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The impact of stroke on motor functioning is analyzed at different levels. ‘Impairment’ denotes the loss of basic characteristics of voluntary movement. ‘Activity limitation’ denotes the loss of normal capacity for independent execution of daily activities. Recovery from impairment is accomplished by ‘restitution’ and recovery from activity limitation is accomplished by the combined effect of ‘restitution’ and ‘compensation.’ We aimed to unravel the long-term effects of variation in lesion topography on motor impairment of the hemiparetic lower limb (HLL), and gait capacity as a measure of related activity limitation. Gait was assessed by the 3 m walk test (3MWT) in 67 first-event chronic stroke patients, at their homes. Enduring impairment of the HLL was assessed by the Fugl–Meyer Lower Extremity (FMA-LE) test. The impact of variation in lesion topography on HLL impairment and on walking was analyzed separately for left and right hemispheric damage (LHD, RHD) by voxel-based lesion-symptom mapping (VLSM). In the LHD group, HLL impairment tended to be affected by damage to the posterior limb of the internal capsule (PLIC). Walking capacity tended to be affected by a larger array of structures: PLIC and corona radiata, external capsule and caudate nucleus. In the RHD group, both HLL impairment and walking capacity were sensitive to damage in a much larger number of brain voxels. HLL impairment was affected by damage to the corona radiata, superior longitudinal fasciculus and insula. Walking was affected by damage to the same areas, plus the internal and external capsules, putamen, thalamus and parts of the perisylvian cortex. In both groups, voxel clusters have been found where damage affected FMA-LE and also 3MWT, along with voxels where damage affected only one of the measures (mainly 3MWT). In stroke, enduring ‘activity limitation’ is affected by damage to a much larger array of brain structures and voxels within specific structures, compared to enduring ‘impairment.’ Differences between the effects of left and right hemisphere damage are likely to reflect variation in motor-network organization and post-stroke re-organization related to hemispheric dominance. Further studies with larger sample size are required for the validation of these results.
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INTRODUCTION

Stroke is a major disabling condition in the adult population (Sturm et al., 2002; Langhorne et al., 2011). Recovery of voluntary movement in the hemiparetic lower limb (HLL) and regaining walking capacity are primary rehabilitation goals (Vestling and Iwarsson, 2003; Lord et al., 2004). Recovery of walking occurs in 95% of patients within the first 11 weeks after stroke (Jorgensen et al., 1995). However, the pattern of gait often deviates from normality and about one third of the survivors do not get out of home unsupervised (Lord et al., 2004).

Stroke rehabilitation aims to facilitate and enhance the recovery of motor function by a combination of restitution-oriented and compensation-oriented treatment strategies. Restitution-oriented approaches relay on brain plasticity (the capacity of the damaged brain for adaptive re-organization of structure-function relationships), and aim to restore, as much as possible, the characteristics of normal voluntary movement, i.e., strength in discrete muscle groups and especially the normal level of motor control (the capacity to execute the different movements in an isolated and coordinated manner) (Krakauer and Carmichael, 2017). Compensation-oriented approaches are more task oriented. The primary goal is to achieve a better performance in basic and instrumental activities of daily living, with as minimum as possible dependence on others’ help and with maximum safety. With this goal in mind, patients are trained to use their limbs in the most effective way (not necessarily the natural way), without or with external aids, e.g., orthotic devices, cane, etc. (Levin et al., 2009; Krakauer and Carmichael, 2017). In a restitution-oriented strategy, the normal pattern one wishes to restitute is analyzed at the ‘body structures and functions’ level in International Classification of Functioning terminology (World Health Organization, 2002), and deviation from normality is termed ‘impairment.’ In contrast, a compensation-oriented strategy has the ICF ‘activity level’ at its focus, and deviation from normality is termed ‘activity limitation.’ In current stroke-rehabilitation practice both strategies are used. Constraints imposed by treatment costs often dictate a preference for interventions oriented toward achieving independence in basic activities of daily living as quickly as possible. In such cases, restitution-oriented strategies may receive a lesser emphasis (Krakauer and Carmichael, 2017).

Walking-capacity tests, such as the 6-min walk test (6MWT) (Eng et al., 2004) and 3 m walk test (3MWT) (Peters et al., 2014), when conducted in the chronic phase after stroke, reflect the combined effect of restitution and compensation processes on the lasting level of ‘activity limitation,’ as the patient relies on both amelioration of discrete motor functions and use, as necessary, of compensatory measures (orthotics, cane, etc.) in walking. In contrast, the Fugl-Meyer (FM) assessment scale is aimed to determine the level of motor impairment (Gladstone et al., 2002). The FM lower extremity (FMA-LE) reflects mainly the quality of patients’ HLL voluntary movement, thus when it is conducted in the chronic phase, after completion of the recovery process, it represents largely the impact of restitution on the lasting level of ‘impairment.’

