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Falls are a leading cause of serious injury and restricted participation among persons
with stroke (PwS). Reactive balance control is essential for fall prevention, however, only
a few studies have explored the effects of lesion characteristics (location and extent)
on balance control in PwS. We aimed to assess the impact of lesion characteristics on
reactive and anticipatory balance capacity, gait, and hemiparetic lower limb function,
in PwS. Forty-six subacute PwS were exposed to forward, backward, right and left
unannounced horizontal surface translations in six increasing intensities while standing.
Fall threshold (i.e., perturbation intensity that results in a fall into the harness system)
was measured. In addition, the Berg Balance Scale (BBS), 6 Minute Walk Test (6BMWT)
and Lower Extremity Fugl-Meyer (LEFM) were measured. Lesion effects were analyzed
separately for left and right hemisphere damaged (LHD, RHD) patients, using voxel-
based lesion-symptom mapping (VLSM). Our results show that voxel clusters where
damage exerted a significant impact on balance, gait and lower-limb function were
found in the corticospinal tract (CST), in its passage in the corona radiata and in
the posterior limb of the internal capsule. An additional significant impact was found
to lesions affecting the putamen and the external capsule (EC). Balance, gait, and
hemiparetic lower limb function showed much overlap of the corresponding “significant”
voxel clusters. Test scores of RHD and LHD patients were affected largely by damage
to homologous regions, with the LHD group showing a wider distribution of “significant”
voxels. The study corroborates and extends previous findings by demonstrating that
balance control, gait, and lower limb function are all affected mainly by damage to
essentially the same brain structures, namely—the CST and adjacent structures in the
capsular-putaminal region.

Keywords: reactive balance control, voxel-based lesion-symptom mapping, falls, fall threshold, perturbations,
rehabilitation

INTRODUCTION

Falls occur in up to 70% of stroke victims during the first 6 months after discharge from hospital or
rehabilitation setting (Forster and Young, 1995; Davenport et al., 1996; Weerdesteyn et al., 2008;
Batchelor et al.,, 2012). Compared with a general population of older adults who fall, persons
with stroke (PwS) who fall are twice as likely to sustain a hip fracture (Forster and Young,
1995; Langhorne et al., 2000; Pouwels et al., 2009; Winstein et al., 2016). In addition to physical
consequences associated with fractures and related injuries, falls may have serious psychological
and social consequences such as functional decline, poor quality of life, dependency, social isolation
and depression (Winstein et al., 2016).
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Balance control is a strong predictor of functional recovery,
walking capacity and fall risk after stroke (Michael et al., 2005;
Belgen et al, 2006; Simpson et al, 2011; van Duijnhoven
et al,, 2016; Xu et al., 2018). Commonly used clinical measures
[e.g., the Berg Balance Scale (BBS), Dynamic Gait Index (DGI)
and Timed Up and Go (TUG)] focus on anticipatory balance
control, that is essential for the maintenance of postural
stability prior to voluntary movement by compensating for
destabilizing forces associated with the movement. However,
in situations of unexpected loss of balance, the ability to
respond effectively (i.e., reactive balance control), is crucial
for fall prevention (Maki and Mcllroy, 1997). After small
external disturbances, we can usually regain balance while
keeping the feet in place. However, falls often occur from
large external disturbances (Maki and Mcllroy, 2006) which
require a rapid step response to alter the base of support.
Recent studies assessed reactive balance control abilities by
exposure to external perturbations delivered from a movable
platform (Salot et al., 2015; Honeycutt et al., 2016; de Kam
et al, 2017). In this paradigm, the time, direction and intensity
of perturbation is unpredicted, thus simulating situations in
real life where loss of balance is unexpected. PwS have shown
substantially impaired reactive balance responses compared
to healthy individuals, characterized by increased need for
external assistance, difficulty initiating protective stepping with
either lower limb, increased usage of multiple step strategy,
and more falls into the harness system (Marigold and Eng,
2006; Mansfield et al, 2013; Martinez et al., 2013; Inness
et al, 2014; Salot et al, 2015; Honeycutt et al, 2016;
de Kam et al., 2017).

