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Introduction: Parieto-frontal interactions are mediated by the superior

longitudinal fasciculus (SLF) and are crucial to integrate visuomotor information

and mediate fine motor control. In this study, we aimed to characterize the

relation of white matter integrity of both parts of the SLF (SLF I and SLF II) to both

motor outcome and recovery and its evolution over time in stroke patients with

upper limb motor deficits.

Materials and methods: Fractional anisotropy (FA) values over the SLF I, SLF II,

and corticospinal tract (CST) and upper limb motor performance evaluated by

both the upper limb Fugl-Meyer Assessment score and maximum grip strength

were measured for 16 patients at 3 weeks, 6 weeks, and 12 weeks poststroke.

FA changes were assessed over time using repeated-measures Friedman ANOVA,

and correlations between motor recovery, motor outcome at 12 weeks, and FA

values in the CST, SLF I, and SLF II at 3 weeks were performed using Spearman’s

rank-order correlation.

Results: FA values in the a�ected hemisphere’s SLF I and SLF II at 3 weeks

correlated with motor recovery at 12 weeks when assessed by the Fugl-Meyer

Assessment for upper limb extremity (rho: 0.502, p: 0.04 and rho: 0.510, p: 0.04,

respectively) but not when assessed by grip strength. FA values in the SLF I and SLF

II were not correlated with motor outcomes. FA values in the SLF II in the a�ected

hemisphere changed significantly over time (p: 0.016).

Conclusion: Both SLF I and SLF II appeared to participate in poststroke motor

recovery of complex movements but not in the motor outcome. These results

argue that visually/spatially oriented motor tasks as well as more complex

motor tasks using parietal associative areas should be used for poststroke

rehabilitation strategies.
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1. Introduction

Parieto-frontal interactions are crucial in healthy subjects

to transfer information for movement planning as well as to

integrate visuomotor information and to mediate fine motor

control (1). These processes are necessary for the correct, goal-

oriented movement of the upper limb. It has also been shown

that the microstructural integrity of the white matter bundles

within the parieto-frontal network plays a prominent role when

action reprogramming, required for the on-line control of reaching

movements, is interfered (2). The anatomical substrate of these

parieto-frontal interactions is mainly the superior longitudinal

fasciculus with its two parts (SLF I and II) (3). SLF I links the

superior parietal lobule and the medial parietal cortex (which

are part of the posterior parietal cortex) with secondary motor

areas, such as the premotor area (4, 5). SLF II travels ventrally

and laterally to SLF I and connects the inferior parietal lobule

to more anterior areas in the frontal lobe (superior frontal

gyrus) (4).

In stroke patients, residual motor function of the upper

limb is usually explained by corticospinal tract integrity (CST),

but not sufficiently. Few studies have investigated how parieto-

frontal connections contribute to residual motor function in

cross-sectional studies recruiting patients in the chronic phase

(6–8). Schulz et al. (6) showed that in chronic patients the

upper limb motor outcome was partly explained by the integrity

of the parieto-frontal projections belonging to the SLF. In

the study by Moulton et al. (7), regions associated with

poor motor prognosis included the posterior parietal cortex,

where the SLF I originates. Using resting-state functional MRI,

Hordacre et al. (8) demonstrated that severely impaired patients

had greater performance when functional connectivity in the

ipsilesional parieto-frontal network was higher. Taken together,

the parieto-frontal network and its anatomical substrates (the

SLF I and II) may appear to be a behaviorally relevant

neural mechanism that improves upper limb motor performance.

However, if the SLF I and II explained part of the variance

of the motor outcome, motor recovery (i.e., the gain of

function from rehabilitation therapy) was not investigated in

these studies.

Therefore, our aim was first to confirm the correlation

between SLF diffusion properties and motor recovery

and outcome over a 3-month period. Second, we aimed

to characterize the diffusion properties (measuring the

microstructure integrity of the tract by diffusion tensor

imaging) of SLFs I and II in the affected and unaffected

hemispheres of stroke patients and their dynamics

over time.

To that end, we used the data of a longitudinal

cohort study, which aimed to find biomarkers

to predict motor recovery by means of repetitive

assessments using diffusion tensor imaging and

clinical evaluation.