Recovery of motor function after a stroke is constrained by lesion topography (Grefkes and Ward, 2014). Lesion studies have focused mainly on the effects of lesion topography on overall motor function (Fries et al., 1993; Miyai et al., 2000; Cheng et al., 2014; Wu et al., 2015) or on the hemiparetic upper limb (HUL) function (Feys et al., 2000; Shelton and Reding, 2001; Wenzelburger et al., 2005; Schiemanck et al., 2008; Lo et al., 2010; Karnath and Rennig, 2017). The effects of lesion characteristics on HLL movement quality and walking capacity were reported in several studies. However, in many of these studies (Miyai et al., 2000; Jayaram et al., 2012; Kaczmarczyk et al., 2012; Chen et al., 2014) lesion location was not determined in a voxel-based manner, producing methodological limitations due to gross parcellation of anatomical templates (e.g., Nadeau et al., 2016), use of a restricted set of regions of interest (e.g., Jayaram et al., 2012), or use of statistical procedures precluding direct inference of structure-function relationships (e.g., Kaczmarczyk et al., 2012).

A few lesion studies avoided some of the above limitations by identifying the anatomical structures essential for HLL movement quality and/or walking capacity using voxel-based lesion symptom mapping (VLSM) analysis (Reynolds et al., 2014; Jones et al., 2016; Moon et al., 2016; Lee et al., 2017; Kim et al., 2018; Handelzalts et al., 2019). In the subacute phase, reduced HLL movement quality (tested by the FMA-LE) was associated with damage to the basal ganglia, insula, internal capsule, and the corona radiata (Moon et al., 2016, 2017). Recently Handelzalts et al. (2019) used VLSM to analyze the effects of left and right hemisphere damage (LHD, RHD) in the subacute phase. In the LHD group, the FMA-LE score was affected by damage to the corticospinal tract in its passage through the corona radiata and the posterior limb of the internal capsule (PLIC), the putamen and the external capsule. In the RHD group, reduced FMA-LE score was associated with lesion to the PLIC only. In another study, by Reynolds et al. (2014), conducted in the chronic phase, reduced FMA-LE score was associated with damage to the corona radiata and the putamen.

Damage to some of the abovementioned structures was found to reduce also walking capacity. The impact of rehabilitation on walking speed in the subacute phase was affected by damage to the putamen, insula, external capsule and neighboring white matter (Jones et al., 2016). In the above study by Handelzalts et al. (2019), the distance subacute LHD stroke patients could cover in 6 min of walking was affected by damage to the same structures that affected the FMA-LE score. RHD patients did not show this relationship. Lee et al. (2017) found the Functional Ambulation Category in the subacute phase to be affected by damage to the internal capsule, lentiform nucleus and cingulum. Yet, Moon et al. (2016) did not find an association between lesion maps and the Functional Ambulation Category in the subacute phase. In the chronic phase, reduced Functional Ambulation Category was associated with damage to the corona radiata, internal capsule, basal ganglia, and primary motor cortex (Lee et al., 2017), and reduced walking speed was associated with damage to the corona radiata and basal ganglia (Reynolds et al., 2014). Kim et al. (2018) found that damage to different brain structures leads to impairment in different gait parameters. For example, damage to the PLIC was associated with reduced walking speed and increased knee extension in the stance phase, and damage to the paracentral lobule was associated with reduced knee flexion in the swing phase and with the reduced ankle dorsiflexion in the stance phase.

The above VLSM studies shed light on the functional neuroanatomy of different gait parameters and HLL motor function (Miyai et al., 2000; Jayaram et al., 2012; Kaczmarczyk et al., 2012; Chen et al., 2014; Nadeau et al., 2016). Damage to the corticospinal tract, basal ganglia and adjacent structures was shown to affect both HLL motor function (impairment level) and walking capacity (activity level). However, these studies did not disclose the extent of network sharing between the two, at the voxel level. As each of the above structures is comprised of hundreds and thousands of voxels, the two levels of analysis could be affected by same or different voxels within a given structure. To determine the extent of voxel sharing between HLL motor function (reflected by the FMA-LE score) and gait capacity (reflected by the 3MWT) we have applied conjunction VLSM analyses. To the best of our knowledge, contrast analyses of lesion effects on movement quality vs. walking capacity, were not done until now in patients with stroke in the chronic phase.

We hypothesized that both HLL function and gait capacity are affected by damage to the cortical and subcortical structures that are directly involved in motor control in the intact brain. However, given the low representation of damage to the lower-limb part of the motor homunculus (anterior cerebral artery territory; ACA) in a cohort comprised typically of middle-cerebral-artery (MCA) strokes, we expected to find “significant” voxels mainly along the corticospinal tract in its passage through the corona radiata and the PLIC (Brodal, 2016). As the level of behavioral performance in the chronic phase reflects not only the impact of damage to the normal functional neuroanatomy of the motor system, but also the neurophysiological factors limiting restitution processes and the capacity to adopt compensatory strategies of motor behavior, we hypothesized that the different sensitivity of FMA-LE and 3MWT to the effects of restitution and compensation will be reflected in a portion of non-shared voxels disclosed by the conjunction VLSM analysis.



