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The existence of shoulder abduction and finger extension movement capacity shortly
after stroke onset is an important prognostic factor, indicating favorable functional
outcomes for the hemiparetic upper limb (HUL). Here, we asked whether variation in
lesion topography affects these two movements similarly or distinctly and whether lesion
impact is similar or distinct for left and right hemisphere damage. Shoulder abduction
and finger extension movements were examined in 77 chronic post-stroke patients using
relevant items of the Fugl-Meyer test. Lesion effects were analyzed separately for left and
right hemispheric damage patient groups, using voxel-based lesion-symptom mapping.
In the left hemispheric damage group, shoulder abduction and finger extension were
affected only by damage to the corticospinal tract in its passage through the corona
radiata. In contrast, following the right hemispheric damage, these two movements were
affected not only by corticospinal tract damage but also by damage to white matter
association tracts, the putamen, and the insular cortex. In both groups, voxel clusters
have been found where damage affected shoulder abduction and also finger extension,
along with voxels where damage affected only one of the two movements. The capacity
to execute shoulder abduction and finger extension movements following stroke is
affected significantly by damage to shared and distinct voxels in the corticospinal tract
in left-hemispheric damage patients and by damage to shared and distinct voxels in a
larger array of cortical and subcortical regions in right hemispheric damage patients.

Keywords: stroke, upper extremity, shoulder, abduction, finger, extension, brain mapping

INTRODUCTION

Stroke is a leading cause of adult acquired long-term motor disability (Langhorne et al., 2011). Up
to 85% of post-stroke survivors present an initial upper limb (UL) motor deficit (Wade et al., 1983;
Olsen, 1990), and up to 50% encounter UL function problems 4 years after stroke onset (Broeks
et al., 1999). As a result, independence in activities of daily living, as well as the quality of life, remain
reduced for most patients with severe hemiparesis (Urton et al., 2007). Upper limb rehabilitation
trials designed to improve recovery rates have been largely unsuccessful (Krakauer and Carmichael,
2017), thus stressing the importance of obtaining a better understanding of the factors that limit
and prevent the recovery process.
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Recovery prediction for the hemiparetic upper limb (HUL) is
important for setting a realistic rehabilitation goal, for planning
a focused and personalized rehabilitation treatment program
and for a more efficient allocation of resources. Early return
of finger extension (FE; Fritz et al., 2005; Smania et al., 2007;
Nijland et al., 2010; Stinear et al., 2012, 2017b; Winters et al.,
2016; Snickars et al., 2017; Hoonhorst et al., 2018) and shoulder
abduction (SA; Katrak et al., 1998; Nijland et al., 2010; Stinear
et al., 2012, 2017b; Winters et al., 2016; Snickars et al., 2017;
Hoonhorst et al., 2018) were found to be important prognostic
determinants of subsequent HUL function after stroke. For
example, in a cohort study, Nijland et al. (2010) found that
stroke patients who exhibit some voluntary extension of the
fingers and some abduction of the hemiplegic shoulder on
day 2 have a 0.98 probability of regaining some dexterity at
6 months, whereas the probability was only 0.25 for those
who did not exhibit this voluntary motor activity early after
stroke onset. In another cohort study, Katrak et al. (1998) found
that initial active shoulder abduction noted on average 11 days
after stroke onset, predicted good hand movement at 1 month
and hand function at 1 and 2 months. Bakker et al. (2019)
even found that the ability of patients to voluntarily extend
the fingers within 4 weeks after stroke was strongly related
to Fugl-Meyer (FM) at 26 weeks after stroke, with no false-
negative results and no additional value of the motor-evoked
potential amplitude of the affected finger extension muscle
for this clinical predictor. More recent studies have developed
algorithms (also based on the scoring of SA and FE movements)
to predict an individual’s potential for UL recovery within a
few months post-stroke (Stinear et al., 2012, 2017b) and 2 years
post-stroke (Smith et al., 2019). The implementation of the
‘‘Predict Recovery Potential’’ (PREP) algorithm for prediction of
UL functionality in stroke rehabilitation, which combines clinical
measures and neurophysiological and neuroimaging biomarkers,
modified therapy content and increased rehabilitation efficiency
after stroke, without compromising clinical outcomes (Stinear
et al., 2017a).

Recovery of HUL function is constrained by the location
of the anatomical damage (Grefkes and Fink, 2012; Grefkes
and Ward, 2014; Frenkel-Toledo et al., 2019). During the acute
phase, the probability of HUL recovery was found to decrease
progressively with lesion location as follows: cortex—corona
radiata—posterior limb of the internal capsule (PLIC; Shelton
and Reding, 2001). In the sub-acute phase, damage to subcortical
structures showed a higher association with poor motor
performance of the HUL (Feys et al., 2000). We recently used
voxel-based lesion-symptom mapping (VLSM; Bates et al., 2003)
to investigate the impact of stroke lesion topography on HUL
function (Frenkel-Toledo et al., 2019). Unlike various previous
studies, where patients with right and left hemispheric damage
(RHD, LHD) were grouped, the analysis of each patient group
was done separately, given the differences between the dominant
left and the non-dominant right cerebral hemispheres in the
functional neuroanatomy of motor control (Tretriluxana et al.,
2009; Mani et al., 2013), and known differences in patterns of
motor recovery (Zemke et al., 2003; Wu et al., 2015). We found
that in the sub-acute phase, HUL motor ability following LHD,

assessed using the FM test, is affected mainly by damage to white
matter tracts, the putamen, and the insula. In the chronic phase,
FM performance in LHD patients was affected only by damage
to white matter tracts. In contrast, HUL function following RHD
was affected in both phases by damage to a large array of cortical
and subcortical structures, notably the basal ganglia, white matter
tracts, and the insula (Frenkel-Toledo et al., 2019).

Patients’ ability to execute voluntarily FE movement shortly
after stroke onset is believed to depend on propagation of motor
cortical impulses via the corticospinal tract (CST; Brodal, 2016;
Stinear et al., 2017b), as the spinal motor neurons that innervate
distal upper limb muscles are controlled almost exclusively by
upper motor neurons of the lateral corticospinal system, which
crossed from the contralateral side at the medullary level (Palmer
and Ashby, 1992). By contrast, SA—a proximal UL movement,
is likely to be controlled to some extent also by the anterior
(ventral, non-crossing) CST and the descending brainstem tracts
that maintain a more widespread bilateral innervation at the
spinal level (Brodal, 2016). Despite this difference in innervation
patterns, both early execution of FE and early execution of SA
were found to constitute important prognostic determinants
of HUL functional recovery, with quite similar sensitivity and
specificity. For example, Snickars et al. (2017) found that a
prognostic model based on FE at 3 days post-stroke onset
plus stroke severity had sensitivity and specificity of 90.5%
and 90.3%, respectively, and a model based on SA at 3 days
and stroke severity had sensitivity and specificity of 85.7% and
82.3%, respectively.

The extremely high positive predictive value of early
demonstration of SA and FE movement capacity (Katrak et al.,
1998; Fritz et al., 2005; Smania et al., 2007; Nijland et al.,
2010; Stinear et al., 2012, 2017b; Winters et al., 2016; Snickars
et al., 2017; Hoonhorst et al., 2018) is likely to reflect the high
correlation between the dynamics of SA and other shoulder-
girdle movements, and high correlation of FE and other hand
movements in the recovery process. This enables the use of
these two movements as indicators of the capacity to move the
proximal and distal segments of the HUL in activities of daily
living. Unlike the high positive predictive value of SA and FE
movements early after stroke onset (Nijland et al., 2010), the
negative predictive value of these movements is much lower
(i.e., lack of SA and FE movements early after onset does not
preclude late recovery of HUL function). A substantial number
of patients without initial voluntary FE movements experience
a spontaneous return of these movements in the first 3 months
post-stroke (Winters et al., 2016). According to the PREP-2
algorithm for prediction of HUL function at 3 months post-
stroke, even in patients whose ‘‘SAFE’’ score at 3 days is poor (less
than 5 of 10 Medical Research Council grades for SA plus FE),
the combined use of the NIHSS score plus assessment of impulse
propagation in the CST by transcranial magnetic stimulation
(TMS), allows for the prediction of a poor, limited, or even good
outcome (Stinear et al., 2017b).

