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Abstract

Background: Low-frequency repetitive transcranial magnetic stimulation of the nonlesional hemisphere combined with occupational therapy significantly improves
motor function of the affected upper limb in post-stroke hemiparetic patients, but the recovery mechanism remains unclear.

Objective: We aimed to assess the relationship between the position of the stroke-induced lesion and subsequent motor function following a stroke rehabilitation
program.

Methods: Patients with post-stroke upper extremity paralysis underwent combined low-frequency repetitive transcranial magnetic stimulation over the unaffected
hemisphere and daily occupational therapy. The subject was more than 12 months after onset of stroke. Voxel-based lesion-symptom mapping (VLSM) and Atlas-
based analysis was used.

Results: VLSM showed that the lesion on the thalamus was associated with improvement in motor function (corrected P < 0.05). Atlas-based analysis showed
significant correlation between volume of damaged tissue in the corticospinal tract and degree of change in Fugl-Meyer Assessment scores (P < 0.05).

Conclusions: The results of the analysis indicated that the effect of our proposed treatment can be related to the position and size of the stroke-induced lesion.
Especially, it seems that the stroke-induced lesion in the thalamic area connecting to the primary motor cortex plays an important role in such recovery in post-stroke

hemiparetic patients.

Introduction

Prognosis is important for effective recovery of stroke patients.
As functional recovery is affected by numerous biological and
environmental factors [1]. such patients display highly variable degrees
of recovery. A critical review of the literature indicated that several
clinical and demographic variables may be valid predictors of general
functional recovery, including neurologic factors such as consciousness
at onset, disorientation in time and place, sitting balance, and severity
of motor deficits [2].

Neurorehabilitation or rehabilitation based on brain science
has recently gained popularity and involves novel procedures, such
as repetitive transcranial magnetic stimulation (rTMS). rTMS is a
noninvasive method used for stimulating selected brain areas to
modulate cortical excitability and function. Local nerve activity is
reduced at low-frequency rTMS (< 1 Hz), but it is enhanced at high-
frequency rTMS (= 10 Hz) [3]. Low-frequency rTMS is currently being
therapeutically used in chronic-phase stroke patients with paralysis
of the upper limbs [4]. Since April 2009, we have implemented a 15-
day protocol in patients with post-stroke paralysis of the upper limbs
that combines low-frequency rTMS on the unaffected hemisphere
and occupational therapy (OT). This protocol is called the NovEl
intervention Using Repetitive TMS and intensive Occupational
Therapy (NEURO) and its use has resulted in significant improvements
in motor function [5]. Neurophysiological evaluations aimed at
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examining the underlying mechanism of rTMS suggest an anti-spastic
effect by reducing motor neuron excitability in the unaffected cerebral
hemisphere [6].

Yamada, et al. used functional magnetic resonance imaging (fMRI)
for elucidating the recovery mechanism of the NEURO intervention
and found that it facilitates motor function recovery in the paralyzed
upper limbs by inducing functional cortical reorganization of the
brain [7]. However, individual patients recover their motor function
to varying extents, and determining factors in the observed variation
in recovery are still unclear. We hypothesized that this activation was
related, at least in part, with reorganization of exercise-related brain
structures. A necessary first step for assessing this hypothesis was
identifying the factors, such as stroke location and severity, that were
relevant to changes in the structure of the exercise-related regions prior
to any treatment. The extent of motor recovery and functional outcome
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after stroke varies among individuals. Several motor functions recover
rapidly, while others remain as permanent deficits [8]. Clinical evidence
suggests that the affected areas of the sensorimotor cortex influences the
pattern of motor deficits [9]. Motor recovery and functional outcome
after stroke may vary according to the location and size of brain lesions.
Previous studies have evaluated the association of either only the
size or only the location of brain lesions with motor and functional
outcomes after stroke [10-12]. Some studies suggested that the location
of lesions correlates with final outcomes [10,11]. While several studies
suggested that the size of lesions correlates with final outcomes [10,12].
Therefore, the relationship between the location and size of brain
lesions and motor and functional outcomes in stroke patients remains
controversial. We hypothesized that factors determining the degree
of motor function include the position and size of the stroke-induced
lesion. To test this, we used voxel-based lesion-symptom mapping
(VLSM) for predicting the clinical impact of these lesions at specific
locations in the brain [13]. Using VLSM, differences in motor function
scores obtained using tests, such as the Wolf Motor Function Test
(WMEFT), can be examined based on the presence/absence of damage
in each voxel. VLSM has also been used for identifying important areas
for recovery of motor function [14] and language comprehension [15]
and recovery from spatial neglect in longitudinal studies [16]. In this
study, we aimed to explain the motor deficit by lesion location and the
response to our rTMS intervention.