Abbreviations: CST, Corticospinal tract; FA, Fractional anisotropy; IQR,

Interquartile range; SLF, Superior longitudinal fasciculus; V, Visit.

2. Materials and methods

2.1. Patients

A total of 22 patients were recruited from the stroke unit

and the neurorehabilitation department of La Pitié-Salpêtrière

Hospital (November 2018 to December 2020) to participate in a

study that aimed to find biomarkers to predict motor recovery

(ClinicalTrials.gov Identifier: NCT03739892).

The inclusion criteria were as follows: (i) first-ever stroke

event (ischemic or hemorrhagic); (ii) impaired upper limb function

defined on the Fugl-Meyer Assessment score; and (iii) aged ≥

18 years old. The exclusion criteria were as follows: (i) suffering

from a life-threatening disease during the follow-up period; (ii)

contraindications to MRI; (iii) severe aphasia hampering the ability

of the patients to follow a rehabilitation program; and (iv) aged >

85 years old.

This study was conducted according to established good clinical

practice guidelines and was approved by the local ethical committee

(CPP Sud Mediterranée III). Written informed consent from each

participant or from a legal proxy/family member was obtained.

For this specific substudy, only patients with ischemic stroke were

selected, for a total of 16 patients. The presence of fresh blood in the

parenchymal hematoma at the subacute stage creates artifacts that

can result in lower diffusion values in the affected area, which may

not accurately reflect the underlying tissue integrity (9).

The cohort consisted of a longitudinal single-center cohort

involving patients who were recruited 3 weeks after a stroke to

attend a 6-week standardized rehabilitation program. The 6-week

rehabilitation program consisted of daily sessions of rehabilitation

combining physical therapy and occupational therapy. In addition,

the subjects received daily individual functional rehabilitation

for the upper limb using a virtual reality device to increase

rehabilitation doses. The follow-up consisted of clinical assessments

and clinical imaging, which were performed at inclusion in the

study (V1, 3 weeks), 6 weeks from inclusion (V2), and 12 weeks

from inclusion (V3).

Upper limb motor performance was evaluated with the

Fugl-Meyer Assessment score and maximum grip strength. In

this study, we excluded the reflex items of the Fugl-Meyer

Assessment score for a maximum score of 60 points (10, 11).

For both hands, the maximum grip strength was measured

three times and averaged. The grip strength ratio was computed

by dividing the score of the affected hand by that of the

unaffected hand.

2.2. MRI

2.2.1. MRI acquisition
We acquired diffusion with multiband EPI (12), with an

isotropic voxel of 1.64mm, a TR of 4.9 s, a TE of 77ms, a multiband

factor of 2, and a 7/8 partial Fourier. We acquired 7 b = 0 s/mm²

volumes and 5 different shells: 46, 29, 16, 7, and 3 directions for

b-values of 3,000, 2,000, 1,000, 700, and 300 s/mm², respectively.

After each series, a volume without diffusion was acquired in the

opposite phase direction.
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2.2.2. Preprocessing
The data were first denoised, and Gibbs artifacts were removed

with the MRtrix 3 software (13). The b = 0 volumes were then

extracted and combined with the opposite phase direction volumes

to perform EPI distortion correction with the topup tool from FSL

(5.0) (14). We then corrected the data for motion and eddy current

distortions with an eddy tool from FSL (15). Fractional anisotropy

(FA) maps were generated using the diffusion tensor model.

2.2.3. Data computation
Stroke lesions were manually outlined by a neurologist on

the FLAIR images. For each tract of interest (CST, SLF I, and

II), template tracts were obtained from a healthy whole-brain

tractography using MRtrix3 [details in Moulton et al. (16) and

Supplementary material]. Individual FA maps were registered to

the healthy whole-brain tractography space first linearly using

the FSL flirt tool with 6 degrees of freedom and then non-

linearly using the FSL-fnirt tool with 12 degrees of freedom.

During the registration, the lesioned voxels were masked to

avoid distortions due to the lesion. We then extracted density-

weighted FA values from the affected and unaffected entire

fasciculi (17–21).

2.3. Statistics

All variables were tested using the Shapiro–Wilk normality test.

As normality was not achieved for all variables, we used non-

parametric tests for the statistical analysis. The descriptive statistics

were the median and interquartile range (IQR). Missing data were

not imputed.