The limited negative predictive power of SA and FE
movement capacity early after stroke onset (Nijland et al., 2010;
Stinear et al., 2012; Snickars et al., 2017) can be explained in
different ways. One possibility is that HUL function recovers,
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despite the early lack of these movements, by resolution of
reversible neurophysiological dysfunction in the motor network.
Another option is that such recovery results from structure-
function re-mapping processes and network re-organization,
compensating for permanent focal structural damage in the
motor system. It is unclear yet which of these explanations
provides a better account of the limited negative predictive
power in the current case. This information is important for
guiding the development of interventions aimed to increase
the HUL functional level in the chronic stage despite an
early lack of SA and FE movement capacity. For example,
it is crucial to know whether truncated transmission in the
CST (evidenced by TMS) results from a reversible process or
permanent structural damage to the tract, as in the latter case
functional improvement may depend largely on the development
of homolateral corticospinal control (Ward et al., 2006; Stinear
et al., 2012, 2017b; Bradnam et al., 2013). Thus, in the case
of CST permanent structural damage (but not in the case
of reversible physiological impairment to CST connectivity),
therapeutic interventions like non-invasive brain stimulation
may need to target the intact hemisphere in an excitatory
manner (Bradnam et al., 2012, 2013; Carmel et al., 2014;
Harrington et al., 2020).

Discrimination between reversible and permanent damage
to corticospinal control mechanisms is not easily obtainable
from lesion analysis conducted at the time when SA and FE
are examined for prognostication purposes, i.e., in the first
few days after stroke onset. At this time the demarcation of
the area of structural damage is not yet complete, especially
in hemorrhagic stroke, and the final lesion boundaries may
not be visualized clearly in CT/MR scans (Mikhael, 1989). The
use of follow-up scans is more likely to provide the needed
information concerning the functional neuroanatomy of SA and
FE and the neuroanatomical constraints dictating their final level
of recovery.

It should be noted that while the functional integrity
of the CST originating from the primary motor cortex of
the damaged hemisphere is believed to be necessary for the
execution of distal upper-limb movements (hand and fingers,
including FE) after stroke onset (Brodal, 2016; Stinear et al.,
2017b; Bakker et al., 2019), the brain structures underlying
the capacity to execute proximal movements, like SA, are less
clear. Also, while the amplitude of motor-evoked potentials
(MEPs) recorded from FE muscles early after stroke onset
correlates with late FM scores, it was claimed that MEPs lack
a significant added value for prediction of long-term hand
function over and above the clinical prediction method (Bakker
et al., 2019). This however might result from stimulation
power being insufficient to activate functionally depressed
but structurally preserved cortical motor neurons or reflect
recovery processes based on structure-function re-mapping
and network reorganization, involving brain systems that are
not directly connected to the corticospinal pathways. Lesion
studies may provide complementary information about the
importance of specific brain structures, beyond the CST, for
the execution of SA and FE movements after completion of the
recovery process.

In the current study, we examined, for the first time, the
long term impact of stroke lesion topography on patients’
capacity to execute SA and FE movements, beyond the time
window where most neurological recovery occurs (Krakauer and
Carmichael, 2017), that is—in the chronic phase of the disease,
after completion of natural and treatment-related recovery, when
patients’ capacity or incapacity to execute SA and FE movements
stabilizes. At this stage, when focal structural brain damage is
highly correlated with impaired task performance, the integrity
of the damaged part of the brain is conceived to be necessary
for the normal performance of the behavioral task in question.
Following an earlier demonstration of dissimilar LHD and RHD
lesion effects on motor function (Frenkel-Toledo et al., 2019) we
assumed that hemispheric differences will be revealed for SA and
FE and conducted VLSM analyses separately for LHD and RHD
patient groups. We hypothesized that SA and FE are constrained
mainly by damage to cortical and subcortical structures directly
involved in motor execution, i.e., the upper-limb part of the
homunculus in the primary motor cortex (pre-central gyrus)
and the CST in its passage through the corona radiata and the
PLIC (Brodal, 2016). Also, as both SA and FE are important
prognostic determinants of overall HUL function, with quite
similar sensitivity and specificity values (Snickars et al., 2017), we
hypothesized that damage to common brain voxels and not only
to different brain voxels will affect the ability to perform these
two movements.

MATERIALS AND METHODS

Participants
Seventy-seven first event stroke patients in the chronic
stage (>1 year after onset) who were hospitalized in the
subacute period at the Loewenstein Rehabilitation Hospital,
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 and they did
not have a subsequent stroke. The study was approved by the
Ethics Review Board of the Loewenstein Hospital (approval
number LOE-004-14). All participants were informed about
the protocol and gave their written informed consent before
inclusion in the study.

Clinical Assessment
The standardized FM test (Fugl-Meyer et al., 1975; Gladstone
et al., 2002) was used for the evaluation of HUL motor
impairment. The test contains 33 test items for the HUL. These
items are divided into four subsections: shoulder-arm, wrist,
hand, and upper-limb coordination. Each test item is scored
on a 3-point ordinal scale (0 = no movement, 1 = partial
movement, 2 = full movement), with a maximal total score
of 66 points. The scale has proven to be sensitive, reliable, and
valid (Platz et al., 2005). For the current study, we performed
lesion-symptom analysis on two items of interest from the FM
test—finger extension and shoulder abduction (Nijland et al.,
2010; Snickars et al., 2017; Hoonhorst et al., 2018). The chosen
item for assessing shoulder abduction was ‘‘shoulder abduction
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0–90◦,’’ with starting position of the elbow at 0◦ and forearm in
neutral position (and not the FM item that assesses abduction
during flexor synergy), to assess a volitional movement with little
or no synergy. Both finger extension and shoulder abduction
were measured using the FM, similarly to the approach of
Snickars et al. (2017).

Imaging
Follow-up CT scans dated on average 51 and 28 days post-stroke
onset for the LHD and RHD groups, respectively, were
carefully examined by a physician experienced in the analysis
of neuroimaging data (author 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. Author NS was blinded to all other
participants’ information.

Lesion Analysis
Lesion analyses were performed with the Analysis of Brain
Lesions (ABLe) module implemented in MEDx software
(Medical-Numerics, Sterling, VA, USA). 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 TalairachDaemon (SanAntonio, TX, USA; 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 (Solomon et al., 2007) across all subjects ranged
from 89.3% to 95.8% (94.2± 1.3%, 94.5± 0.8% in LHD and RHD
subjects, respectively).

Voxel-Based Lesion-Symptom Mapping
(VLSM)
VLSM (Bates et al., 2003) was used to identify voxels
(2 × 2 × 2 mm) of the normalized brain where damage has a
significant impact on the SA and FE scores of the FM test. 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 the Mann-Whitney test. To avoid
spurious results due to low numbers of lesioned voxels, only
voxels lesioned in at least 10 subjects were tested (Rorden et al.,
2007; Medina et al., 2010; Handelzalts et al., 2019) 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). To correct for multiple comparisons, voxels with
values exceeding a permutation threshold of p < 0.05 were
considered significant (Mirman et al., 2018). Given the need
to correct for multiple comparisons (as the basic anatomical

unit in the analysis is a small volume of brain tissue, the
voxel, of which there are hundreds of thousands in a brain),
false-negative results are common in VLSM studies (Lorca-
Puls et al., 2018). By setting a threshold of 10 subjects that
had to have damage in a particular voxel for it to be included
in the analyses, the number of comparisons that had to be
corrected was reduced, thus increasing the statistical power
of the analysis. Due to insufficient statistical power in one
analysis, 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 < 0.01, which did
not survive permutation correction for multiple comparisons
(for a similar approach see references 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 points to possible trends.
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 AAL atlas 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 clusters are located. Conjunction analysis was
used to characterize voxels surpassing the VLSM thresholds
(corresponding to z scores used for determining results that
passed permutation correction for multiple comparisons or,
in the case of FE in the LHD group, results that did not
survive the permutation correction but passed the more lenient
criterion of z score = 2.00) involved non-specifically in both
the SA and FE and specifically in either the SA (z = 3.26 and
z = 2.91 in LHD and RHD patient groups, respectively) or
FE (z = 2.00 and z = 2.76 in LHD and RHD patient groups,
respectively) by overlaying significant voxels from each analysis
on the same template.

To rule out the possibility that the results were influenced
differently in the RHD and LHD groups by demographic and
clinical characteristics, gender, age, dominance, lesion type, time
after stroke onset, lesion volume, SA and FE scores of the FM
test, FM total score (FM T), Box and Blocks (B&B) and the
FM sensation score were compared between groups, using t-
tests or Mann-Whitney tests or Chi-square tests as required
(normal group distribution of continuous data was assessed
using Kolmogorov–Smirnov tests). A comparison was made
also between the RHD and LHD groups concerning: (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 tests, and Mann Whitney tests,
respectively. Also, correlations between total lesion volume and
SA or FE scores were calculated in both groups, using Spearman-
rho. False Discovery Rate (FDR; Genovese et al., 2002) was used
to correct for multiple comparisons. All the tests were done using
SPSS (version 25.0) with significance levels of pFDR < 0.05.
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TABLE 1 | Demographic and clinical characteristics of participants.