MATERIALS AND METHODS


Participants

Sixty-seven first-event stroke patients in the chronic phase (>1 year after onset) who were hospitalized in the subacute period at the Loewenstein Rehabilitation Medical Center, Ra’anana, Israel, were recruited for the study. Patients were included if they did not suffer from previous psychiatric or neurological disorders, their language and cognitive status enabled comprehension of the task requirements, they did not have a subsequent stroke, and they could walk independently or under supervision in the home environment, with or without a walking aid and/or an ankle-foot orthosis. The study was approved by the Ethics Review Board of the Loewenstein Rehabilitation Medical Center (approval number LOE-004-14). The current cohort included subjects who participated also in our recently published study (Frenkel-Toledo et al., 2020), but only those who met the aforementioned inclusion criteria. All participants were informed about the protocol and gave their written informed consent prior to inclusion in the study. Supplementary Table S1 shows the individual demographic and clinical data of all participants.



Clinical Assessment

The standardized FM (Fugl-Meyer et al., 1975; Gladstone et al., 2002) was used for evaluation of HLL motor ability. The total score of the FMA-LE test is 34. The FM has proven to be reliable and valid in stroke patients (Duncan et al., 1983). The 3MWT was used for evaluation of walking speed (Peters et al., 2014). The 3MWT is a reliable and feasible option when testing of walking has to be done in a limited space, like the home environment. The patients performed three consecutive walking trials at their self-selected walking speed. Participants were allowed 2 m for acceleration/deceleration outside the data collection area, to help reduce gait variability introduced during these phases. Lines were placed on the floor, marking the starting and stopping points for participants, as well as outlining the 3 m timed walking area. The examiner started a stopwatch as soon as the participant’s leg crossed the first marker of the timed walking area and stopped the stopwatch when the participant’s first leg crossed the second marker (Peters et al., 2014). Participants performed the 3MWT wearing their own footwear and they used their mobility device and foot orthosis in case they needed. No manual support was given to the patient during this test.



Imaging

Follow-up CT scans dated on average 55 and 25 days post stroke onset, for the LHD and RHD groups, respectively. The CTs were carefully examined by a physician experienced in analysis of neuro-imaging data (NS). This was done to ensure that lesion boundaries were clear and traceable, and that the CT presents a stable pattern of tissue damage without a mass effect from residual edema.



Lesion Analysis

Lesion analyses were performed with the Analysis of Brain Lesions (ABLe) module implemented in MEDx software (Medical-Numerics, Sterling, VA, United States). Lesion delineation was made manually on the digitized CTs. ABLe characterizes brain lesions in MRI and CT scans of the adult human brain by spatially normalizing the lesioned brain into Talairach space using the Montreal Neurological Institute (MNI) template. It reports tissue damage in the normalized brain using an interface to the Talairach Daemon (San Antonio, TX, United States) (Lancaster et al., 2000), Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002; Solomon et al., 2007), Volume Occupancy Talairach Labels (VOTL) atlas (Lancaster et al., 2000; Solomon et al., 2007) or the White Matter Atlas (Mori et al., 2008). Quantification of the amount of tissue damage within each structure/region of the atlas was obtained as described earlier (Haramati et al., 2008). In the current study, tissue damage in the normalized brain was reported using the interface to the AAL and white matter atlases. Registration accuracy of the scans to the MNI template (Woods et al., 1998) was 89.3–95.8% (Mean ± SD: 94.2 ± 1.3%) for the LHD group, and 91.3–95.8% (94.4 ± 0.8%) for the RHD group.



Voxel-Based Lesion-Symptom Mapping (VLSM)

Voxel-based lesion-symptom mapping (Bates et al., 2003) was used to identify voxels (2 × 2 × 2 mm) of the normalized brain where damage exerts a significant impact on the FMA-LE and 3MWT scores. Voxel-by-voxel analysis was used to calculate the statistical significance of performance difference between subjects with and without damage in a given voxel, using t-tests. Only voxels lesioned in at least 15% of subjects were tested, and at least 10 adjacent voxels had to show a statistically significant impact on performance for a cluster of voxels to be reported (McDonald et al., 2017; Frenkel-Toledo et al., 2019). To correct for multiple comparisons, voxels with values exceeding a false discovery rate (FDR)/permutation threshold of p < 0.05 were considered significant (Genovese et al., 2002; Mirman et al., 2018). Due to insufficient statistical power in the LHD group, we also report anatomical regions containing clusters of at least 10 voxels, where patients affected in these voxels showed disadvantage relative to patients who were not affected in these voxels, using a lenient criterion of p < 0.02, which did not survive FDR correction for multiple comparisons (for a similar approach, see Schoch et al., 2006; Lo et al., 2010; Wu et al., 2015; Moon et al., 2016; Frenkel-Toledo et al., 2019). This information is provided under the assumption that in such cases VLSM results point to trends which are likely to reach significance given a larger study cohort. The maximum z-score is reported for each cluster of contiguous above-threshold voxels. Since there may be multiple voxels with this maximum z-score in the cluster, we report the coordinates of the voxel that is most superior, posterior and left in its location within the cluster (the centroid of the cluster is not reported as it may not have the highest z-score value and it may not be an above-threshold voxel). The Automated Anatomical Labeling atlas (AAL) for gray matter and the White Matter Atlas (Lancaster et al., 2000; Tzourio-Mazoyer et al., 2002; Solomon et al., 2007; Mori et al., 2008) were used to identify the brain structures in which the significant voxel clusters are located. Conjunction analysis was used to classify qualitatively ‘significant’ voxels (corresponding to z-scores used for determining results that passed FDR correction for multiple comparisons or, in the case of the LHD group, results that did not survive the FDR correction but passed the more lenient criterion of z-score = 2.00) as (1) affecting both FMA-LE and 3MWT; (2) affecting specifically the FMA-LE score (z = 2.00 and z = 2.98, for LHD and RHD patient groups, respectively); and (3) affecting specifically the 3MWT score (z = 2.00 and z = 2.38, for LHD and RHD patient groups, respectively).