Outcome was defined as the upper limb Fugl-Meyer

Assessment score or grip strength ratio at V3. Recovery

was defined as the difference in upper limb Fugl-Meyer

Assessment score (or grip strength ratio) between V3 and

V1. Correlations between motor recovery and motor outcome

at V3 and FA values in the CST, SLF I, and SLF II at V1 were

performed using Spearman’s rank-order correlation. Multiple

regression models using a stepwise approach were used to

explain motor recovery with the difference in Fugl-Meyer

Assessment scores between V3 and V1 as the dependent

variable and the FA values of the CST, SLF I, and SLF II, as

well as the initial Fugl-Meyer Assessment score and age, as the

independent variables.

Comparisons of FA values in the tracts of interest (SLF I, SLF

II, and CST) between the affected and unaffected hemispheres

were performed using the Wilcoxon tests. FA value changes over

time were assessed using repeated-measures Friedman ANOVA,

and post-hoc tests were performed using a Wilcoxon test. We

computed axial, radial, and mean diffusivity values (AD, RD, and

MD) and investigated their changes over time to highlight the

possible mechanisms of FA changes (Supplementary material and

Section 3). All tests were corrected for multiple comparisons using

the false discovery rate. Statistical analyses were performed using

MedCalc (version 12.5.0, Belgium, 2013), and a p-value of < 0.05

was considered statistically significant.

3. Results

3.1. Patients

A total of 16 patients (11 men, 68.8%) were analyzed.

The median age was 63.5 (57.7–70.2) years. Most of the

patients had right-sided lesions (n = 10, 62.5%). Lesion

locations were the following: 62.5% (n = 10) subcortical stroke,

25% (n = 4) cortical stroke, and 12.5% (n = 2) cortico-

subcortical stroke. The lesion probability map is presented in

Figure 1, and the highest incidence was located in the internal

capsule. The CST overlapped with the ischemic lesion mask

in 100% of the patients (n = 16), the SLF I in 31.3%

(n = 5), and the SLF II in 50% (n = 8). Clinical scores

and FA values are presented in Table 1. Regarding motor

recovery measured by the upper limb Fugl-Meyer Assessment,

patients improved significantly {[F(3,16): 28.7; p < 0.0001,

with significant improvement for V1-V2 and V2-V3 with p <

0.001 and p: 0.02, respectively; Figure 2A]}. The grip strength

ratio also improved {[F(3,15): 13.8, p: 0.001], with significant

improvement for V1-V2 with p: 0.02 and stability for V2-V3 with

p: 0.20, Figure 2B}.

3.2. Correlation between SLF FA values at 3
weeks with motor recovery and motor
outcome at 3 months

FA values of the affected hemisphere’s CST were not correlated

with FA values in SLF I (V1, p: 0.46; V2, p: 0.53; V3, p: 0.86) or SLF

II (V1, p: 0.41; V2, p: 0.83; V3, p: 0.72). FA values of the SLF I and

SLF II were also not correlated (V1, p: 0.48; V2, p: 0.68; V3, p: 0.72).

FA values in the SLF I of the affected hemisphere at V1 were

correlated with motor recovery assessed by the upper limb Fugl-

Meyer Assessment between V1 and V3 (rho: 0.502, 95% CI: 0.007;

0.799, p: 0.04) but not when assessed by the grip strength ratio (p:

0.50). The better the integrity was in the SLF I (high FA values),

the better the patients improved (Figure 3A). FA values in the

affected hemisphere’s SLF II also had a positive correlation with

motor recovery assessed by the upper limb Fugl-Meyer Assessment

between V1 and V3 (rho: 0.510, 95% CI: 0.197; 0.803 p: 0.04,

Figure 3B) but not assessed by the grip strength ratio (p: 0.72). FA

values in the affected hemisphere’s SFL I and SFL II were neither

correlated with the motor outcome at V3 assessed by the upper

limb Fugl-Meyer Assessment nor with the grip strength ratio (p:

0.25 and p: 0.81 for the upper limb Fugl-Meyer Assessment; p: 0.16

and p: 0.86 for grip strength ratio). The multiple regression model

performed to explain motor recovery retained two independent

variables [F(2,13): 24.9, p < 0.001], namely, (i) the initial Fugl-

Meyer Assessment score and (ii) the FA values in the SLF I. The

proportion of variance explained by these two variables was 78.7%

(p< 0.001). Age (p: 0.26), FA values in the CST (p: 0.36), and SLF II

(p: 0.07) were not retained in the models as independent variables.

