -1.91
TPOJ2 21.50 -4.78* -1.85 Supp-Cingulate-eye 4.67 -1.18 -1.15 PreSubiculum 0.93 -4.74* -4.11*
STSv-ant 21.50 -0.09 -2.72 7A-med 4.67 -2.18 -0.38 V6A 0.93 -1.05 -2.14
SI 19.63 -4.15* -3.57 7P 4.67 -2.80 -1.28 RetroSplenial 0.00 -0.28 0.88
TE1-ant 19.63 2.03 0.55 6-8-sup-transitional 4.67 -1.46 -1.77 23ab-dorsal 0.00 -0.97 -0.03

Values in the table indicate t-value comparison between patients and control (negative value means decreased CT
compared to controls, and vice versa), Ipsi/Contra: comparison in the ipsilesional/contralesional hemisphere, *
indicates significant difference using Bonferroni correction for multiple comparison, % indicates percentage of
patients having lesions in the ROI.

212



B.1 Study IV. Surface-based Morphometry

Table B.3 Gyrification Index (GI) comparison between patients (at M0) and controls at ROI-level
ROI % Ipsi Contra ROI % Ipsi Contra ROI % Ipsi Contra
Insula-G 57.01 -1.83 -2.26 PFm 19.63 -2.07 0.09 ProStriate 4.67 -6.05* 0.43
Insula2-post 56.07 5.51* 0.1 47m 18.69 -1.17 -0.49 V3 3.74 -0.50 0.68
Insula-post 54.21 3.61 -5.31* Frontal-eye-fiels 17.76 2.37 -0.95 V7 3.74 1.45 -0.86
OP2-3-VS 53.27 -0.76 -2.33 IP2 17.76 -0.09 -0.67 IPS1 3.74 4.56* -2.1
FO3 52.34 3.09 -3.22 Superior-Temporal-medial 16.82 -0.78 -0.6 PreCuneus-visual 3.74 -0.92 0.52
FO2 52.34 0.49 -2.83 55b 16.82 -1.88 0.99 23d 3.74 0.03 -1.68
Insula-mid 50.47 1.97 -1.6 1 16.82 -1.56 -1.64 5L 3.74 2.25 0.28
FO1 48.60 2.35 0.25 TPOJ3 16.82 -0.42 -0.98 8BL 3.74 1.63 2.06
Belt-medial 47.66 1.43 -2.22 47r-post 16.82 -1.09 -0.79 9p 3.74 -0.01 -2.37
43 46.73 -1.36 -1.71 TE1-mid 15.89 2.97 -0.8 10p-ant 3.74 0.30 -0.49
52 46.73 -0.51 -3.6 6-ant 14.95 3.00 2.14 Entorhinal 3.74 2.81 -2.97
A1 44.86 0.41 -2.56 TG-d 14.95 3.51 0.55 Perirhinal-ectorhinal 3.74 -1.68 1.22
Piriform 44.86 3.28 -2.17 Temporal-mid 13.08 2.43 0.26 PH 3.74 2.10 0.94
OP4-PV 43.93 -2.05 -1.4 7PC 13.08 0.52 -0.15 Visual-dorsal-transitional 3.74 1.47 3.77
6-rostral 42.99 -0.01 -0.64 IP-Lat-dorsal 13.08 0.29 -0.13 ParaHippocampal2 3.74 -1.23 0.78
OP1-SII 42.99 -1.30 -1.97 FST 13.08 0.43 0.74 V4t 3.74 -1.05 -0.73
FO4 42.99 -0.70 -1.43 8Av 12.15 3.24 -1.76 25 3.74 -1.17 1.43
Belt-lateral 42.99 -1.41 0.87 46 12.15 -0.05 1.2 V6 2.80 -0.68 -0.53
Insula-Ag-ant 42.06 4.73* -0.61 9-46v-ant 12.15 1.23 -0.23 V8 2.80 1.07 -0.07
RetroInsula 41.12 -2.31 -0.35 IP-Lat-ventral 11.21 2.27 0.51 LOC2 2.80 -0.38 -1.9
Para-Belt 41.12 1.28 1.18 6d 11.21 1.66 3.38 33 2.80 2.32 -3.53
Para-Insular 38.32 -3.55 -3.3 47-ant 11.21 0.53 -0.74 32d 2.80 -4.0* 0.59
TA2 36.45 2.73 -0.15 13l 11.21 -0.28 1.48 8BM 2.80 0.62 1.14
FO 36.45 -1.60 -2.13 TE1-post 10.28 2.95 2.62 10r 2.80 2.21 -2.08