To rule out the possibility that the results were influenced differently in the LHD and RHD groups by demographic and clinical characteristics, the gender, age, dominance, lesion type, time after stroke onset, lesion volume, FMA-LE score, 3MWT score, FM sensation score, and the proportion of subjects that used an assistive device for walking were compared between groups, using t-test, Mann–Whitney test or Chi-square test, as required (normal group distribution of continuous data was assessed using Kolmogorov–Smirnov test). A comparison was made also between the LHD and RHD groups with respect to (1) the proportion of subjects affected in each region of the AAL and WM atlases, and (2) the extent of damage in each region, using Chi-square/Fisher’s exact and Mann-Whitney tests, respectively. To rule out the possibility that the VLSM results were influenced by patient age, follow-up imaging time and lesion volume (Rajashekar et al., 2020), we calculated the correlations between these factors and also the extent of damage in each region of the AAL and WM atlases and the FMA-LE and 3MWT, in the LHD and RHD groups, using Pearson’s correlation or Spearman-rho, as required. FDR was used to correct for multiple correlations between extent of damage in each region of the AAL and WM atlases (68 and 74 regions were damaged in LHD and RHD groups, respectively) and FMA-LE or 3MWT in the LHD and RHD groups. FDR correction was done separately for each behavior measure in each group. Furthermore, the relationship between FMA-LE and 3MWT was evaluated in both groups using Pearson’s correlation. All the tests were done using SPSS (version 25.0) with significance levels of pFDR < 0.05.



RESULTS

The demographic and clinical characteristics of the LHD and RHD patient groups are essentially similar (Table 1). Individual patient data are displayed in Supplementary Table S1.


TABLE 1. Demographic and clinical characteristics of participants.

[image: Table 1]The proportion of subjects having damage (yes/no) in each of the regions of the AAL and WM atlases and the average extent of damage in each region were similar in LHD and RHD groups. In both the LHD and RHD groups, age, follow-up imaging time, total hemispheric volume loss and the extent of damage in each atlas region did not correlate with FMA-LE or 3MWT scores. Overlay lesion maps (stroke lesion distribution) of LHD and RHD patients are shown in Figure 1. Individual lesion data are displayed in Supplementary Figure S1. FMA-LE significantly correlated with 3MWT, both in the LHD and RHD groups (r = 0.677, p < 0.001; r = 0.797, p < 0.001, respectively).
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FIGURE 1. Lesion overlay maps of left hemisphere damage (LHD, n = 38) and right hemisphere damage (RHD, n = 29) patient groups. Representative normalized slices (out of 90 normalized slices employed) are displayed in radiological convention (right hemisphere on left side and vice versa), with warmer colors indicating greater lesion overlap (units: number of patients with lesion in this region).


Voxel-based lesion-symptom mapping analysis identified voxel clusters in which the existence of damage exerted a significant negative impact on the FMA-LE and 3MWT scores (LHD: Figure 2A and Table 2; RHD: Figure 2B and Table 3). In the LHD group, HLL impairment was affected by damage to brain voxels in the PLIC. Walking capacity was affected by a larger array of structures: PLIC and corona radiata, external capsule and caudate nucleus. These findings rely on a lenient criterion of significance (see Methods section) as they did not survive the FDR correction for multiple comparisons. In the RHD group, both HLL impairment and walking capacity were sensitive to damage in a much larger number of brain voxels. HLL impairment was affected by damage to the corona radiata, superior longitudinal fasciculus and insula. Walking was affected by damage to the same areas, plus the internal and external capsules, putamen, thalamus and parts of the perisylvian cortex. It should be noted that using permutations to correct for multiple comparisons in the VLSM analysis, walking was found to be affected also by damage to the superior corona radiata and superior longitudinal fasciculus. No other results passed the correction for multiple comparisons by permutations.


[image: image]

FIGURE 2. VLSM analysis depicting areas where damage was associated with significantly lower scores of Fugl-Meyer assessment lower extremity (FMA-LE) and 3 m walk test (3MWT) following (A) left hemisphere damage (LHD) and (B) right hemisphere damage (RHD). Minimum cluster size: 10 voxels, minimum number of patients affected in a voxel (15% of n: 6 and 4, respectively). Warmer colors indicate higher z-scores. The colored regions in B (RHD) survived FDR correction for multiple comparisons, but the colored regions in A (LHD) did not, and represent a lenient criterion of significance – z-score ≥ 2.00 (p ≤ 0.02). IR, irrelevant, all structures in this case shared a single z-score.



TABLE 2. VLSM results in LHD patients (n = 38).