Statistics from the stepwise multiple linear regression models are

summarized in Supplementary Table 2.

FA values in the CST of the affected hemisphere were not

correlated with motor recovery assessed by the upper limb Fugl-

Meyer Assessment (p: 0.67), but there was a tendency for the
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FIGURE 1

Lesion probability maps for the whole cohort overlaid on the FMRIB58_FA template. The color map reflects the percentage of patients for which the

voxel is lesioned by the infarct.

TABLE 1 Patient characteristics.

V1 V2 V3

Time poststroke onset (days) 21

(13–31)

(9–61)

61

(54.5–76)

(51–100)

107

(101–121)

(93–150)

Upper limb Fugl-Meyer Assessment 33.5

(25–42)

(2–46)

49

(46–54)

(32–56)

51

(46–56)

(32–58)

Grip strength ratio 0.17

(0.11–0.33)

(0–1.11)

0.41

(0.25–0.73)

(0.09–1.06)

0.41

(0.35–0.74)

(0.11–1.25)

CST affected hemisphere (FA values) 0.511

(0.481–0.528)

(0.422–0.600)

0.490

(0.474–0.512)

(0.419–0.578)

0.493

(0.462–0.513)

(0.415–0.551)

CST unaffected hemisphere (FA values) 0.568

(0.556–0.596)

(0.461–0.617)

0.560

(0.550–0.598)

(0.458–0.613)

0.574

(0.560–0.589)

(0.461–0.613)

SLF I affected hemisphere (FA values) 0.411

(0.386–0.432)

(0.137–0.467)

0.405

(0.384–0.429)

(0.258–0.467)

0.401

(0.366–0.415)

(0.140–0.462)

SLF I unaffected hemisphere (FA values) 0.413

(0.386–0.437)

(0.338–0.492)

0.407

(0.387–0.441)

(0.339–0.488)

0.404

(0.381–0.449)

(0.331–0.481)

SLF II affected hemisphere (FA values) 0.401

(0.386–0.430)

(0.329–0.454)

0.397

(0.381–0.431)

(0.324–0.453)

0.389

(0.373–0.409)

(0.284–0.449)

SLF II unaffected hemisphere (FA

values)

0.425

(0.402–0.438)

(0.366–0.455)

0.427

(0.397–0.437)

(0.368–0.452)

0.406

(0.399–0.427)

(0.363–0.460)

Values are median (interquartile range) and (minimum–maximum).

correlation with the motor recovery assessed by the grip strength

ratio between V1 and V3 (rho: 0.485, 95% CI: −0.036; 0.799, p:

0.06). FA values in the affected hemisphere’s CST were correlated

with the motor outcome assessed by grip strength ratio at V3 (rho

= 0.515, 95% CI: 0.067; 0.843; p: 0.04, Figure 3C) but not upper

limb Fugl-Meyer Assessment (p: 0.41). The better the integrity was

in the CST (high FA values), the better the patient’s outcome (high

grip strength ratio at V3).

The results of all Spearman’s rank-order correlations performed

are summarized in Supplementary Table 3.

3.3. Characterization of SLF I and II FA
values during motor recovery

FA values in the SLF I and SLF II in the affected hemisphere

changed significantly over time [F(3,12): 7.16, p: 0.027 and

F(3,12): 8.16, p: 0.016, respectively, Figures 2C, D], whereas these

remained stable in the unaffected hemisphere (p: 0.49 and p: 0.10,

respectively). FA values in the SLF II of the affected hemisphere

decreased between V1 and V2 (p: 0.004) but not between V2 and

V3 (p: 0.52). FA values in the affected hemisphere’s SLF I were not
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FIGURE 2

Dynamics of motor scores and FA values. (A) Fugl-Meyer assessment, (B) GSratio, (C) SLF I, (D) SLF II, and (E) CST. Values are represented by the

median, and bars display the interquartile range. *p-value < 0.05, **p-value < 0.01 for the comparison between visits. ++p-value < 0.01 for

comparison between the a�ected and una�ected hemispheres.

significantly different after correction for multiple comparisons (p:

0.07 for V1-V2; p: 0.62 for V2-V3).