3a 35.51 -3.90 -0.09 LOC3 10.28 0.38 2.19 10d 2.80 -1.32 -4.58*
IFJp 35.51 0.04 -1.13 IP-medial 9.35 -2.19 1.93 9a 2.80 0.57 -4.02*
PFcm 35.51 -0.60 0.62 9-46d 9.35 -4.27* -0.65 10v 2.80 0.79 0.84
Insula-ventral-ant 35.51 -1.75 -0.93 6-8-inf-transitional 9.35 0.70 0.29 ParaHippocampal1 2.80 0.88 -3.89*
44 34.58 -1.68 -2.15 PGp 9.35 -2.52 -1.17 V1-VM 2.80 -0.64 0.88
Auditory-4 34.58 3.32 -0.09 IP1 9.35 0.97 0.25 V3-VM 2.80 1.11 4.62*
IFJa 33.64 -1.75 -0.47 5Mv 8.41 -2.57 1.88 V2-VM 2.80 -2.38 -0.25
PFop 32.71 -3.88 -2.18 24d-ventral 8.41 -0.26 1.95 31a 2.80 -1.77 2.13
PeriSylvian-language 28.97 0.57 -3.92* PGs 8.41 -1.23 -1.78 s32 2.80 3.43 -0.93
45 28.97 -0.35 0.45 6ma 7.48 -0.66 1.06 10p-post 2.80 -1.41 -0.65
PFt 28.97 -2.17 0.17 6mp 7.48 1.01 -0.08 TG-v 2.80 1.05 0.78
IFSp 28.04 -1.51 -0.19 8Ad 7.48 -0.28 1.76 24-post 2.80 1.65 -0.17
TPOJ1 28.04 -0.67 -0.6 Hippocampus 7.48 -1.44 4.89* SPOC2 1.87 0.11 1.14
Premotor-eye-fields 27.10 1.70 0.09 TE2-ant 7.48 3.36 0.4 Superior-Frontal-language 1.87 4.07* -1.38
8C 27.10 2.69 -0.09 23c 6.54 1.54 -3.57 a24 1.87 -0.14 -0.99
Auditory-5 27.10 0.62 3.89* IP-ventral 6.54 -1.19 -0.73 p32 1.87 -1.14 2.33
PFC 27.10 -3.42 -1.16 24prime-post 6.54 -0.79 -1.57 9mid 1.87 1.03 -2.41
Superior-Temporal-visual 26.17 -1.02 0.72 32 6.54 -0.14 0.78 ParaHippocampal3 1.87 3.57 0.58
47s 26.17 2.33 0.25 OFC-post 6.54 2.38 1.43 TF 1.87 -0.60 1.94
STSd-post 26.17 2.59 1.8 IP0 6.54 -1.21 2 TE2-post 1.87 0.32 3.48
2 25.23 -0.71 -1.82 V3CD 6.54 -0.57 -0.1 31p-d 1.87 1.83 1
6v 25.23 0.76 2.19 V4 5.61 1.46 -0.17 Visual-ventral 1.87 1.63 -1.69
STSd-ant 25.23 4.84* -0.87 LOC1 5.61 0.44 -0.22 Orbital-frontal 1.87 -2.42 -0.31
STSv-post 25.23 -0.38 5.04* 24d-dorsal 5.61 2.82 0.37 V3A 0.93 -1.11 2.29
9-46v-post 24.30 2.42 -0.07 24prime-ant 5.61 1.34 -2.15 Fusiform-face 0.93 -1.34 1.2
47-lat 23.36 2.21 -0.59 11l 5.61 -0.75 5.01* InferoTemporal-post 0.93 0.63 0.82
IFSa 23.36 -3.22 -1.15 32-ant 5.61 -0.47 1.01 7P-med 0.93 -0.67 -1.33
IP-ant 23.36 -1.15 0.18 V1 4.67 2.20 1.23 7M 0.93 0.64 1.32
STGa 23.36 3.44 -1.82 V2 4.67 -1.09 -0.16 SPOC1 0.93 -0.91 0.05
PGi 22.43 -0.93 -2.2 V3B 4.67 -0.68 -1.11 23ab-ventral 0.93 -0.39 1.15
4 21.50 1.74 -0.85 5M 4.67 -0.97 -0.67 31p-v 0.93 -0.67 -0.99
PHT 21.50 0.39 1.97 7A 4.67 -0.43 0.08 10p-polar 0.93 1.53 -2.9
TPOJ2 21.50 0.68 -1.3 Supp-Cingulate-eye 4.67 -1.19 -0.01 PreSubiculum 0.93 -1.25 -3.57
STSv-ant 21.50 -3.18 6.26* 7A-med 4.67 -1.09 -0.01 V6A 0.93 0.54 -0.81
SI 19.63 0.56 1.09 7P 4.67 0.72 1.49 RetroSplenial 0.00 1.46 -0.58
TE1-ant 19.63 2.74 2.36 6-8-sup-transitional 4.67 2.94 2.8 23ab-dorsal 0.00 1.12 -1.5