[image: Table 2]
TABLE 3. VLSM results in RHD patients (n = 29).

[image: Table 3]
Voxel-based lesion-symptom mapping conjunction analysis identified voxel clusters in which the existence of damage exerted a significant negative impact on the FMA-LE only, on the 3MWT only, and on both FMA-LE and 3MWT (LHD: Figure 3 upper row and Table 4; RHD: Figure 3 lower row and Table 5). In the LHD group 40% of the voxels where damage affected the FMA-LE were ‘significant’ also for the 3MWT, but only 16% of the voxels where damage affected the 3MWT were ‘significant’ also for the FMA-LE. As can be seen in Table 4, the voxels where damage affected the FMA-LE were located mainly along the corticospinal tract in its passage through the corona radiata and the PLIC, whereas the voxels where damage affected the 3MWT were located in addition to the corticospinal tract also in the putamen and external capsule.
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FIGURE 3. Conjunction analysis depicting areas of brain damage that were associated with lower scores in the Fugl-Meyer assessment lower extremity (FMA-LE) only, 3 m walk test (3MWT) only and both FMA-LE and 3MWT, shown in blue, yellow and green, respectively, in the left hemisphere damage (LHD, n = 38) and right hemisphere damage (RHD, n = 29) groups.



TABLE 4. VLSM conjunction analysis in the LHD group.

[image: Table 4]
TABLE 5. VLSM conjunction analysis in the RHD group.

[image: Table 5]In the RHD group (Figure 3 lower row and Table 5) the picture is different. Essentially all the voxels where damage affected the FMA-LE were ‘significant’ also for the 3MWT, while only 19% of the voxels where damage affected the 3MWT were ‘significant’ also for the FMA-LE. As can be seen in Table 5, the voxels where damage affected the FMA-LE were located mainly along the course of the corticospinal tract, like in the LHD group, with the addition of voxels in the superior longitudinal fasciculus, and few voxels also in the external capsule, putamen, insula and the thalamus. As said, practically all these voxels were ‘significant’ also for the 3MWT, yet in all these regions, as well as in parts of the perisylvian cortex, voxels have been found where damage affected the 3MWT in a selective manner.

To ensure that the effects of variation in lesion topography on FMA-LE vs. 3MWT were not influenced by the relatively small sample size of each group, we conducted additional VLSM and conjunction analyses in the entire cohort after flipping the scans onto a single hemisphere template. The results are described in detail in Supplementary Tables S2, S3.



DISCUSSION

In the current study, we employed conjunction VLSM analysis to unravel the brain voxels critically involved in the formation of enduring impairment vs. enduring activity limitation. Specifically, we checked the impact of variation in lesion topography on HLL motor function (the quality of residual voluntary movement in the HLL, represented here by the FMA-LE score) vs. gait capacity (represented here by the 3MWT score), in the chronic phase. This was done under the assumption that recovery of HLL motor function (impairment level) up to this phase is achieved mainly by a restitution process, whereas recovery of walking capacity (activity level) reflects the combined effect of restitution and compensation processes. We asked whether HLL motor function and gait capacity in the chronic phase, when most neurological recovery is likely to be completed (Ward, 2005; Karnath and Rennig, 2017; Krakauer and Carmichael, 2017) are constrained by damage to the same or to different brain voxels.

Contrary to various earlier VLSM studies that applied lesion flipping onto a single hemisphere template (e.g., Lo et al., 2010; Cheng et al., 2014; Reynolds et al., 2014; Meyer et al., 2016; Lee et al., 2017; Kim et al., 2018), here lesion impact was tested separately for LHD and RHD. This was done to prevent masking of important differences between the hemispheres in structure-function relationships (Frenkel-Toledo et al., 2019; Handelzalts et al., 2019). Indeed, the current study revealed important hemispheric differences. First, the number of ‘significant’ voxels (i.e., voxels in which the existence of damage has a significant negative impact on the studied behavior) was much lower in the LHD group compared to the RHD group. This was true both for the FMA-LE score (indicating the level of enduring motor impairment in the lower limb) and for the 3MWT score (indicating the level of enduring activity limitation, as reflected in walking capacity in the chronic phase). Differences were not restricted to the numbers of ‘significant’ voxels in each hemisphere. Tables 2, 3 show that both FMA-LE and 3MWT were affected by damage to a much smaller range of brain structures following LHD compared to RHD. Finally, contrary to the VLSM results in the RHD group, VLSM analysis following LHD did not survive the FDR correction for multiple comparisons and the results obtained are based on a more lenient criterion, as explained.

The above differences between LHD and RHD do not seem to reflect a selection bias, as the groups did not differ in baseline parameters (gender, age, motor dominance distribution, stroke type, total hemispheric volume loss, extent of damage in the different regions of the AAL and WM atlases, and time after stroke onset). Also, the group average FMA-LE, 3MWT and FM-sensation scores were similar in LHD and RHD patients. The lesion overlay maps (Figure 1) of both LHD and RHD patient groups demonstrate a typical stroke lesion pattern with dominant middle-cerebral artery territory damage (see also Supplementary Figure S1). The existence of marked hemispheric differences in the VLSM results, in spite of the overt similarity between the groups in the above comprehensive set of parameters, points to a possible distinction in structure-function relationships between the hemispheres.