LHD group (n = 44) RHD group (n = 33) p-value

Gender (M/F) 32/12 25/8 0.764a

Age: Mean ± SD (range) 59.7 ± 10.5 (27.3–78.8) 63.2 ± 9.6 (26.7–73.2) 0.137b

Dominance (R/L/A) 41/2/1 30/2/1 0.934a

Lesion type (I/H/I>H) 2/41/1 2/30/1 0.633a

TAO (months): Mean ± SD (range) 27.5 ± 13.7 (12.0–59.8) 29.7 ± 13.9 (13.1–68.5) 0.510c

Lesion volume (cc): Mean ± SD (range) 26.4 ± 34.3 (0.4–182.3) 31.6 ± 41.8 (0.3–186.9) 0.853c

SA (0/1/2), Median (IQR) 12/8/24 2 (0–2) 11/1/21 2 (0–2) 0.743c

FE (0/1/2), Median (IQR) 8/9/27 2 (1–2) 9/5/19 2 (0–2) 0.573c

FM Total (X/66): Mean ± SD (range) 45.0 ± 18.6 (3–66) 43.3 ± 24.4 (4–66) 0.654c

B&B*: Mean ± SD (range) 29.9 ± 24.0 (0–67) 27.6 ± 23.0 (0–62) 0.585c

FM Sensation (X/12): Mean ± SD (range) 8.7 ± 4.2 (0–12) 8.6 ± 3.6 (2–12) 0.652c

LHD, left hemisphere damage; RHD, right hemisphere damage; Gender, M, Male; F, Female; Dominance R, Right; L, Left; A, Ambidextrous; Lesion type I, Ischemic; H, Hemorrhagic;
I>H, Ischemic with hemorrhagic transformation; TAO, Time after stroke onset—mean (SD); SA, Shoulder abduction; FE, Finger extension; IQR, interquartile range; FM, Fugl-Meyer;
B&B, Box and Blocks; ∗Number of participants in the B&B test: n = 30 (right) and n = 35 (left); Number of participants in the FM sensation test: n = 30 (right) and n = 39 (left);
aChi-Square test, bt-test, cMann Whitney test.

RESULTS

As can be seen in Table 1, the demographic and clinical
characteristics of the LHD and RHD patient groups are
essentially similar. Individual data are displayed in the
Supplementary Table S1.

The proportion of LHD and RHD subjects having a lesion
(yes/no) in at least 1 voxel in each of the regions of the AAL
(Tzourio-Mazoyer et al., 2002; Solomon et al., 2007), and White
Matter (Mori et al., 2008) atlases was similar, except for a larger
proportion of LHD patients with damage to the caudate nucleus
(73% vs. 46%, p = 0.019; FDR corrected p = 1.00). The extent
of damage in each region was similar in LHD and RHD groups.
In the RHD group, total hemispheric volume loss correlated
significantly with SA (Spearman-rho = −0.570; FDR corrected
p = 0.002) and FE (Spearman-rho = −0.516; FDR corrected
p = 0.002). In the LHD group, total hemispheric volume loss did
not correlate with SA or FE. 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.

VLSM (Bates et al., 2003) identified clusters of voxels
associated with poorer ability to perform SA and FE movements
(Figure 2). Tables 2, 3 show the anatomical structures in the left
and right hemispheres, respectively, where damage was found
to exert a significant impact on the tested abilities. In the LHD
group (Table 2), both SA and FE movements were affected only
by damage to the CST in its passage through the superior part of
the corona radiata (SCR). The VLSM result for FE did not survive
the correction for multiple comparisons by permutation. In the
RHD group (Table 3), the lesion effect differs from the pattern
observed in the LHD group. Here SA and FE movements were
affected mainly by CST damage within the PLIC and SCR, as well
as by damage to the external capsule (EC), association fibers of
the superior longitudinal fasciculus (SLF), the insular cortex and
the putamen.

Tables 4, 5 show the anatomical structures in the left and right
hemispheres, respectively, where VLSM conjunction analysis
disclosed voxel clusters in which damage exerts a significant
impact on SA only, FE only, and both SA and FE. The anatomical
structures involved are shown in Figure 3. In the LHD group

(Table 4), 50% of the voxels in which damage was shown to affect
SA were involved selectively in SA, and 50% were involved both
in SA and FE. In contrast, in 93% of the voxels in which damage
affected FE performance, the impact of damage was specific to
FE, while damage to only 7% of the voxels affected both SA
and FE. As can be seen in Table 4, SA and FE movements were
affected by lesions to common and distinct voxels of the SCR.
In the RHD group (Table 5) the picture is different. In the large
majority of voxels in which stroke lesion was shown to affect
either SA or FE movements, the impact of structural damage
was significant both to SA and FE. Moreover, in contrast to
the findings of the LHD analysis where damage affecting both
SA and FE was restricted to the CST in its passage through the
corona radiata, in the RHD group, brain voxels in which damage
affected both SA and FE were found in a large array of structures
(Table 5). Selective impact on SA only was shown in 15% of
the voxels where damage affected SA performance, and selective
impact on FE only was shown in 9% of the voxels where damage
affected FE performance. Thus, in the RHD group, the impact of
damage to the large majority of ‘‘significant’’ voxels for either SA
or FE was not specific and was noted in both SA and FE.

DISCUSSION

The current study aimed to assess the impact of lesion
topography on the capacity of chronic stroke patients to execute
SA and FE movements in the HUL. The interest in these two
specific movements stems from the fact that they seem to
represent successfully the recovery process of proximal and distal
muscle groups, thus pointing to the functional level of the HUL
as a whole. This is evidenced by the fact that a patient who
demonstrates SA and FE movement capacity a few days after
stroke onset has an extremely high likelihood to manifest good
HUL functionality in the chronic stage (Katrak et al., 1998; Fritz
et al., 2005; Smania et al., 2007; Nijland et al., 2010; Stinear et al.,
2012, 2017b;Winters et al., 2016; Snickars et al., 2017; Hoonhorst
et al., 2018).

We used VLSM (Bates et al., 2003), but unlike various earlier
VLSM studies in which left- and right-hemisphere damage
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FIGURE 1 | Lesion overlay maps of left hemispheric damage (LHD; n = 44) and right hemispheric damage (RHD; n = 33) patient groups. The threshold for inclusion
in the Voxel-based Lesion-Symptom Mapping (VLSM) analysis: at least 10 subjects had to have damage to a particular voxel for it to be included in the analysis.
Representative normalized slices (out of 90 normalized slices employed) are displayed in radiological convention (right hemisphere on the left side and vice versa),
with warmer colors indicating greater lesion overlap (units: number of patients with a lesion in this region).

data was treated jointly (Lo et al., 2010; Cheng et al., 2014;
Meyer et al., 2016), this analysis was conducted separately for
LHD and RHD patients. The decision to separate the analyses
was made under the assumption that differences between the
dominant left and the non-dominant right cerebral hemispheres
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), may be reflected also in
a different impact for lesion topography on patients’ capacity
to execute SA and FE movements. Indeed, the analysis revealed
marked differences between LHD and RHD patient groups in
the impact of the lesion pattern on SA and FE expression. This
finding is of special interest as it cannot be explained by group
differences in baseline parameters. The two hemispheric groups
did not differ in a series of demographic data (gender, age,
and motor dominance distribution), lesion data (type and total
hemispheric volume), time of clinical examination after stroke
onset, and HUL impairment level (as reflected in the FM total

TABLE 2 | VLSM results in LHD patients (n = 44).

Test Structure Z-value X Y Z Voxels % area

SA* SCR 3.81 −24 −8 30 19 2.06
FE SCR 3.36 −24 −12 26 59 6.39

2.90 −28 −10 20 20 2.16

*SA results passed permutation correction for multiple comparisons (corresponding
in this analysis to z scores of 3.269). FE did not survive the permutation correction
but passed the more lenient criterion of z score = 2.00 or above. SCR, superior
corona radiate.

score, B&B score, and the FM-sensation score). Moreover, the
groups’ scores of SA and FE movement capacity did not differ
(Table 1), and the two groups showed a similar proportion of
patients being affected in all the regions defined by the AAL

TABLE 3 | VLSM results in RHD patients (n = 33).