Values in the table indicate t-value comparison between patients and control (negative value means decreased CT
compared to controls, and vice versa), Ipsi/Contra: comparison in the ipsilesional/contralesional hemisphere, *
indicates significant difference using Bonferroni correction for multiple comparison, % indicates percentage of
patients having lesions in the ROI.
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B.2 Study VI. Multimodal MRI

Fig. B.1 Heatplot of raw value and z-scores
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B.2 Study VI. Multimodal MRI

Table B.4 Predictive value of metrics in each modality using different methods

Dependent variable MRI modality Metrics LR-l1 LR-l2 RF SVM

Grip M6

SBM
CT 0.790 0.718 0.805 0.677
FD 0.728 0.718 0.744 0.697
GI 0.595 0.631 0.733 0.390

DWI FA 0.849 0.855 0.836 0.803

RS-fMRI

GE 0.754 0.749 0.872 0.713
LE 0.615 0.582 0.813 0.593
BE 0.805 0.821 0.800 0.795

APL 0.816 0.632 0.724 0.553
CC 0.615 0.516 0.692 0.484
C 0.779 0.759 0.790 0.692
D 0.779 0.759 0.795 0.692

Task-fMRI 0.922 0.878 0.944 0.867

mNIHSS M6

SBM
CT 0.406 0.553 0.694 0.571
FD 0.694 0.682 0.729 0.665
GI 0.659 0.753 0.718 0.729

DWI FA 0.982 0.982 0.939 0.861

RS-fMRI

GE 0.726 0.673 0.827 0.577
LE 0.643 0.488 0.679 0.488
BE 0.750 0.649 0.631 0.631

APL 0.880 0.861 0.843 0.824
CC 0.619 0.464 0.583 0.488
C 0.821 0.714 0.685 0.619
D 0.821 0.714 0.685 0.619

Task-fMRI 0.917 0.906 0.865 0.844

NIHSS M6

SBM
CT 0.988 0.952 0.958 0.927
FD 0.976 0.903 0.867 0.915
GI 0.861 0.830 0.794 0.830

DWI FA 0.948 0.954 0.961 0.935

RS-fMRI

GE 0.967 0.953 0.973 0.927
LE 0.701 0.623 0.714 0.623
BE 0.900 0.907 0.913 0.867

APL 0.780 0.760 0.830 0.700
CC 0.662 0.636 0.688 0.623
C 0.980 0.967 0.933 0.947
D 0.980 0.967 0.933 0.940

Task-fMRI 0.769 0.744 0.679 0.756

SBM: Surface-based morphometry, CT: Cortical thickness, FD: Fractal dimension, GI: Gyrification index, DWI: Diffusion
weighted imaging, FA: Fractional anisotropy, RS-fMRI: Resting-state functional MRI, GE: Global efficiency, LE: Local
efficiency, APL: Average path length, CC: Clustering coefficient, C: cost, D: Degree
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