Methods
Subjects, admission, and discharge

Fifty patients with post-stroke spastic upper limb hemiparesis
were admitted to the Department of Rehabilitation Medicine, Shimizu
Hospital, as inpatients. They were treated with 12 sessions of rTMS, daily
OT, and daily self-training, except on holidays. Clinical characteristics
of the patients are listed in Table 1. Inclusion criteria were as follows: 1)
at a probable plateau state with regard to the process of recovery from
upper limb hemiparesis, as determined by serial OT introduced after
the onset of stroke [no increase in the Fugl-Meyer Assessment [10]
(FMA) score at the monthly evaluation during the latest 3 months]; 2)
age at intervention is between 18 and 70 years; 3) suffered from stroke
at least 12 months prior to study enrollment; 4) history of only one
stroke; 5) no excessive spasticity in the affected upper limb (< 3 on the
modified Ashworth scale); 6) no cognitive impairment, as indicated by
a pretreatment Mini Mental State Examination score of at least 26; 7)
no intracranial metal clips or cardiac pacemakers; and 8) no history
of convulsions for at least 1 year prior to study enrollment. Patients
did not have symptoms of central pain or allodynia. We included only
right-handed patients in this study considering the small number
of left-handed patients. The study was approved by the Institutional

Table 1. Clinical characteristics of study patients (n = 50)

Non-dominant hand
paralysis (n = 25)

Dominant hand
paralysis (n = 25)

Age (years) 60.6+7.2 55.6+104
Gender, n (%)
Males 17 (68) 20 (80)
Females 8(32) 5(20)
Type of stroke, n (%)
Cerebral infarction 7 (28) 7 (28)
Intracerebral hemorrhage 18 (72) 18 (72)
Duration after stroke (years) 6.1 +4.2 45+£25

Brunnstrom recovery stage, n (%)
Upper extremity

(II/IV/V/VT) 14 (56)/6 (24)/5 (20)/0 (0)| 14 (56)/9 (36)/1 (4)/1 (4)

Data are presented as number (percentage) of patients or mean + standard deviation.
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Review Boards of Tokyo Metropolitan University and the Shimizu
Hospital. Written informed consent was obtained from all the patients.

All participants had suffered from stroke > 1 year prior to enrollment,
and thus were long past the time frame for spontaneous recovery.

Low-frequency rTMS and intensive OT

Low-frequency rTMS was applied using a 70-mm Figure-8 coil
attached to a MagPro R30 stimulator (MagVenture Company, Farum,
Denmark). Focal 1-Hz rTMS was delivered at the site of the non-
lesioned hemisphere that elicited the largest motor-evoked potentials
in the first dorsal interosseous muscle of the unaffected upper limb.
Each rTMS session comprised 2400 pulses for 40 min. The intensity of
stimulation was set at 90% of the resting motor threshold for the first
dorsal interosseous muscle.

Intensive OT comprised 60 min of one-to-one training and 60 min
of self-training, delivered by an occupational therapist after application
of low-frequency rTMS. Each OT session began within 10 min of the
application of rTMS. The one-to-one training program comprised
shaping techniques, such as reaching forward to move a cup from
one place to another; writing letters; drawing pictures using a pencil;
and repetitive task practice techniques, such as clay squeezing and
molding or pinching small coins. The self-training tasks were similar
to the shaping techniques used in the one-to-one training program.
We created a booklet with points of training and notes based on each
patient’s condition in the presence of an occupational therapist.

Clinical evaluation of motor function

We used FMA and WMFT for assessing assess upper limb motor
function. These two assessments were performed by an occupational
therapist on the day of admission and at discharge. Previous studies
have investigated psychometric properties using these two scales and
reported high inter-rater and test-retest reliabilities [17,18]. FMA for
assessing upper limb motor function consists of 33 quantitative items.
As each item is rated on a 3-point ordinal scale (0-2), the maximum
motor performance score is 66 points. The 15 timed tasks of WMFT
were applied and the sum of performance time of these tasks was
calculated as the total time. When the task was not completed within
120 s, the performance time of the task was recorded as 120 s.

Statistical analyses of motor score

Motor function scores were analyzed for pre-intervention and post-
intervention data using the Shapiro-Wilk test, which showed a non-
Gaussian distribution. Therefore, the Wilcoxon signed-rank test was
used for comparing changes in motor function after the intervention.
All statistical analyses were performed using EZR software (Easy R,
Saitama Medical Center, Jichi Medical University) [19].

MRI

All patients underwent three-dimensional T1-weighted imaging
(3D-T1WI) on admission and following the 12-session intervention
using a 1.5 T MRI system (ECHELON Vega, Hitachi medico, Tokyo,
Japan). Parameters used for 3D-T1WI were rf-spoiled steady state
gradient echo; repetition time, 7.7 ms; echo time, 4.0 ms; matrix, 256 x
256 pixels; number of excitations, 1; field of view, 224 mm; number of
slices, 180; and voxel size, 0.875 x 0.875 x 1 mm.

Stroke injury site

This analysis was performed after flipping the left and right side of
the image such that all the lesion hemispheres were on the same side.
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Several previous studies have demonstrated that this analysis strategy
increases statistical sensitivity [12,20,21].

Structural images were preprocessed using Statistical Parametric
Mapping software (SPM8: Wellcome Trust Center for Neuroimaging).
The images were spatially normalized into the standard Montreal
Neurological Institute (MNI) space using a unified segmentation
algorithm optimized for use in patients with local brain lesions. Seghier,
et al. demonstrated the utility of this procedure using real and artificial
lesions [22]. Their analyses showed high sensitivity for detecting
and delineating brain lesions with different sizes and textures and at
different locations [22]. Their approach has important implications
on the generation of lesion overlap maps for a given population
and subsequent assessment of lesion-deficit mappings. The unified
segmentation algorithm is a generative model that combines tissue
segmentation, bias correction, and spatial normalization [22]. Although
this algorithm was developed for use with brain images from normal
subjects’ brains, in 3D-T1WI images from patients, it outperforms the
previous “gold standard,” cost-function masking [23]. The lesion in the
images from each patient was automatically identified using a modified
unified segmentation algorithm and an outlier detection algorithm [24]
set at default parameters. Accuracy of lesion delineation was visually
verified in each slice to confirm the possibility and extent of automatic
lesion identification and spatial normalization. