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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

https://doi.org/10.1016/j.cortex.2020.03.024
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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

http://ClinicalTrials.gov
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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.
Table 1 e Hand motor task including Purdue Pegboard Test (PPT

Study time points Mean Delay from stroke onset

Stroke onset Day 0

Inclusion Day 4e15

Baseline visit (M0) Day 31 (27e35)

Cell therapy Day 32 (28e35)

Six-month follow-up (M6) Day 210 (±15)
Two-year follow-up (M24) Day 760 (±30)

NIHSS indicates the National Institutes of Health Stroke Scale, mRS the m
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
) and Grip Force (Grip) and fMRI assessment time points.

Hand motor tasks MRI Clinical assessment

e e NIHSS

e e NIHSS þ MRS þ BI

PPT þ Grip fMRI NIHSS þ MRS þ BI

e e NIHSS

PPT þ Grip fMRI NIHSS þ MRS þ BI

PPT þ Grip fMRI NIHSS þ MRS þ BI

odified Rankin Score, and BI the Barthel Index.

https://www.nitrc.org/projects/mricron
https://www.nitrc.org/projects/mricron
http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
https://www.nitrc.org/projects/artifact_detect
https://www.nitrc.org/projects/artifact_detect
https://doi.org/10.1016/j.cortex.2020.03.024
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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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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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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

http://sourceforge.net/projects/spmtools
http://sourceforge.net/projects/spmtools
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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.
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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).
Table 3 e Patients’ characteristics at baseline (one month follow

Variables All (n ¼ 27) Left Le

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

Age, years 53.15 (9.54) 53 (13) 55 (8.79)

Lesion volume, cm3 100.67 (63.51) 83 (103) 105.65 (55.23

Motor FMS 36.41 (28.21) 31 (34) 43.53 (32.88)

Motor NIHSS 6.38 (2.64) 6.50 (4) 6.19 (3.23)

NIHSS 13.74 (4.63) 12 (5) 14.88 (5.46)

Barthel Index 45 (31.89) 45 (55) 42.06 (35.97)

Rankin 3.78 (.51) 4 (0) 3.71 (.59)

PPT - Paretic Hand 1.3 (3.28) 0 (0) 2.06 (3.98)

Grip - Paretic Hand 3.93 (9.95) 0 (0) 6.24 (12.06)

Categorical n % n

Male 19 70.4 11

Cell therapy 13 48.1 9

SD, standard deviation; IQR, interquartile range; FMS, FugleMeyer Scale; N

and right lesion subgroup, ManneWhitney U test was used for numer

comparing data from left and right side lesion subgroups.
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.
ing stroke onset) for left and right lesion subgroup. N ¼ 27.

sion (n ¼ 17) Right Lesion (n ¼ 10) p values*

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

57 (16) 50 (10.40) 51 (13) .204

) 112 (83) 92.20 (78.13) 57.50 (143) .41

34 (62) 24.30 (10.90) 20.50 (10) .188

6 (5) 6.70 (1.33) 7 (1) .787

12 (10) 11.80 (1.48) 12 (2) .376

45 (63) 50 (24.38) 47.50 (31) .606

4 (1) 3.90 (.32) 4 (0) .572

0 (3) 0 (0) 0 (0) .24

0 (8) 0 (0) 0 (0) .127

% n %

64.7 8 80 .666

52.9 4 40 .695

IHSS, National Institutes of Health Stroke Scale. *Comparison of left

ical variables, and Chi-square/Fisher test for categorical variables,

https://doi.org/10.1016/j.cortex.2020.03.024
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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

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

and the handgrip force over time in 27 patients.
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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
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
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

https://doi.org/10.1016/j.cortex.2020.03.024
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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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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

https://doi.org/10.1016/j.cortex.2020.03.024
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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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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

https://doi.org/10.1016/j.cortex.2020.03.024
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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.

c o r t e x 1 2 9 ( 2 0 2 0 ) 8 0e9 8 91

https://doi.org/10.1016/j.cortex.2020.03.024
https://doi.org/10.1016/j.cortex.2020.03.024


c o r t e x 1 2 9 ( 2 0 2 0 ) 8 0e9 892
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

https://doi.org/10.1016/j.cortex.2020.03.024
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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

https://doi.org/10.1016/j.cortex.2020.03.024
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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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