Test Structure Z-value X Y Z Voxels % area

SA* SCR 4.60 30 −16 30 171 18.59
SLF 4.60 32 −16 30 151 18.30
Insula 4.15 34 −12 16 143 8.08
EC 3.83 32 −10 12 97 20.82
Putamen 3.68 30 −10 6 71 6.67

3.26 30 12 10 13 1.22
PLIC 3.53 28 −14 18 40 7.98
PCR 4.24 28 −22 26 26 5.75
RLIC 3.68 28 −24 14 20 6.33

FE* SCR 4.62 30 −14 30 174 18.91
SLF 4.30 34 −12 30 142 17.21
EC 3.39 30 −8 12 85 18.24
Insula 3.67 34 −12 16 84 4.75
Putamen 3.64 30 −10 6 75 7.05

3.03 30 12 10 13 1.22
PLIC 3.39 26 −8 14 60 11.98
PCR 3.97 28 −22 26 24 5.31
RLIC 3.64 28 −24 14 20 6.33
ALIC 3.39 24 −4 18 11 2.70

*SA and FE results passed permutation correction for multiple comparisons
(corresponding in these analyses to z scores of 2.917 and 2.763, respectively). EC,
external capsule; SCR/PCR, superior/posterior corona radiata; PLIC/RLIC/ALIC,
posterior/retro-lenticular/anterior limb of internal capsule; SLF, superior
longitudinal fasciculus.
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TABLE 4 | Number of voxels in affected brain regions where the damage had a
significant impact on SA only, FE only, and SA plus FE, in LHD patients (n = 44).

Areas SA only FE only SA plus FE

SCR 6 63 6
Putamen 12
EC 11

Only structures with at least 10 voxels affecting performance in one or more of the
three options are shown. SCR, superior corona radiata; EC, external capsule.

TABLE 5 | Number of voxels in affected brain regions where the damage had a
significant impact on SA only, FE only, and SA plus FE, in RHD patients (n = 33).

Areas SA only FE only SA plus FE

SLF 13 4 141
Putamen 8 13 76
EC 32 21 74
SCR 1 4 177
Insula 59 2 84
PLIC 20 40
RLIC 20
PCR 2 24

Only structures with at least 10 voxels affecting performance in one or more of the
three options are shown. SLF, superior longitudinal fasciculus; EC, external capsule;
SCR/PCR, superior/posterior corona radiata; PLIC/RLIC, posterior/retro-lenticular limb
of internal capsule.

atlas (Tzourio-Mazoyer et al., 2002; Solomon et al., 2007) and
the White-Matter atlas (Mori et al., 2008). The lesion overlay
maps of LHD and RHD patient groups (Figure 1) demonstrate
a typical stroke lesion pattern with dominant middle-cerebral
artery territory damage in both groups.

Despite the above similarities between the groups in baseline
parameters, patients with left hemiparesis (LHD) differed
significantly from patients with right hemiparesis (RHD) in the
impact of lesion topography on the capacity to execute SA and
FE movements. In the LHD group, both SA and FE movements
were affectedmainly by damage to the CST in its passage through
the corona radiata. In contrast, SA and FE movements were
affected in the RHD group by CST damage both in the corona
radiata and the PLIC, as well as by damage to intra-hemispheric
association fibers, the insula, and the putamen. As can be seen
in Tables 2, 3, both SA and FE were sensitive, in RHD patients,
to damage in a much larger array of brain structures, including
many more ‘‘significant’’ voxels, compared to LHD patients.
Also, the capacity to execute SA and FE movements correlated
negatively with the total hemispheric volume loss in RHD but
not in LHD. Given the similarity between the groups in baseline
demographic, clinical, and lesion parameters, we interpret the
salient difference in the impact of lesion topography on SA and
FE expression in LHD and RHD as a reflection of a fundamental
difference in structure-function relationships.

We propose that the scarcity of ‘‘significant’’ voxels (i.e., brain
voxels in which the existence of damage is shown by VLSM
to exert a significant impact on the examined behavior) in the
LHD group relative to the RHD group, stems from the fact
that in the dominant left hemisphere (most patients in both
groups were right-handed), the processing of sensory-motor
data is carried out by a more extensive and densely connected
network (Guye et al., 2003), where damage to one component

is more easily substituted by other network components.
Earlier studies have shown that the primary motor cortex,
descending corticospinal pathways, somatosensory association,
and premotor cortices of the dominant and non-dominant
hemispheres differ anatomically and functionally (Serrien et al.,
2006). Such differences are reflected in the deeper central
sulcus in the dominant hemisphere (Amunts et al., 1996),
the more potent intracortical circuits in the primary motor
cortex of the dominant hemisphere (Hammond et al., 2004),
the more extensive connectivity of the left dominant M1 with
other parts of the brain (Guye et al., 2003), the higher
excitability of the corticospinal system on the dominant left
hemisphere (De Gennaro et al., 2004), and the relationship
between the lateralization of the motor network and the quality
of performance of different motor tasks (Barber et al., 2012).
Recently, we reported on asymmetrical lesion effects in LHD
and RHD on overall HUL functioning (Fugl-Meyer and box-
and-blocks test scores), which were found both in the sub-acute
and the chronic phases following a stroke. As in the current
study, the asymmetry reflected a relative paucity of ‘‘significant’’
voxels in the LHD group (Frenkel-Toledo et al., 2019). It
should be noted, however, that the current cohort includes
subjects who participated also in our aforementioned study, a
fact that could contribute to pattern similarity. Our proposed
interpretation of the differences between LHD and RHD in the
relationship between lesion topography and motor performance
relates to hemispheric dominance, thus applying to right-handed
patients (forming 93% and 91% of the LHD and RHD cohorts,
respectively). With a larger group of left-handed stroke patients,
it will be possible to assess whether the above differences are
maintained or not among left-handers.

In both left and right hemisphere strokes, damage to the CST
affected the capacity to execute SA and FE movements. This
finding was expected given the CST role as the main pathway
for mediation of cerebral control on the motor neurons of the
cervical spinal cord that activate upper limbmuscles (Palmer and
Ashby, 1992; Lindenberg et al., 2010; Lo et al., 2010; Puig et al.,
2011). Earlier studies (e.g., Lo et al., 2010) found that the brain
region where damage affects HUL function in the most severe
and protracted manner is the area of convergence of the corona
radiata into the CST before it enters into the internal capsule. In
a recent study, we have found a strong impact on CST damage
(in either the corona radiata or the PLIC) on HUL function,
following both LHD and RHD. The detrimental effect of CST
damage was noted both in the sub-acute and in the chronic
phases (Frenkel-Toledo et al., 2019). Algorithms that predict the
HUL functional outcome also emphasize the importance of CST
integrity (Stinear et al., 2012, 2017b). For example, in the PREP
algorithm, patients with a ‘‘SAFE score’’ (i.e., Medical Research
Council grades for SA plus FE) higher than 8/10 within 72 h
of stroke onset made a ‘‘complete’’ recovery of HUL function
within 12 weeks. Patients with a ‘‘SAFE score’’ lower than
8/10, in whom propagation of impulses in the CST could be
demonstrated by elicitation of MEPs had a ‘‘notable’’ functional
recovery. In patients without elicitable MEPs, diffusion-weighted
imaging was required to distinguish patients with ‘‘limited’’
recovery from those with no recovery at all. Thus, incorporation
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FIGURE 2 | VLSM analysis depicting areas where damage was significantly associated with a lower score of shoulder abduction (SA) and finger extension (FE) in
the LHD (A) and RHD (B) groups, respectively (minimum cluster size: 10 voxels, minimum number of patients affected in a voxel: 10). Warmer colors indicate higher
z-scores. The colored regions in SA and FE of the RHD group and SA of the LHD group survived permutation correction for multiple comparisons, and the colored
regions in the FE of the LHD group did not but were based on a lenient criterion of z score ≥ 2.00 (p ≤ 0.01). IR, irrelevant, all structures shared a single z score.

of neurophysiological and neuroimaging techniques to assess the
functional integrity of the CST in the first days after onset enables
an accurate prediction of HUL function at 3 months after stroke
(Stinear et al., 2012).