As the large majority of subjects in both groups were right handers (95% and 86% in LHD and RHD groups, respectively), LHD for most subjects reflected damage to the dominant hemisphere and RHD reflected damage to the non-dominant hemisphere. We propose that the above differences in lesion impact between LHD and RHD stem from hemispheric dis-similarity in the functional neuroanatomy of motor control (Tretriluxana et al., 2009; Mani et al., 2013) and in patterns of motor recovery (Zemke et al., 2003; Wu et al., 2015). The processing of sensory-motor data is carried out by a more extensive and densely connected network in the dominant left hemisphere (Guye et al., 2003), thus damage to one network component is more easily substituted by other network components. Left hemisphere dominance for skilled movement is attributed to anatomical and functional hemispheric asymmetries of the primary motor cortex, descending pathways, and somatosensory association and premotor cortices (Serrien et al., 2006). The dominant left hemisphere has a deeper central sulcus (Amunts et al., 1996), a more potent connectivity of intracortical circuits involving the primary motor cortex (Guye et al., 2003; Hammond et al., 2004), a higher excitability of the corticospinal system (De Gennaro et al., 2004), and a higher quality of performance of different motor tasks (Barber et al., 2012).

Lesion studies in the past have already shown that LHD and RHD affect motor functions in a different manner. Chen et al. (2014) reported that RHD is associated with slower and more asymmetric gait in the chronic phase, compared to LHD. Frenkel-Toledo et al. (2019) found a relative paucity of ‘significant’ voxels in LHD compared to RHD, in a VLSM study addressing residual motor function of the hemiparetic upper limb. Handelzalts et al. (2019) found a wider distribution of ‘significant’ voxels for the FMA-LE in LHD compared to RHD. The reasons for the discrepancy between the latter findings (obtained in a smaller cohort) and our current findings are not clear. Possibly, they are related to differences in stroke phase – subacute (around 6 weeks after onset) in Handelzalts et al. (2019) vs. chronic phase (more than 2 years on average) in the current study.

The comparison of the effect of lesion variation on enduring impairment vs. enduring activity limitation yielded interesting results which may indirectly shed new light on the distinction between the neuroanatomical substrate underlying recovery by restitution vs. compensation. By ‘restitution’ we refer in the current study to a natural and treatment-related recovery process which leads to restoration of the characteristics of normal motor activity, i.e., the capacity to recruit enough motor units in a muscle and generate enough force, the capacity to recruit a muscle both as part of a synergy and in isolation, depending on task requirements, the capacity to maintain normal coordination of agonist, antagonist and synergist muscle groups during task performance, and the capacity to benefit from motor learning and exhibit dexterity and acquired skill in task performance (Krakauer and Carmichael, 2017). Restitution following a stroke addresses the ‘impairment’ level of functional analysis, i.e., deviation from normality as expressed at the level of ‘body structure and function’ in WHO-ICF terminology (World Health Organization, 2002). By ‘compensation’ we refer here to accomplishment of a behavioral task using a compensatory bypass mode of operation, e.g., regaining walking capacity using an abnormal gait pattern or using an orthosis. Recovery by compensation has an impact on the ‘activity’ level in WHO-ICF terminology (walking capacity in the current study). It should be noted that our suggested interpretation is based on the conjecture that improvement in HLL motor function (impairment level as reflected in the FMA-LE score), from the onset of stroke up to this chronic stage (in the current cohort, on average about 2.5 years after onset) was achieved mainly by a restitution process, whereas recovery of walking capacity (activity level as reflected in the 3MWT score) was achieved by the combined action of restitution and compensation processes. This conjecture is related to the evidence that most neurological recovery is likely to be completed at this stage (Ward, 2005; Karnath and Rennig, 2017; Krakauer and Carmichael, 2017) and that the FMA-LE unlike the 3MWT is insensitive to compensation thus better reflecting true recovery. However, we do not have data from longitudinal assessments using the FMA-LE and 3MWT measures to support our conclusions concerning the impact of lesion topography on restitution vs. compensation in a direct manner.

The FMA-LE score was used here to assess the impact of lesion topography on HLL enduring motor impairment. Test scores were affected by damage to voxels along the trajectory of the corticospinal tract (PLIC and the corona radiata, in LHD and RHD groups, respectively). In the RHD group, the number of ‘significant’ voxels was much higher and the FMA-LE score was affected also by damage to the superior longitudinal fasciculus and the insula. The 3MWT score was used to assess the impact of lesion topography on enduring activity limitation, as reflected in walking capacity. Test scores were affected not only by damage to the corticospinal tract in different parts of its trajectory, but also by damage to neighboring subcortical and cortical structures – external capsule and basal ganglia in the LHD group (however, based on a lenient criterion, as the results did not survive the FDR correction for multiple comparisons), and the same structures plus a much larger array of brain regions, including the thalamus and parts of the perisylvian cortex, in the RHD group (see Tables 2, 3). Our results are in line with earlier VLSM studies demonstrating that the FMA-LE and walking are affected by lesions involving the corticospinal tract, external capsule, superior longitudinal fasciculus, insula and basal ganglia (Reynolds et al., 2014; Jones et al., 2016; Moon et al., 2016, 2017; Handelzalts et al., 2019; Soulard et al., 2020).