Although impairments in balance control following stroke
have been studied extensively and their impact on the risk of
falls and fractures has been established, relatively few studies
have explored the associations between these impairments and
damage to specific brain structures. Voxel-based lesion symptom
mapping (VLSM) is a commonly used method for analyses
of the neural basis underlying different types of impairment
described by Bates et al. (2003). Use of VLSM for analysis
of lesion characteristics in lower-limb paresis, gait instability
and impaired balance, is much less prevalent compared with
its use in analyses focusing on the hemiparetic upper limb.
Using VLSM, Reynolds et al. (2014) found that lower BBS
scores were associated with damage in the precentral gyrus,
putamen, caudate and pallidum, cuneus, frontal operculum, and
also damage to some thalamic structures. They also found that
TUG scores were associated with lesions in the postcentral gyrus,
insular cortex, superior temporal cortex, and the inferior parietal
lobule. Lee et al. (2017) found that lesions involving the corona
radiata, internal capsule, globus pallidus, putamen, primary
motor cortex and caudate nucleus are associated with poor
recovery of gait, as measured with the functional ambulation
category (FAC) 6 months after stroke onset. In contradiction
to the above findings, Moon et al. (2016) found no specific
lesion locations in association with poor BBS and FAC scores.
Poor gait speed was found to associate with damage to the
putamen, insula, caudate, corona radiata and external capsule
(EC; Reynolds et al., 2014; Jones et al., 2016). Alexander et al.

(2009) found that damage to the putamen, insula and EC was
related to gait asymmetry in chronic PwS. Lower Extremity
Fugl-Meyer (LEFM) scores were found to be associated with
damage in the corona radiata, putamen, globus pallidus,
caudate, insula and internal capsule (Reynolds et al, 2014;
Moon et al., 2016).

Lesion studies investigating the effects of stroke location on
motor ability often address the right and left hemispheres as
two parallel and analogous systems, and flip lesions onto a
single hemisphere template (Lo et al., 2010; Zhu et al., 2010;
Cheng et al, 2014; Meyer et al, 2015). This practice may
obscure important differences between the hemispheres. A recent
VLSM study showed that LEFM scores are affected by a wider
lesion distribution in the left hemisphere compared to the right
hemisphere (Moon et al., 2016). In contrast, a post hoc VLSM
analysis aimed to assess hemispheric effects (Jones et al., 2016),
revealed no “significant” voxel clusters in either hemisphere.
Considering the relative paucity of studies addressing lesion
effects on balance control and gait and the fact that most of the
existing studies did not analyze right and left hemisphere damage
separately, our objective in the current study was to explore the
impact of lesion location, in each hemisphere, on reactive and
anticipatory balance capacity, gait, and hemiparetic lower limb
function, in PwS.

MATERIALS AND METHODS

Participants

Forty-six first-event subacute stroke patients (<3 months after
onset) were recruited for the study during their hospitalization
at the Loewenstein Rehabilitation Hospital (LRH), Ra’anana,
Israel, as part of a research project aimed to characterize
reactive balance responses in PwS. PwS were included if
they were able to stand for at least 2 min and to walk
independently or under supervision with or without a walking
aid. Exclusion criteria included unstable clinical/metabolic state,
existence of other neurological disorders in addition to stroke,
significant musculoskeletal conditions (e.g., severe arthritis, joint
replacement surgery), significant visual impairment, inability
to follow verbal instructions due to aphasia, and existence of
significant unilateral spatial neglect in clinical testing. Patients
were also excluded if their CT scan revealed brain pathology
other than the recent stroke (e.g., existence of old lacunar
infarctions, diffuse white matter changes, brain atrophy, etc). The
study was approved by the LRH Review Board (#LOE-14-0021).
All participants were informed about the protocol and gave their
written informed consent prior to inclusion in the study.

Clinical Assessment

To assess reactive balance capacity after simulated loss of balance,
participants stood on a computerized treadmill system with a
horizontal movable platform (Balance Tutor, MediTouch, Israel),
wearing a safety harness that prevented falls but did not restrict
their movements (Figure 1). They were instructed to stand with
feet placed together and to react naturally to prevent themselves
from falling in response to random unannounced forward,
backward, right and left surface translations. Surface translation
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Duration (s)

Acceleration (cm/s?)