Careful inspection of cluster coordinates in Tables 2, 3 reveals
location differences when the ‘‘significant’’ voxels for SA and
FE within a given structure are compared. To assess further
the extent of voxel sharing between SA and FE, ‘‘conjunction’’
analyses were performed (Figure 3, Tables 4, 5). These analyses
differentiated between voxels in which damage affected SA only,
FE only, or SA plus FE. The conjunction analyses pointed to a
larger proportion of shared voxels in the RHD group (in this
group most of the ‘‘significant’’ voxels, within all the involved
structures, were shared by both SA and FE). In the LHD group,
the number of ‘‘significant’’ voxels was much lower and the
proportion of voxels that were found significant to either SA
or FE but not to both movements was higher compared to
the RHD group. In the LHD group, voxels in which damage
affected specifically either SA or FE were found in the superior
part of the corona radiata, i.e., near the primary motor cortex,

where somatotopic organization separates the representations
of proximal and distal upper-limb movements (Snell, 2010).
The greater proportion in the LHD group of voxels in which
the impact of damage was specific to either SA or FE may
point to greater differentiation in the sensory-motor cortex
of the dominant hemisphere. Motor dominance in humans
(Amunts et al., 1996) and primates (Hopkins and Cantalupo,
2004; Margiotoudi et al., 2019) is attributed to hemispheric
asymmetries in motor cortex architecture. On the other hand,
the finding, especially following RHD, of voxel sharing for SA
and FE (i.e., voxels in which damage affected significantly the
capacity of patients to execute both SA and FE movements),
reflects the importance of brain structures contributing to these
movements in a less specific manner, i.e., both to proximal and
distal upper limb movements. Previous research in subacute
post-stroke patients found a similar reduction of the active range
of motion in proximal and distal segments of the HUL (Beebe
and Lang, 2008), while other studies (Colebatch and Gandevia,
1989) reported on greater strength deficits in the more distal
HULmuscle groups. Such discordant findingsmay reflect variant
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FIGURE 3 | Conjunction analysis depicting areas of brain damage that were associated with lower scores in the SA only, FE only, and both SA and FE, shown in
yellow, blue, and green, respectively, in the LHD (n = 44) and RHD (n = 33) groups.

involvement in the stroke process of voxels which contribute to a
given movement in a specific manner vs. voxels which contribute
to movements in a non-specific manner. Alternatively, such
discordant findings may point to the variant impact of damage
to homologous voxels in the two hemispheres, as shown in the
current study for LHD and RHD patient groups.

It should be noted that the high positive predictive power
of SA and FE movement execution is based on the assessment
done a few days after stroke onset, whereas the current
analyses were conducted in the chronic stage when structure
and function in the brain are expected to maintain a more
stable relationship. As explained in the introduction section,
transient physiological malfunction in ‘‘penumbra’’ regions
and not necessarily permanent structural damage, could affect
patients’ capacity to execute SA and FE in the acute stage.
Thus, theoretically, stroke patients may be unable to execute
SA and FE movements in the acute stage even if none of the
‘‘significant’’ voxels disclosed in the current study was damaged
permanently. This can explain the fact that early ability to execute
SA and FE movements has a strong positive predictive power
but a much weaker negative predictive power [for example,
Winters et al. (2016) reported that 45% of the patients who
could not show voluntary FE about a week after stroke onset,
achieved later (at 6 months) a score equal or higher than
10 points in the Action Research Arm Test (ARAT), indicating
at least partial HUL functionality]. Given that our lesion data
were derived from follow-up brain scans and analyzed against
behavioral information obtained months and years after the
stroke, it points to structures whose integrity is necessary for the
proper execution of SA and FE irrespective of the recovery type
(resolution of reversible physiological dysfunction or long-term
network re-organization) and magnitude of recovery. Based

on the current findings we may assume those stroke patients
who could execute SA and FE movements shortly after stroke
onset, as well as those who could not execute it initially but
regained later HUL dexterity, did not have a major involvement
in the location of the ‘‘significant’’ voxel clusters found in the
current study.

Limitations
Several limitations of the study should be acknowledged. First,
to avoid spurious results in the VLSM analysis, only voxels
damaged in at least 10 subjects were tested. Given the number
of subjects in the current cohort (44 LHD, 33 RHD), this
threshold precluded an assessment of the impact of damage to
relevant brain voxels of the sensory-motor and adjacent cortical
regions where the prevalence of damage was lower than this
threshold. Also, the majority of the current cohort had strokes
located within the MCA territory. This limited the possibility of
identifying ‘‘significant’’ voxel clusters related to strokes in other
vascular territories, including posterior-circulation brainstem
strokes. It is assumed that these limitations lead to type-2 (false
negative) errors.

Second, as most subjects had mild to moderate HUL motor
impairment at the time of testing (FM scores of 45.0 ± 18.6 and
43.3 ± 24.4 in LHD and RHD groups, respectively; SA and
FE median score = 2, for both), patients with more severe
hemiparesis were under-represented in this study.

Third, the VLSM results for FE in the LHD group are based
on a lenient criterion, as they did not survive the permutation
correction for multiple comparisons. These results are likely
to reflect a trend that may become significant with larger
numbers of subjects, but it may also represent a type-1 (false
positive) error.
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Fourth, measuring the capacity to execute SA and FE
movements using the Medical Research Council (MRC) method
(i.e., on a 5-point ordinal scale, James, 2007), as done by
Stinear et al. (2012, 2017b), is probably more sensitive to mild
improvement compared to the 3-point ordinal scale of the FM
used in the current study, and may affect the possibility of
comparing the results of studies using these two methods for
outcome measurement.

Fifth, data collection in this study was conducted when the
participants were in the chronic stage, mostly being tested in their
homes. This precluded control of residual aphasia among LHD
patients and residual spatial neglect among RHD patients. Both
residual aphasia and residual neglect could probably affect the
results. For example, the fact that a much larger array of brain
structures affected SA and FE movements in the RHD group
may be related to residual neglect in part of the RHD cohort.
Spatial neglect is known to imply poor functional outcomes for
stroke survivors (Katz et al., 1999), emerging from dysfunction
within large-scale networks involved in attention, motor, and
multimodal sensory processing (Corbetta, 2014).

Implications
Our findings indicate that the capacity to execute SA and FE
movements following stroke is affected differently by lesion
topography in LHD and RHD patients. In both groups, these
movements are sensitive to damage in brain voxels within the
CST. However, in the RHD group, patients’ capacity to execute
the movements is affected also by damage to a large array of
cortical and subcortical regions. This finding expands previous
data pointing to differences between the dominant left and
the non-dominant right cerebral hemispheres in the functional
neuroanatomy of motor control (Tretriluxana et al., 2009; Mani
et al., 2013) and patterns of motor recovery (Zemke et al., 2003;
Wu et al., 2015). Our finding that damage to shared and not
only to distinct brain voxels affects both SA and FE movement
capacity is likely to relate to the quite similar sensitivity
and specificity values of these two movements when used as
prognostic determinants of overall HUL function (Snickars et al.,
2017). Prognostication of HUL functionmay benefit from adding
lesion information to clinical and physiological measures in use,
provided that lesion boundaries are already clearly visible in the
brain scan, enabling accurate delineation of the area of structural
brain damage.

Summary and Conclusions
The current study sheds new light on the functional
neuroanatomy of SA and FE movements. Our findings point
to marked differences between left and right hemispheric
damage: in the former, SA and FE are affected in the chronic
stage mainly by CST damage, while in the latter, the capacity
to execute SA and FE movements are affected in addition to

CST damage, also by damage to white matter association tracts,
the insula, and the putamen. In both groups, voxel clusters
are found where damage affects SA and also FE, along with
voxels where damage affects only one of the two movements.
Voxel specificity is higher in LHD compared to RHD. In LHD,
voxels specificity is much higher for FE compared to SA. We
propose that the above differences between LHD and RHD
stem from physiological differences related to hemispheric
motor dominance.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservations.

ETHICS STATEMENT

The study was reviewed and approved by the Ethics Review
Board of the Loewenstein Hospital (approval number LOE-004-
14). The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

SF-T was involved in planning and conducting the experiments
as well as data analysis, interpretation, and drafting of the
manuscript. SO-G was involved in conducting the experiments
as well as data analysis, interpretation of data, and revising of
the manuscript. NS was involved in subject medical screening,
lesion delineation, planning the experiment, interpretation, and
revising of the manuscript. All authors read and approved the
final manuscript.

FUNDING

This work was supported in part by the Legacy Foundation,
granted through the Loewenstein Rehabilitation Hospital, Israel
to authors SF-T and NS.

ACKNOWLEDGMENTS

Gadi Bartur, Justine Lowenthal-Raz, Osnat Granot, Shir Ben-Zvi,
Nurit Goldshuv-Ezra, and Shirley Handelzalts helped to analyze
patients’ imaging data used in this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnhum.2020.002
82/full#supplementary-material.