Assessment of the extent of voxel sharing between FMA-LE and 3MWT was conducted using ‘conjunction’ VLSM analyses. These analyses differentiated between voxels in which damage affected specifically either the FMA-LE alone or the 3MWT alone, and voxels where damage affected both the FMA-LE and the 3MWT scores (see Figure 3 and Tables 4, 5). The proportion of voxels that were found significant to 3MWT alone was higher compared to the proportion of voxels that were found significant to the FMA-LE alone or to FMA-LE plus 3WMT. A very small proportion of voxels was found significant to the FMA-LE alone, especially in the RHD group. In both hemispheres, many voxels where damage affected the FMA-LE score were ‘significant’ also for the 3MWT score. In contrast, various brain voxels in different structures where damage affected the 3MWT score were not ‘significant’ for the FMA-LE. These results suggest a role for damage to a larger array of brain structures, and a larger number of voxels within specific structures, in determination of the enduring limitation to walking capacity (activity level) compared to enduring impairment to HLL motor function.

As the analysis was done in the chronic phase, when further amelioration of function is unlikely to occur (Ward, 2005; Karnath and Rennig, 2017; Krakauer and Carmichael, 2017), the impact of lesion topography on the deviation from normality as reflected in the FMA-LE score (impairment level) points to a role for the ‘significant’ voxels (largely along the corticospinal tract) in mediation of motor control in the intact brain. However, part of these voxels (probably those in the less ‘traditional’ regions of motor functional neuroanatomy), are assumed to play a critical role in adaptive re-mapping and re-organization processes of ‘restitution’ in the recovery post stroke. In contrast, lesion impact on the 3MWT score (activity level), points to a role for the ‘significant’ voxels (corticospinal tract and other regions) in mediation of gait and its recovery by the combined effect of restitution and compensation.


Limitations

Several caveats of the current study need to be taken into consideration. First, stroke may affect walking capacity in different ways and not only through impairment to HLL voluntary movement captured by the FMA-LE (e.g., by damage to neurophysiological mechanisms underlying postural reactions). Thus, the ‘impairment’ level of analysis from which emerged the ‘activity limitation’ as reflected in the 3MWT score could be captured only in part in the current study. This means that the surplus of voxels ‘significant’ only for the 3MWT (and not for the FMA-LE), points not only to voxels recruited by ‘compensation’ in the process of recovery. It may as well point to structural elements contributing to other components of the ‘impairment’ level, not captured by the FMA-LE. Second, the inference made from the assessment of long-term ‘impairment’ vs. ‘activity-limitation’ on ‘restitution’ vs. ‘compensation’ processes of recovery, is necessarily indirect and partial, as the FMA-LE score, and not only the 3MWT score, contains parts that are sensitive to amelioration by ‘compensation’ or simply by training-related increment in muscle strength. Third, the large majority of patients in the current cohort had strokes located within the MCA territory. This limited the possibility to identify ‘significant’ voxel clusters in other vascular territories, including the anterior cerebral artery (ACA) territory which supplies parts of the motor cortex where the cell bodies of pyramidal neurons controlling lower-limb movement reside, and posterior-circulation strokes affecting the corticospinal tract in its passage through the ventral part of the brainstem. Fourth, the results in the LHD group are based on a lenient criterion, as they did not survive the FDR correction for multiple comparisons. This fact could contribute to the hemispheric differences in VLSM results. Future studies with larger cohorts, enabling application of comparable correction methods, are expected to clarify this matter, while the current LHD results might be better considered as possibly being contaminated by type-1 error. Correction for multiple comparisons by permutation should be used in future studies with the larger samples because FDR, although used in various past VLSM studies, is currently considered too liberal (Mirman et al., 2018). Fifth, the generalizability of the results may be partial, because the studied cohort included only stroke patients in the chronic stage (on average, about 2.5 years after the onset of stroke) who were hospitalized in the subacute period at the Loewenstein Rehabilitation Medical Center, where admission is biased toward a population somewhat younger than the average stroke population. We also set neurological or psychiatric co-morbidity as an exclusion criterion in order to limit the possible impact of additional factors. We recruited only subjects in whom stroke-related language and cognitive problems did not preclude clear understanding of task requirements, thus further limiting generalizability to the entire stroke population. This limitation is probably balanced by the benefits of clearer segregation, as the marked heterogeneity and multiplicity of co-variates within the general stroke population tends to blur important relationships between lesion data and functional outcomes that can be shown in segregated subgroups. Sixth, data collection was conducted in the chronic stage, mostly in the patients’ homes. Possible impact of residual chronic aphasia among LHD patients and residual spatial neglect among RHD patients (Katz et al., 1999; Ginex et al., 2020) could not be assessed on the basis of formal testing at that time (however, patients were excluded if the examiner had the impression that either language or cognitive problems precluded clear understanding of the requirements of the studied tasks). Lastly, despite the fact that in both the LHD and RHD groups, age, follow-up imaging time, total hemispheric volume loss and the extent of damage in each atlas region did not correlate with either the FMA-LE score or the 3MWT score, it is still possible that VLSM studies analyzing these variables as covariates (such analysis cannot be conducted in the MEDx software we use) will refine the results, as suggested recently by Rajashekar et al. (2020).