FA values in the SLF I and SLF II were similar in the affected

hemisphere compared to the unaffected hemisphere at V1 (SLF I,

p: 0.09; SLF II, p: 0.26), V2 (SLF I, p: 0.07; SLF II, p: 0.18), and V3

(SLF I, p: 0.08; SLF II, p: 0.11) (Figures 2C, D).

In contrast, FA values in the CST in the affected and unaffected

hemispheres remained stable over time (p: 0.27 and p: 0.21,

Figure 2E), but these values were significantly lower in the affected

hemisphere than in the unaffected hemisphere at V1, V2, and V3

(p-values were <0.004 at V1 and V2 and <0.006 at V3).

4. Discussion

This study is the first longitudinal study using diffusion tensor

imaging to investigate the role of the SLF in motor outcomes

and recovery at 3 months. We used diffusion tensor imaging to

investigate the relationship between the SLF FA values and both

motor recovery and motor outcome at 3 months and to assess the

evolution of SLF FA values during recovery in ischemic strokes.

Interestingly, FA values in SLF I and II were correlated with motor

recovery but not outcome assessed by the upper limb Fugl-Meyer

Assessment, whereas CST integrity in the affected hemisphere was

correlated with motor outcome assessed by the grip strength ratio

(and tended to be correlated with motor recovery with the grip

strength ratio and not the Fugl-Meyer Assessment). This suggested

that SLFs I and II contributed more to motor improvements of

more complex movements and motor control than pure strength

of the hand.

4.1. Correlation between SLF FA values and
motor recovery and motor outcome at 3
months

SLF I originates from the superior parietal lobe and projects

ventrally along the cingulate gyrus toward the superior frontal

gyrus, terminating within the supplementary motor and premotor

areas (22). This tract is known to play an important role

in gathering proprioception information and motor movement
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FIGURE 3

Correlations between FA values at V1 and motor recovery and outcome at 3 months. (A) SLF I FA values vs. motor recovery using the upper limb

Fugl-Meyer Assessment (FM-UL). (B) SLF II FA values vs. motor recovery using FM-UL. (C) CST FA values vs. motor outcome using grip strength ratio.

initiation (5, 23). A recent study using both diffusion tensor

imaging and functional imaging showed that, among the complex

network connected by the different parts of the SLF, the SLF I

bundle is the main tract associated with motor function using

spatial information (1). Our results suggest that SLF I might play

a role in motor recovery poststroke. A hypothetical mechanism

(among others) may involve using information from non-

motor multiple regression models (especially spatial information).

Parieto-frontal interactions are crucial in healthy subjects to

integrate visuomotor information and to mediate fine motor

control during the on-line control of reaching movements (1, 2).

Based on this hypothesis, rehabilitation tasks that are oriented

toward spatial information, such as “goal-oriented tasks,” may help

facilitate motor recovery poststroke. This hypothesis could explain

why SLF I was correlated with motor recovery assessed by the

Fugl-Meyer Assessment and not by the grip strength ratio, which

is a measurement of pure muscle strength. Indeed, after a stroke,

there is not only a general loss of force but also the occurrence

of synergy, leading to non-optimal patterns of movement. Many

daily tasks consist of squeezing objects and involve coordination

and precision, such as picking up small objects, closing bottle caps,

and other similar manipulations. It is plausible, given the role of the

SLF in the healthy brain, that SLF integrity is correlated (i) first with

the Fugl-Meyer Assessment score, which is a motor score centered

on synergistic movements (and not grip strength) and (ii) then with

recovery (i.e., the gain of function during rehabilitation) and not

the outcome. Indeed, in the healthy brain, the SLF lays connections

between the frontal lobe and the posterior parietal cortex, which is

known to subserve sensorimotor integration, including visuomotor

mapping, on-line adaptation, and error monitoring, necessary for

task completion (24). All these processes are required for motor

learning in the healthy brain and so are they in the recovery process

when rehabilitation strategies rely on repetitive practice (25).

SLF II’s mechanism for motor recovery appeared to be similar.