Rightward/Leftward surface translation

Distance (cm) Velocity (cm/s)

Duration (s)

Forward/Backward surface translation
Acceleration (cm/s?)

Velocity (cm/s)

Distance (cm)

TABLE 1 | Perturbation parameters by perturbation intensity and direction.

Perturbation Intensity

0.39
0.41
0.41
0.42
0.42
0.42

73.27
97.41
121.55
145.68
169.82
193.96

35.34
42.93

20.17
27.75
50.51
58.10

5.68
8.03
10.37
12.72
15.06
17.41

0.41
0.43
0.45
0.47
0.48
0.49

126.89
150.34
173.79
197.24
220.69
24413

17.62
24.93
32.24
39.55
46.86

54.17

10.44
1417
17.89
21.62
25.34

29.06

The system controller receives from the PC program the required motion parameters, which are the target position, maximal velocity, acceleration and deceleration. The controller has an internal motion profile generator that generates a

trapezoidal velocity profile. Abbreviation: cm, centimetre; cm/s, centimetre per second; cm/s?, centimetre per second square. Presented are peak values.

— AN M < 0O

intensity was increased systematically in a graded manner from
low (intensity 1) to high (intensity 6) for a total of 24 perturbation
trials (characteristics of perturbation intensities are described
in Table 1). In case of insufficient balance response i.e., a fall
into harness, participants did not continue to a higher intensity.
We measured the fall threshold, defined as the perturbation
intensity that results in unsuccessful balance recovery, i.e., when
a subject is unambiguously supported by the harness system
(Honeycutt et al., 2016).

To assess motor impairments, functional balance and gait
abilities we used the LEFM scale, BBS and 6 Minute Walk
Test (6MWT). The LEFM is a set of tasks pertaining to a
range of motion, muscle strength, and reflexes of the affected
lower limb. The maximum score is 34; lower scores signify
motor impairment (Fugl-Meyer et al., 1975). The BBS consists
of 14 tasks (e.g., reaching, turning and balancing on one leg),
designed to assess static balance and fall risk in adult populations.
The maximum score is 56 indicating better balance (Berg et al,,
1995). Gait function was assessed using the 6 MW'T that measures
the distance in meters that subjects can walk in 6 min (Butland
et al., 1982). Those measures have been found to demonstrate
strong inter-rater and test-retest reliability in PwS (Duncan et al.,
1992; Berg et al., 1995; Eng et al., 2004; Flansbjer et al., 2005,
2012). Participants performed all tests wearing their own sport
shoes and foot orthosis in case they needed ankle support.

Lesion Analysis

CT scans dated on average 22 days post stroke onset were
examined by a physician experienced in the analysis of neuro-
imaging data (NS). This was done in order 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 analyses were performed with
the Analysis of Brain Lesions (ABLe) module implemented in
MEDx software (Medical-Numerics, Sterling, VA, USA). Lesion
delineation was done manually on the digitized CTs. ABLe
characterizes brain lesions in CT scans of 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, Texas), Automated
Anatomical Labeling (AAL) atlas, Volume Occupancy Talairach
Labels (VOTL) atlas or the White Matter Atlas (Lancaster
et al, 2000; Tzourio-Mazoyer et al., 2002; Solomon et al,
2007). Quantification of the amount of tissue damage within
each structure/region of the atlas was obtained as described
by us earlier (Haramati et al, 2008). Registration accuracy
of the scans to the MNI template across all subjects was
94.1% (94.28 £+ 1.02 and 938 + 1.4 in RHD and LHD
patients, respectively).

Voxel-based Lesion-Symptom Mapping
(VLSM)

VLSM (Bates et al., 2003) was used to identify voxels
(I x 1 x 1 mm) of the normalized brain where damage exerted
a significant effect on balance, gait, and lower extremity motor
function. We computed a map of z values, where the value of
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publication of this image.

FIGURE 1 | Setup for reactive balance control assessment. On the left is the computerized treadmill system. On the right is a video sequence demonstrating
reactive step response to lateral surface translation of a stroke patient with right hemiparesis. A written informed consent was obtained from the individual for the

TABLE 2 | Demographic and clinical characteristics of participants.