CONCLUSION

In stroke, enduring ‘activity limitation’ is affected by damage to a much larger array of brain structures and voxels within specific structures, compared to enduring ‘impairment.’ Differences between the effects of left and right hemisphere damage are likely to reflect variation in motor-network organization and post-stroke re-organization related to hemispheric dominance. However, as the findings of the LHD group rely on a lenient criterion (as they did not survive the FDR correction for multiple comparisons), further studies are required for validation of trends pointed by the current results.
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three options are shown. EC, external capsule; PLIC/RLIC, posterior/retro-lenticular
limb of internal capsule; SCR, superior corona radiata.
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LHD group RHD group p-Value
(n =38) (n =29)

Gender (M/F) 30/8 21/8 0.5342
Age: Mean + SD 60.1 (10.4) 63.7 (10.0) 0.057¢
Dominance (R/L/A) 36/2/0 25/3/1 0.3662
Stroke type (I/H/1 > H) 22/16/0 20/8/1 0.2732
TAO months: Mean + SD 28.9 (14.6) 28.7 (10.9) 0.939°
Lesion volume (cc): Mean + SD 25.4 (25.2) 21.5(28.0) 0.140°
FMA-LE: X/32: Mean + SD 26.6 (5.3) 26.1(7.1) 0.784°
BMWT (m/s): Mean + SD 0.8 (0.3 0.8(0.4) 0.970°
Sensation (x/12): Mean + SD 9.9 (8.2 10.3 (2.5) 0.928¢
*Use of assistive device for 26/12 21/8 0.7232

walking (no/yes)

LHD, left hemisphere damage; RHD, right hemisphere damage; gender: M, male;
F, female; dominance: R, right; L, left, A, ambidextrous; stroke type: I, ischemic;
H, hemorrhagic, | > H, ischemic with hemorrhagic transformation; TAO, time after
stroke onset; FMA-LE, Fugl-Meyer assessment lower extremity; SMWT, 3 m walk
test; a, Chi-Square test; b, t-test; ¢, Mann-Whitney test. *Assistive device refers in
most cases to an ankle-foot orthosis and/or cane. FMA-LE, SMWT and sensation
were tested in the chronic phase (time after stroke onset more than 1 year, as

mentioned in “TAO months”).





OPS/images/cover.jpg
, frontiers _
In Human Neuroscience






OPS/images/fnhum-15-592975-t003.jpg
Test Structure

FMA-LE SCR
SLF
Insula
PCR
SCR
SLF
Insula
RLIC
EC
PCR
PLIC
Putamen

SMWT

Temporal Sup

Thalamus

Supra Marginal

Z-value

4.51
4.51
3.82
3.44
5.00
4.67
4.05
4.06
3.67
4.06
3.52
3.13
2.47
3.52
2.82

30
32
36
30
30
34
32
28
32
30
22
28
44
22
50

—16
—16
12
22
14
D
14
—24
14
22
22
10
-6
22
42

z

30
30
12
30
30
30
20
14
16
30
12
14
-6
12
24

Voxels

104
56
16
12

323

283

166

133
92
60
56
56
28
13
11

% area

11.30
6.79
0.90
2.65

35.11

34.30
9.38

42.09

19.74

13.27

11.18
5.26
0.89
1.28
0.56

FMA-LE, Fugl-Meyer lower extremity; SMWT, 3 m walk test; VLSM results in this
group passed FDR correction for multiple comparisons (corresponding in these
analyses to z-scores of 2.98 for FMA-LE and 2.39 for S3MWT. The z-scores
required to pass the correction for multiple comparisons by permutation testing
for FMA-LE and 3MWT correspond to 4.10 and 3.72, respectively). EC, external
capsule; PLIC/RLIC, posterior/retro-lenticular limb of internal capsule; SCR/PCR,
superior/posterior corona radiata;, SLF, superior longitudinal fasciculus; Temporal
Sup, superior temporal gyrus. ‘Regions that survived also permutation analysis
(SCR: Z-value: 5.00; X, Y, Z: 30, —14, 30; Voxels: 72, % of area: 7.83. SLF: Z-value:

4.67; X, Y, Z: 34, —12, 30, Voxels: 64, % of area: 7.76).
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FMA-LE, Fugl-Meyer assessment lower extremity; SMWT, 3 m walk test; VLSM
results in this group did not survive the FDR correction for multiple comparisons and
are based on a lenient criterion of z-score = 2.00 or above (uncorrected p < 0.02.
The z-scores required to pass the correction for multiple comparisons by permuta-
tion testing for FMA-LE and 3MWT correspond to 4.26 and 3.77, respectively).

EC, external capsule; PLIC/RLIC, posterior/retro-lenticular limb of internal capsule;
SCR, superior corona radiata.








OPS/images/logo.jpg
, frontiers .
in Human Neuroscience