Indeed, SLF II FA values displayed a significant correlation with

motor recovery at 3 months. SLF II principally originates around

the angular gyrus and targets both dorsolateral frontal brain regions

and the ventral premotor cortex (4–6, 26, 27). If SLF I is implied

only in spatially associated motor function, the SLF II role seems

to be mixed and is involved in both spatial and non-spatial motor

function (1). This is consistent with Abela et al. (28), who reported

that gray matter atrophy in the angular gyrus was associated with

less favorable recovery after ischemic stroke (28).

In our study, CST FA values correlated with the motor

outcome using grip strength ratio (but not upper limb Fugl-

Meyer) and tended to correlate with motor recovery (29, 30).

However, even if CST white matter integrity during a stroke is

known to be a promising biomarker for the prediction of the

motor outcome, to date, studies’ results are inconsistent, and

several of them failed to find such a correlation with motor

recovery, i.e., gain from therapy (17, 31–36). An explanation

for the correlation of the CST with grip strength and not the

Fugl-Meyer Assessment might be related to the motor control

of proximal upper limb muscles vs. digits (25). Lawrence and

Kuypers (37) described that monkeys with bilateral corticospinal

tract lesions lost their ability to individuate the digits, a state that

remained for months. In contrast, the proximal limb movements

returned, although impaired (37). This experiment stressed that

the CST is more dedicated to digit control than proximal

arm control.
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The discrepancies between CST integrity and motor

recovery/outcome can also be explained by the heterogeneity

in diffusion tensor imaging studies of patient populations

and methodologies. One important source of discrepancy

is the methodology used to assess the CST white matter

integrity (i.e., which diffusion tensor imaging metrics and

which methods to use for CST tract reconstruction) (18). Li

et al. (21) reported, in a tractometry-based study, that, if mean

diffusivity, axial diffusivity, and radial diffusivity correlated

with the modified Rankin scale at 3 months, FA failed to reach

statistical significance.

4.2. Characterization of SLF I and II FA
values during motor recovery

To our knowledge, our study allowed the first longitudinal

characterization of SLF FA values after a stroke in the subacute

phase. We found that SLF II diffusion properties in the affected

hemisphere significantly changed over time from the early subacute

phase to 3 months. The results of the change in FA in the SLF

I were not significant after correction for multiple comparisons.

SLF II displayed a decrease in FA values, which could suggest

Wallerian degeneration. Filatova et al. (38) observed SLF FA

values in chronic stroke patients (more than 6 months poststroke)

and reported a significant difference in FA asymmetry in the

SLF between hemispheres compared to healthy subjects. In our

study, SLF II changes were only significant between V1 and

V2 but not between V2 and V3. This decrease in FA values

in the SLF over time reflects secondary axonal damage. Among

the possible mechanisms, Wallerian degeneration is probably

the main mechanism at play (as reported in the CST) (31, 39,

40).

4.3. Study limitations

Our study has some limitations that need to be identified.

First, the main limitation of our study is the small number of

patients (n = 16), probably explaining the lack of power of

some analyses, especially for a diffusion tensor imaging study.

Indeed, diffusion tensor imaging is a noise-sensitive and artifact-

prone sequence, and a lack of power in our study is possible

(41). More generally, further studies are needed to confirm the

findings of our study and illuminate the shadow areas. The second

limitation relies on the absence of an age-matched cohort of

healthy subjects. It would have allowed us to provide data for

the comparison of contralesional values for FA measurements.

However, the status of the contralesional hemisphere was beyond

the scope of our study, which focused on the correlation between

poststroke motor recovery and the microstructural integrity of

SLF and CST in the ipsilesional hemisphere. Third, the small

sample size of our cohort was also an issue. For example,

we could not perform subgroup analyses according to the

location of lesions, although these could have an impact on

our results. Finally, as in any study, the results depend on the

population criteria, though the generalizability of our results might

be limited.

5. Conclusion

Both SLF I and SLF II appeared to participate in poststroke

motor recovery but not in the motor outcome. Together, our results

argued that, considering the participation of the SLF in motor

recovery, visually/spatially oriented motor tasks, as well as more

complexmotor tasks using parietal associative areas, should be used

for poststroke rehabilitation strategies.
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