RHD group (n = 24) LHD group (n = 22) p-value
Gender (M/F) 18/6 18/4 0.575°
Age (years) 61.5(8.3) 60.9 +£8.9 0.8152
Weight (kg) 77.3(16.2) 742+ 115 0.4512
Height (cm) 170.2 (8.6) 168.9 + 9.8 0.6132
Lesion type (I/H) 20/4 17/5 0.605°
Lesion volume (cc) 10.1 (14.4) 12.7 (13.4) 0.159°
TAO to clinical assessment (days) 43.0 (19.4) 49.9 (15.7) 0.159°
Use of assistive device for walking (No/Yes) 3/21 4/18 0.592°
LEFM (0-34) 30.5 (4.6) 28.3 (4.1) 0.036°
BBS (0-56) 43.6 (10.9) 42.4 (8.1) 0.338°
6MWT (meters) 297.3 (136.4) 280.1 (145.9) 0.6902
Fall threshold (perturbation intensity) 4.2(21) 4.3(2.4) 0.832°

Mean =+ (SD) values. Abbreviations: RHD, right hemisphere damage; LHD, left hemisphere damage; Gender, M-male, F-female; Lesion type, I-ischemic, H-hemorrhagic, TAO, time
after onset; LEFM, Lower Extremity Fugl-Meyer Scale; BBS, Berg Balance Scale; 6MWT, 6 Minute Walk Test. @t-test, ®?Mann-Whitney U, ¢Chi-square. Bonferroni correction for multiple

comparisons was applied to adjust the significance level, p < 0.004.

each voxel represents the z-score that compares subjects’ clinical
measures with lesions to those without lesions, and identified a
peak z-value within each significant cluster. Comparisons were
made using z-scores derived from ¢-test for normally distributed
variable (i.e., 6MWT) and Mann-Whitney U test for ordinal
or non-normally distributed variables (i.e., fall threshold, BBS
and LEFM). In order to avoid spurious results due to low
numbers of lesioned voxels, only voxels lesioned in at least
10 participants were tested (Rorden et al., 2007; Medina et al,,
2010) and at least 10 adjacent voxels had to show a statistically
significant impact on performance for a cluster to be reported
(McDonald et al, 2017). A voxel-wise false discovery rate
(FDR; Benjamini and Hochberg, 1995) correction for multiple
comparisons was controlled to be less than 0.05. Since there
may be multiple voxels with this maximum z-score in the
cluster, we report the coordinate 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) were used to identify the location of the
significant clusters.

Statistical Analysis of Clinical Data

Statistical analyses were performed using IBM SPSS version
24.0 (IBM Corp, NY, USA). The Shapiro-Wilk Test was used
to test the assumption of normal distribution (p > 0.05).
Baseline characteristics for behavioral data were compared
using independent-samples t-test for continuous variables,
Mann-Whitney U test for ordinal variables or variables with
non-normal distributions and Chi-square test for categorical
data. Correction for multiple comparisons was conducted using
the Bonferroni correction (p = 0.05/12 = 0.004).

RESULTS

Patients’ demographics and clinical scores are presented in
Table 2. No significant differences were found in clinical and
demographic parameters of individuals with left and right
hemisphere damage.
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Individual lesion data are displayed in Supplementary
Figure S1. Overlay lesion maps (stroke lesion distribution) of
left hemisphere damaged (LHD) and right hemisphere damaged
(RHD) patients are presented in Figure 2. As can be seen, in both
groups the maximal lesion overlap was in the capsular-putaminal
region. Comparisons between groups for the locations of lesions
are presented in Supplementary Tables S1A,B.

The VLSM analysis identified clusters of voxels associated
with poorer balance, gait and lower-extremity function
(Figure 3). Tables 3, 4 show the anatomical structures in

the right and left hemispheres, respectively, where damage was
found to exert a significant impact on the tested functions. In
both groups, the major impact is attributed to lesions of the
putamen and white matter regions along the corticospinal tract
(CST). In the RHD group (Table 3), fall threshold, BBS and
LEFM were affected by lesions in the posterior limb of internal
capsule (PLIC) and superior corona radiata (SCR), with BBS
scores being affected also by damage to the putamen. In the LHD
group (Table 4) fall threshold, 6SMWT and LEFM were affected
by damage to the PLIC and SCR as well as the putamen and EC.