REFERENCES

Amunts, K., Schlaug, G., Schleicher, A., Steinmetz, H., Dabringhaus, A.,
Roland, P. E., et al. (1996). Asymmetry in the human motor cortex and
handedness. NeuroImage 4, 216–222. doi: 10.1006/nimg.1996.0073

Bakker, C. D., Massa, M., Daffertshofer, A., Pasman, J. W., Van Kuijk, A. A.,
Kwakkel, G., et al. (2019). The addition of the MEP amplitude of
finger extension muscles to clinical predictors of hand function after
stroke: a prospective cohort study. Restor. Neurol. Neurosci. 37, 445–456.
doi: 10.3233/rnn-180890

Frontiers in Human Neuroscience | www.frontiersin.org 10 July 2020 | Volume 14 | Article 282

https://www.frontiersin.org/articles/10.3389/fnhum.2020.00282/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnhum.2020.00282/full#supplementary-material
https://doi.org/10.1006/nimg.1996.0073
https://doi.org/10.3233/rnn-180890
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Frenkel-Toledo et al. VLSM-Shoulder Abduction, Finger Extension

Barber, A. D., Srinivasan, P., Joel, S. E., Caffo, B. S., Pekar, J. J., andMostofsky, S. H.
(2012). Motor ‘‘dexterity’’: evidence that left hemisphere lateralization of motor
circuit connectivity is associated with better motor performance in children.
Cereb. Cortex 22, 51–59. doi: 10.1093/cercor/bhr062

Bates, E., Wilson, S. M., Saygin, A. P., Dick, F., Sereno, M. I., Knight, R. T.,
et al. (2003). Voxel-based lesion-symptommapping.Nat. Neurosci. 6, 448–450.
doi: 10.1038/nn1050

Beebe, J. A., and Lang, C. E. (2008). Absence of a proximal to distal gradient of
motor deficits in the upper extremity early after stroke. Clin. Neurophysiol. 119,
2074–2085. doi: 10.1016/j.clinph.2008.04.293

Bradnam, L. V., Stinear, C. M., Barber, P. A., and Byblow, W. D. (2012).
Contralesional hemisphere control of the proximal paretic upper limb
following stroke. Cereb. Cortex 22, 2662–2671. doi: 10.1093/cercor/bhr344

Bradnam, L. V., Stinear, C. M., and Byblow, W. D. (2013). Ipsilateral motor
pathways after stroke: implications for non-invasive brain stimulation. Front.
Hum. Neurosci. 7:184. doi: 10.3389/fnhum.2013.00184

Brodal, P. (2016). The Central Nervous System. 5th Edn. New York, NY:
Oxford UP.

Broeks, J. G., Lankhorst, G. J., Rumping, K., and Prevo, A. J. (1999). The long-term
outcome of arm function after stroke: results of a follow-up study. Disabil.
Rehabil. 21, 357–364. doi: 10.1080/096382899297459

Carmel, J. B., Kimura, H., and Martin, J. H. (2014). Electrical stimulation of motor
cortex in the uninjured hemisphere after chronic unilateral injury promotes
recovery of skilled locomotion through ipsilateral control. J. Neurosci. 34,
462–466. doi: 10.1523/jneurosci.3315-13.2014

Cheng, B., Forkert, N. D., Zavaglia, M., Hilgetag, C. C., Golsari, A.,
Siemonsen, S., et al. (2014). Influence of stroke infarct location on functional
outcome measured by the modified rankin scale. Stroke 45, 1695–1702.
doi: 10.1161/strokeaha.114.005152

Colebatch, J. G., and Gandevia, S. C. (1989). The distribution of muscular
weakness in upper motor neuron lesions affecting the arm. Brain 112, 749–763.
doi: 10.1093/brain/112.3.749

Corbetta, M. (2014). Hemispatial neglect: clinic, pathogenesis, and treatment.
Semin. Neurol 34, 514–523. doi: 10.1055/s-0034-1396005

De Gennaro, L., Cristiani, R., Bertini, M., Curcio, G., Ferrara, M., Fratello, F., et al.
(2004). Handedness is mainly associated with an asymmetry of corticospinal
excitability and not of transcallosal inhibition. Clin. Neurophysiol. 115,
1305–1312. doi: 10.1016/j.clinph.2004.01.014

Feys, H., Hetebrij, J., Wilms, G., Dom, R., and De Weerdt, W. (2000). Predicting
arm recovery following stroke: value of site of lesion. Acta Neurol. Scand. 102,
371–377. doi: 10.1034/j.1600-0404.2000.102006371.x

Frenkel-Toledo, S., Fridberg, G., Ofir, S., Bartur, G., Lowenthal-Raz, J., Granot, O.,
et al. (2019). Lesion location impact on functional recovery of the hemiparetic
upper limb. PLoS One 14:e0219738. doi: 10.1371/journal.pone.0219738

Fritz, S. L., Light, K. E., Patterson, T. S., Behrman, A. L., and Davis, S. B. (2005).
Active finger extension predicts outcomes after constraint-induced movement
therapy for individuals with hemiparesis after stroke. Stroke 36, 1172–1177.
doi: 10.1161/01.str.0000165922.96430.d0

Fugl-Meyer, A. R., Jääskö, L., Leyman, I., Olsson, S., and Steglind, S. (1975).
The post-stroke hemiplegic patient. 1. a method for evaluation of physical
performance. Scand. J. Rehabil. Med. 7, 13–31.

Genovese, C. R., Lazar, N. A., and Nichols, T. (2002). Thresholding of statistical
maps in functional neuroimaging using the false discovery rate. NeuroImage
15, 870–878. doi: 10.1006/nimg.2001.1037

Gladstone, D. J., Danells, C. J., and Black, S. E. (2002). The fugl-meyer assessment
of motor recovery after stroke: a critical review of its measurement properties.
Neurorehabil. Neural Repair 16, 232–240. doi: 10.1177/154596802401105171

Grefkes, C., and Fink, G. R. (2012). Disruption of motor network connectivity
post-stroke and its noninvasive neuromodulation. Curr. Opin. Neurol. 25,
670–675. doi: 10.1097/wco.0b013e3283598473

Grefkes, C., and Ward, N. S. (2014). Cortical reorganization after
stroke: how much and how functional? Neuroscientist 20, 56–70.
doi: 10.1177/1073858413491147

Guye, M., Parker, G. J. M., Symms, M., Boulby, P., Wheeler-Kingshott, C. A. M.,
Salek-Haddadi, A., et al. (2003). Combined functional MRI and tractography
to demonstrate the connectivity of the human primary motor cortex
in vivo. NeuroImage 19, 1349–1360. doi: 10.1016/s1053-8119(03)
00165-4

Hammond, G., Faulkner, D., Byrnes, M., Mastaglia, F., and Thickbroom, G.
(2004). Transcranial magnetic stimulation reveals asymmetrical efficacy of
intracortical circuits in primary motor cortex. Exp. Brain Res. 155, 19–23.
doi: 10.1007/s00221-003-1696-x

Handelzalts, S., Melzer, I., and Soroker, N. (2019). Analysis of brain lesion
impact on balance and gait following stroke. Front. Hum. Neurosci. 13:149.
doi: 10.3389/fnhum.2019.00149

Haramati, S., Soroker, N., Dudai, Y., and Levy, D. A. (2008). The posterior parietal
cortex in recognition memory: a neuropsychological study. Neuropsychologia
46, 1756–1766. doi: 10.1016/j.neuropsychologia.2007.11.015

Harrington, R. M., Chan, E., Rounds, A. K., Wutzke, C. J., Dromerick, A. W.,
Turkeltaub, P. E., et al. (2020). Roles of lesioned and nonlesioned hemispheres
in reaching performance poststroke. Neurorehabil. Neural Repair 34, 61–71.
doi: 10.1177/1545968319876253

Hoonhorst, M. H. J., Nijland, R. H. M., van den Berg, P. J. S., Emmelot, C. H.,
Kollen, B. J., and Kwakkel, G. (2018). Does transcranial magnetic stimulation
have an added value to clinical assessment in predicting upper-limb function
very early after severe stroke? Neurorehabil. Neural Repair 32, 682–690.
doi: 10.1177/1545968318785044

Hopkins, W. D., and Cantalupo, C. (2004). Handedness in chimpanzees (Pan
troglodytes) is associated with asymmetries of the primary motor cortex
but not with homologous language areas. Behav. Neurosci. 118, 1176–1183.
doi: 10.1037/0735-7044.118.6.1176

James, M. A. (2007). Use of the Medical Research Council muscle strength grading
system in the upper extremity. J. Hand Surg. Am. 32, 154–156. doi: 10.1016/j.
jhsa.2006.11.008

Katrak, P., Bowring, G., Conroy, P., Chilvers, M., Poulos, R., and McNeil, D.
(1998). Predicting upper limb recovery after stroke: the place of early
shoulder and hand movement. Arch. Phys. Med. Rehabil. 79, 758–761.
doi: 10.1016/s0003-9993(98)90352-5

Katz, N., Hartman-Maeir, A., Ring, H., and Soroker, N. (1999). Functional
disability and rehabilitation outcome in right hemisphere damaged patients
with and without unilateral spatial neglect. Arch. Phys. Med. Rehabil. 80,
379–384. doi: 10.1016/s0003-9993(99)90273-3

Krakauer, J.W., and Carmichael, S. T. (2017). BrokenMovement: The Neurobiology
of Motor Recovery After Stroke. Cambridge, MA: MIT Press.

Lancaster, J. L., Woldorff, M. G., Parsons, L. M., Liotti, M., Freitas, C. S.,
Rainey, L., et al. (2000). Automated Talairach atlas labels for functional
brain mapping. Hum. Brain Mapp. 10, 120–131. doi: 10.1002/1097-
0193(200007)10:3<120::aid-hbm30>3.0.co;2-8

Langhorne, P., Bernhardt, J., and Kwakkel, G. (2011). Stroke rehabilitaiton. Lancet
377, 1693–1702. doi: 10.1016/S0140-6736(11)60325-5

Lindenberg, R., Renga, V., Zhu, L. L., Betzler, F., Alsop, D., and Schlaug, G. (2010).
Structural integrity of corticospinal motor fibers predicts motor impairment in
chronic stroke. Neurology 74, 280–287. doi: 10.1212/wnl.0b013e3181ccc6d9

Lo, R., Gitelman, D., Levy, R., Hulvershorn, J., and Parrish, T. (2010).
Identification of critical areas for motor function recovery in chronic stroke
subjects using voxel-based lesion symptom mapping. NeuroImage 49, 9–18.
doi: 10.1016/j.neuroimage.2009.08.044

Lorca-Puls, D. L., Gajardo-Vidal, A., White, J., Seghier, M. L., Leff, A. P.,
Green, D. W., et al. (2018). The impact of sample size on the reproducibility
of voxel-based lesion-deficit mappings. Neuropsychologia 115, 101–111.
doi: 10.1016/j.neuropsychologia.2018.03.014

Mani, S., Mutha, P. K., Przybyla, A., Haaland, K. Y., Good, D. C., and
Sainburg, R. L. (2013). Contralesional motor deficits after unilateral stroke
reflect hemisphere-specific control mechanisms. Brain 136, 1288–1303.
doi: 10.1093/brain/aws283

Margiotoudi, K., Marie, D., Claidière, N., Coulon, O., Roth, M., Nazarian, B., et al.
(2019). Handedness in monkeys reflects hemispheric specialization within the
central sulcus. An in vivo MRI study in right- and left-handed olive baboons.
Cortex 118, 203–211. doi: 10.1016/j.cortex.2019.01.001

McDonald, V., Hauner, K. K., Chau, A., Krueger, F., and Grafman, J. (2017).
Networks underlying trait impulsivity: evidence from voxel-based lesion-
symptom mapping. Hum. Brain Mapp. 38, 656–665. doi: 10.1002/hbm.23406

Medina, J., Kimberg, D. Y., Chatterjee, A., and Coslett, H. B. (2010).
Inappropriate usage of the Brunner-Munzel test in recent voxel-based lesion-
symptom mapping studies. Neuropsychologia 48, 341–343. doi: 10.1016/j.
neuropsychologia.2009.09.016

Frontiers in Human Neuroscience | www.frontiersin.org 11 July 2020 | Volume 14 | Article 282

https://doi.org/10.1093/cercor/bhr062
https://doi.org/10.1038/nn1050
https://doi.org/10.1016/j.clinph.2008.04.293
https://doi.org/10.1093/cercor/bhr344
https://doi.org/10.3389/fnhum.2013.00184
https://doi.org/10.1080/096382899297459
https://doi.org/10.1523/jneurosci.3315-13.2014
https://doi.org/10.1161/strokeaha.114.005152
https://doi.org/10.1093/brain/112.3.749
https://doi.org/10.1055/s-0034-1396005
https://doi.org/10.1016/j.clinph.2004.01.014
https://doi.org/10.1034/j.1600-0404.2000.102006371.x
https://doi.org/10.1371/journal.pone.0219738
https://doi.org/10.1161/01.str.0000165922.96430.d0
https://doi.org/10.1006/nimg.2001.1037
https://doi.org/10.1177/154596802401105171
https://doi.org/10.1097/wco.0b013e3283598473
https://doi.org/10.1177/1073858413491147
https://doi.org/10.1016/s1053-8119(03)00165-4
https://doi.org/10.1016/s1053-8119(03)00165-4
https://doi.org/10.1007/s00221-003-1696-x
https://doi.org/10.3389/fnhum.2019.00149
https://doi.org/10.1016/j.neuropsychologia.2007.11.015
https://doi.org/10.1177/1545968319876253
https://doi.org/10.1177/1545968318785044
https://doi.org/10.1037/0735-7044.118.6.1176
https://doi.org/10.1016/j.jhsa.2006.11.008
https://doi.org/10.1016/j.jhsa.2006.11.008
https://doi.org/10.1016/s0003-9993(98)90352-5
https://doi.org/10.1016/s0003-9993(99)90273-3
https://doi.org/10.1002/1097-0193(200007)10:3<120::aid-hbm30>3.0.co;2-8
https://doi.org/10.1002/1097-0193(200007)10:3<120::aid-hbm30>3.0.co;2-8
https://doi.org/10.1016/S0140-6736(11)60325-5
https://doi.org/10.1212/wnl.0b013e3181ccc6d9
https://doi.org/10.1016/j.neuroimage.2009.08.044
https://doi.org/10.1016/j.neuropsychologia.2018.03.014
https://doi.org/10.1093/brain/aws283
https://doi.org/10.1016/j.cortex.2019.01.001
https://doi.org/10.1002/hbm.23406
https://doi.org/10.1016/j.neuropsychologia.2009.09.016
https://doi.org/10.1016/j.neuropsychologia.2009.09.016
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Frenkel-Toledo et al. VLSM-Shoulder Abduction, Finger Extension

Meyer, S., Kessner, S. S., Cheng, B., Bönstrup, M., Schulz, R., Hummel, F. C., et al.
(2016). Voxel-based lesion-symptom mapping of stroke lesions underlying
somatosensory deficits.NeuroImage Clin. 10, 257–266. doi: 10.1016/j.nicl.2015.
12.005

Mikhael, M. A. (1989). ‘‘Neuroradiology of cerebral infarction,’’ in Imaging of
Non-Traumatic Ischemic and Hemorrhagic Disorders of the Central Nervous
System, eds M. Sarwar and S. Batnitzky (Boston, MA: Springer), 193–220.

Mirman, D., Landrigan, J. F., Kokolis, S., Verillo, S., Ferrara, C., and Pustina, D.
(2018). Corrections for multiple comparisons in voxel-based lesion-symptom
mapping. Neuropsychologia 115, 112–123. doi: 10.1016/j.neuropsychologia.
2017.08.025

Moon, H. I., Pyun, S. B., Tae, W. S., and Kwon, H. K. (2016). Neural substrates of
lower extremity motor, balance and gait function after supratentorial stroke
using voxel-based lesion symptom mapping. Neuroradiology 58, 723–731.
doi: 10.1007/s00234-016-1672-3

Mori, S., Oishi, K., Jiang, H., Jiang, L., Li, X., Akhter, K., et al. (2008). Stereotaxic
white matter atlas based on diffusion tensor imaging in an ICBM template.
NeuroImage 40, 570–582. doi: 10.1016/j.neuroimage.2007.12.035

Nijland, R. H. M., Van Wegen, E. E. H., Harmeling-Van Der Wel, B. C., and
Kwakkel, G. (2010). Presence of finger extension and shoulder abduction
within 72 hours after stroke predicts functional recovery: Early prediction of
functional outcome after stroke: The EPOS cohort study. Stroke 41, 745–750.
doi: 10.1161/strokeaha.109.572065

Olsen, T. S. (1990). Arm and leg paresis as outcome predictors in stroke
rehabilitation. Stroke 21, 247–251. doi: 10.1161/01.str.21.2.247