FIGURE 2 | Lesion overlay maps of right hemisphere damaged (RHD, n = 24) and left hemisphere damaged (LHD, n = 22) groups—top and bottom rows,
respectively. 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 the colored region).

Fall threshold

BBS

LEFM

patients: 10). Warmer colors indicate higher z-scores.

FIGURE 3 | Voxel-based lesion symptom mapping (VLSM) analysis depicting areas where damage was associated with a significant (oFDR <0.05) impact on
(A) fall threshold, Berg Balance Scale (BBS), and Lower Extremity Fugl-Meyer (LEFM) scores in the RHD group, and (B) fall threshold, 6 Minute Walk Test (6MWT)
and LEFM scores in the LHD group. Colored regions showed a significant impact on behavioral scores (minimum cluster size: 10 voxels, minimum number of

Fall threshold

BMWT
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TABLE 3 | Voxel-based lesion symptom mapping (VLSM) results in right hemisphere damaged (RHD) patients, n = 24.

Test Structure Z-value X Y V4 Voxels %area

Fall threshold PLIC 8.55 26 -14 14 55 10.98
SCR 7.27 26 -12 20 14 1.52

BBS PLIC 5.30 26 -14 14 78 15.57
SCR 3.54 24 -16 20 16 1.74
Putamen 3.48 28 -14 6 10 0.94

6MWT VLSM did not yield “significant” voxels

LEFM PLIC 3.71 22 -12 14 26 5.19

Resuilts that passed the FDR correction for multiple comparisons (corresponding to z-scores of 6.440, 2.027 and 2.491 for fall threshold, BBS and LEFM, respectively). Abbreviations:
BBS, Berg Balance Scale; 6MWT, 6 Minute Walk Test; LEFM, Lower Extremity Fugl-Meyer Scale; PLIC, posterior limb of internal capsule; SCR, superior corona radiata.

TABLE 4 | Voxel-based lesion symptom mapping (VLSM) results in left hemisphere damaged (LHD) patients, n = 22.

Test Structure Z-value X Y z Voxels %area

Fall threshold PLIC 7.71 —26 —14 8 73 15.30
Putamen 7.71 —26 —14 8 38 3.77
EC 7.71 -30 -12 10 25 5.56

BBS VLSM did not yield “significant” voxels

6MWT PLIC 2.95 —26 —-12 12 61 12.79
Putamen 2.95 —26 —-12 12 24 2.38
EC 2.61 —28 —-16 12 22 4.89
SCR 2.97 —22 -8 24 21 16.54

LEFM PLIC 5.34 —26 —-12 12 108 22.64
Putamen 5.34 —26 —12 12 58 5.75
EC 5.22 —28 —-12 14 36 8.00
SCR 4.35 —26 -8 24 23 2.49

Results that passed the FDR correction for multiple comparisons (corresponding to Z scores of 6.461, 1.908 and 2.571 for fall threshold, 6MWT and LEFM, respectively. Abbreviations:
BBS, Berg Balance Scale; 6MWT, 6 Minute Walk Test; LEFM, Lower Extremity Fugl-Meyer Scale; PLIC, posterior limb of internal capsule; EC, external capsule; SCR, superior

corona radiata.

DISCUSSION

The aim of the current study was to examine the effect of stroke
lesions on reactive and anticipatory balance control, gait, and
lower limb function. VLSM analysis, conducted separately for
patients with right and left hemisphere damage (RHD, LHD),
points to a significant impact of damage to the corticospinal
tract (in its passage along the corona radiata and/or the
posterior limb of the internal capsule) on the tested functions.
Thus, in the RHD group, CST damage significantly affected
patients’ scores in reactive balance testing (i.e., fall threshold),
anticipatory balance control (BBS test results), and hemiparetic
lower-limb function (LEFM test results), and in the LHD group
it affected patients’ fall threshold, LEFM, and gait velocity
(6MWT). Two other subcortical structures where damage was
found to affect test results (mainly in the LHD group) are the
putamen and EC.