Palmer, E., and Ashby, P. (1992). Corticospinal projections to upper limb
motoneurons in humans. J. Physiol. 448, 397–412. doi: 10.1113/jphysiol.1992.
sp019048

Platz, T., Pinkowski, C., van Wijck, F., Kim, I. H., Di Bella, P., and
Johnson, G. (2005). Reliability and validity of arm function assessment with
standardized guidelines for the Fugl-Meyer Test, Action Research Arm Test
and Box and Block Test: a multicentre study. Clin. Rehabil. 19, 404–411.
doi: 10.1191/0269215505cr832oa

Puig, J., Pedraza, S., Blasco, G., Daunis-I-Estadella, J., Prados, F., Remollo, S.,
et al. (2011). Acute damage to the posterior limb of the internal capsule on
diffusion tensor tractography as an early imaging predictor of motor outcome
after stroke. Am. J. Neuroradiol. 32, 857–863. doi: 10.3174/ajnr.A2400

Rorden, C., Karnath, H. O., and Bonilha, L. (2007). Improving lesion-symptom
mapping. J. Cogn. Neurosci. 19, 1081–1088. doi: 10.1162/jocn.2007.19.7.1081

Schoch, B., Dimitrova, A., Gizewski, E. R., and Timmann, D. (2006). Functional
localization in the human cerebellum based on voxelwise statistical analysis: a
study of 90 patients. NeuroImage 30, 36–51. doi: 10.1016/j.neuroimage.2005.
09.018

Serrien, D. J., Ivry, R. B., and Swinnen, S. P. (2006). Dynamics of hemispheric
specialization and integration in the context of motor control. Nat. Rev.
Neurosci. 7, 160–167. doi: 10.1038/nrn1849

Shelton, F. N., and Reding, M. J. (2001). Effect of lesion location on upper limb
motor recovery after stroke. Stroke 32, 107–112. doi: 10.1161/01.str.32.1.107

Smania, N., Paolucci, S., Tinazzi, M., Borghero, A., Manganotti, P., Fiaschi, A.,
et al. (2007). Active finger extension: a simple movement predicting recovery
of arm function in patients with acute stroke. Stroke 38, 1088–1090.
doi: 10.1161/01.str.0000258077.88064.a3

Smith, M. C., Ackerley, S. J., Barber, P. A., Byblow, W. D., and
Stinear, C. M. (2019). PREP2 algorithm predictions are correct at 2 years
poststroke for most patients. Neurorehabil. Neural Repair 33, 635–642.
doi: 10.1177/1545968319860481

Snell, R. S. (2010). Clinical Neuroanatomy. Philadelphia, PA: Lippincott Williams
and Wilkins.

Snickars, J., Persson, H. C., and Sunnerhagen, K. S. (2017). Early clinical predictors
of motor function in the upper extremity one month post-stroke. J. Rehabil.
Med. 49, 216–222. doi: 10.2340/16501977-2205

Solomon, J., Raymont, V., Braun, A., Butman, J. A., and Grafman, J.
(2007). User-friendly software for the analysis of brain lesions (ABLe).
Comput. Methods Programs Biomed. 86, 245–254. doi: 10.1016/j.cmpb.2007.
02.006

Stinear, C. M., Barber, P. A., Petoe, M., Anwar, S., and Byblow, W. D. (2012). The
PREP algorithm predicts potential for upper limb recovery after stroke. Brain
135, 2527–2535. doi: 10.1093/brain/aws146

Stinear, C. M., Byblow, W. D., Ackerley, S. J., Barber, P. A., and Smith, M. C.
(2017a). Predicting recovery potential for individual stroke patients increases
rehabilitation efficiency. Stroke 48, 1011–1019. doi: 10.1161/strokeaha.116.
015790

Stinear, C. M., Byblow, W. D., Ackerley, S. J., Smith, M. C., Borges, V. M., and
Barber, P. A. (2017b). PREP2: a biomarker-based algorithm for predicting
upper limb function after stroke. Ann. Clin. Transl. Neurol. 4, 811–820.
doi: 10.1002/acn3.488

Tretriluxana, J., Gordon, J., Fisher, B. E., and Winstein, C. J. (2009). Hemisphere
specific impairments in reach-to-grasp control after stroke: Effects of object
size. Neurorehabil. Neural Repair 23, 679–691. doi: 10.1177/154596830
9332733

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., and
Delcroix, N. (2002). Automated anatomical labeling of activations in SPMusing
a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
NeuroImage 15, 273–289. doi: 10.1006/nimg.2001.0978

Urton, M. L., Kohia, M., Davis, J., and Neill, M. R. (2007). Systematic literature
review of treatment interventions for upper extremity hemiparesis following
stroke. Occup. Ther. Int. 14, 11–27. doi: 10.1002/oti.220

Wade, D. T., Langton-Hewer, R., Wood, V. A., Skilbeck, C. E., and Ismail, H. M.
(1983). The hemiplegic arm after stroke: measurement and recovery. J. Neurol.
Neurosurg. Psychiatry. 46, 521–524. doi: 10.1136/jnnp.46.6.521

Ward, N. S., Newton, J. M., Swayne, O. B., Lee, L., Thompson, A. J.,
Greenwood, R. J., et al. (2006). Motor system activation after subcortical
stroke depends on corticospinal system integrity. Brain 129, 809–819.
doi: 10.1093/brain/awl002

Winters, C., Kwakkel, G., Nijland, R., and Van Wegen, E. (2016). When does
return of voluntary finger extension occur post-stroke? A prospective cohort
study. PLoS One 11:e0160528. doi: 10.1371/journal.pone.0160528

Wu, O., Cloonan, L., Mocking, S. J. T., Bouts, M. J., Copen, W. A., Cougo-
Pinto, P. T., et al. (2015). Role of acute lesion topography in initial ischemic
stroke severity and long-term functional outcomes. Stroke 46, 2438–2444.
doi: 10.1161/strokeaha.115.009643

Zemke, A. C., Heagerty, P. J., Lee, C., and Cramer, S. C. (2003). Motor cortex
organization after stroke is related to side of stroke and level of recovery. Stroke
34, e23–e38. doi: 10.1161/01.str.0000065827.35634.5e

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Frenkel-Toledo, Ofir-Geva and Soroker. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 12 July 2020 | Volume 14 | Article 282

https://doi.org/10.1016/j.nicl.2015.12.005
https://doi.org/10.1016/j.nicl.2015.12.005
https://doi.org/10.1016/j.neuropsychologia.2017.08.025
https://doi.org/10.1016/j.neuropsychologia.2017.08.025
https://doi.org/10.1007/s00234-016-1672-3
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1161/strokeaha.109.572065
https://doi.org/10.1161/01.str.21.2.247
https://doi.org/10.1113/jphysiol.1992.sp019048
https://doi.org/10.1113/jphysiol.1992.sp019048
https://doi.org/10.1191/0269215505cr832oa
https://doi.org/10.3174/ajnr.A2400
https://doi.org/10.1162/jocn.2007.19.7.1081
https://doi.org/10.1016/j.neuroimage.2005.09.018
https://doi.org/10.1016/j.neuroimage.2005.09.018
https://doi.org/10.1038/nrn1849
https://doi.org/10.1161/01.str.32.1.107
https://doi.org/10.1161/01.str.0000258077.88064.a3
https://doi.org/10.1177/1545968319860481
https://doi.org/10.2340/16501977-2205
https://doi.org/10.1016/j.cmpb.2007.02.006
https://doi.org/10.1016/j.cmpb.2007.02.006
https://doi.org/10.1093/brain/aws146
https://doi.org/10.1161/strokeaha.116.015790
https://doi.org/10.1161/strokeaha.116.015790
https://doi.org/10.1002/acn3.488
https://doi.org/10.1177/1545968309332733
https://doi.org/10.1177/1545968309332733
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1002/oti.220
https://doi.org/10.1136/jnnp.46.6.521
https://doi.org/10.1093/brain/awl002
https://doi.org/10.1371/journal.pone.0160528
https://doi.org/10.1161/strokeaha.115.009643
https://doi.org/10.1161/01.str.0000065827.35634.5e
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Lesion Topography Impact on Shoulder Abduction and Finger Extension Following Left and Right Hemispheric Stroke
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Clinical Assessment
	Imaging
	Lesion Analysis
	Voxel-Based Lesion-Symptom Mapping (VLSM)

	RESULTS
	DISCUSSION
	Limitations
	Implications
	Summary and Conclusions

	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