The analysis did not reveal cortical regions containing
“significant” voxels (i.e., voxels whose damage makes a
significant difference when comparing test results of patients
affected and not-affected in these voxels)—for any of the four
tested functions (Fall threshold, BBS, 6MWT, LEFM). It should
be noted that in VLSM analyses, lack of “significant” voxels
within a structure or a brain region does not necessarily
indicate that this structure/region does not contribute to the
tested function. The need to introduce correction for multiple
comparisons, inherent to this mass univariate, voxel-by-voxel
analysis, often leads to false-negative results. Thus, the fact
that no cortical regions (including the sensory-motor cortex)

emerged in the VLSM analysis probably reflects a relatively
weaker or inconsistent structure-function relationship that did
not survive the FDR correction for multiple comparisons. Yet,
the fact that most patients had lesions within the territory
of the middle cerebral artery (MCA; sparing the lower-limb
representation in the sensory-motor cortex) could also lead to
non-demonstration of “significant” cortical voxel clusters.

The apparent similarity of RHD and LHD groups’ lesion
patterns (i.e., dominance of MCA territory damage and maximal
lesion overlap in the capsular-putaminal region in both groups),
as well as the similarity of distribution of “significant” voxel
clusters emerging from the VLSM analysis—is incomplete. Thus,
VLSM failed to reveal “significant” voxels for the 6MWT in
the RHD group and for the BBS in the LHD group. While
this is likely to reflect insufficient statistical power, it may still
point to hemispheric differences. Also, note that the clusters of
“significant” voxels were larger, and generally occupied greater
portions of the involved structures, in LHD compared to the
RHD patients.

To our knowledge, this is the first study to examine the
effect of lesion characteristics on reactive balance control in PwS.
The ability to respond effectively to unexpected loss of balance
(i.e., balance perturbations) is critical for fall prevention (Maki
and Mcllroy, 1996). Here, we examined reactive balance capacity
by assessing the fall threshold (i.e., fall into the harness system)
in response to increased intensities of unannounced surface
translations. The results demonstrate that damage in the PLIC
and SCR in the RHD group, and in the PLIC, putamen and EC
in the LHD group, constitute a negative prognostic factor, being
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associated with falls into the harness system at lower intensities
of surface perturbations.

Balance control was also tested by the BBS, which is a widely
used clinical measure of balance control predicting fall risk in
stroke patients. The VLSM analysis demonstrated that in RHD
patients lower BBS scores are related to lesions involving the
PLIC, SCR and the putamen. In contra-distinction, VLSM failed
to disclose “significant” voxels in the LHD group, a finding that
possibly points to differences in the neural mechanisms taking
place in balance control in the non-dominant and dominant
hemispheres, with a larger underlying structural basis (and
substitution options) in the latter. The difference in distribution
of “significant” voxels affecting fall threshold vs. BBS test results
is likely to indicate that reactive and anticipatory balance control
do not share exactly the same neural mechanisms. Reactive
balance control was assessed here by measuring the fall threshold
in response to surface translations that were unpredicted in
terms of timing and direction. In contrast, the BBS assesses
balance in conditions where timing and direction of center of
mass displacement are known in advance, prior to movement
initiation, thus recruiting a more anticipatory mode of control
(though, certainly maintaining a reactive component in it due
to the fact that predictions are not fully accurate and online
corrections based on afferent input are needed). In a previous
VLSM research by Reynolds et al. (2014), lower BBS test results
were associated with damage to the caudate, putamen, pallidum
and thalamus as well as to cortical damage in the precentral
gyrus, frontal operculum and the cuneus. However, in that study
RHD brains were flipped to the left hemisphere (seemingly
assuming equal hemispheric contribution to balance control) and
the total sample size was relatively small (n = 16). In another
recent study by Moon et al. (2016) conducted in a group of
subacute stroke patients (as in the current study), the analysis
failed to disclose a significant impact of damage to a given brain
structure on BBS test results, despite examination of a large
cohort (n =133).

Upright stability is considered to be controlled by a broad and
distributed neural network. However, as shown by discrepancies
in the results of the above lesion studies, the relative contribution
of distinct parts of the nervous system to maintenance of the
upright posture remains unclear (Bolton, 2015). Our results
demonstrate the importance of subcortical regions—mainly the
corticospinal tract, and to a lesser extent the putamen and
EC, in balance control. Diffuse periventricular white matter
changes (often involving the corona radiata) were found in
past research to be a strong risk factor for falls in the general
older population (Srikanth et al., 2009) and were associated with
impaired balance as measured with the single-leg balance test
(Starr et al, 2003). Previous studies suggested that the basal
ganglia, in their role as mediators of motor-planning processes,
act as an intermediary between the cerebral cortex and the
brainstem descending pathways for automating the selection and
execution of an optimal reactive balance response (Takakusaki
et al., 2004; Grillner et al., 2005; Jacobs and Horak, 2007).

The neural substrate that supports balance control was also
found to be important for gait velocity (6MWT results) and
lower limb function (LEFM), as the latter two were also affected

by damage to voxel clusters involving the corticospinal tract as
well as the putamen and EC. However, this pattern was revealed
in the LHD group, whereas in the RHD group LEFM scores
were affected by damage restricted to the posterior limb of the
internal capsule, and no voxels were found to relate significantly
to 6MWT results. Our results are in line with a previous study
(Jones et al.,, 2016) demonstrating that poor recovery of gait
speed was predicted by lesions involving the insula, putamen,
EC, the superior longitudinal fasciculus, inferior fronto-occipital
fasciculus and uncinate fasciculus. In another study, gait speed
was found to be affected by damage to the insula, the internal
capsule and to the adjacent white matter (Moon et al., 2017).
In addition to gait speed, few studies used the FAC to assess
mobility. Lee et al. (2017) demonstrated that damage to the
corona radiata, internal capsule, globus pallidus, putamen and
cingulum was related to poor recovery as indicated by a lower
score in the FAC, at 3 months after stroke onset. Also, damage
to the putamen, insula and EC was related to temporal gait
asymmetry (Alexander et al., 2009).

The current VLSM analysis revealed, as expected, a significant
negative impact of CST damage on the function of the
hemiparetic lower limb (LEFM score). The “significant” voxel
clusters were located in the posterior limb of the internal capsule
(PLIC), both in RHD and LHD patient groups. In the latter
group, LEFM scores were affected, in addition, by damage to
voxel clusters within the EC, putamen, and superior corona
radiate. In earlier research, lower extremity motor impairment
was reported to relate to CST lesions either in the PLIC or in the
corona radiata (Lee et al., 2005; Alexander et al., 2009; Jayaram
et al., 2012). Moon et al. (2016) showed that lower LEFM scores
were associated with damage to the lentiform and caudate nuclei,
insula, internal capsule and corona radiate in both hemispheres
(much in common with the findings of the LHD group in the
current study).

Several limitations of the study should be acknowledged. First,
the results are based on a moderate sample size (n = 46) and are
restricted by the inclusion criteria of the study to stroke of mild
to moderate severity. Second, PwS were included in the study
as soon as they were able to stand and walk independently, or
under supervision, and consequently, time-after-onset was not
constant (yet, within the subacute phase). Assessment of the
effect of lesion characteristics in the chronic stage will necessitate
a separate study. It should be noted that the large majority
of patients in the current cohort had strokes located within
the MCA territory, thus restricting the possibility to identify
“significant” voxel clusters largely to that territory. Analysis of
a cohort including sufficient patients damaged in the territory
of the anterior cerebral artery (ACA) is most likely to reveal a
significant impact of damage to portions of the sensory-motor
cortex where the cell bodies of the CST neurons controlling
lower-limb movement reside. Similarly, analysis of a cohort of
stroke patients damaged in the brain stem is likely to reveal the
importance of structures and descending pathways that could not
emerge in the analysis of the current patient groups.

In conclusion, the study corroborates and extends previous
findings by demonstrating that impairments in balance control,
gait velocity, and hemiparetic lower limb motor performance are
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associated with lesions to the CST in its passage through the
posterior limb of the internal capsule and the corona radiate.
Other structures within the MCA territory, where damage exerts
a significant impact on the tested functions, are the putamen and
EC. The question of differential lesion effects in the dominant
and non-dominant hemispheres need further assessment.
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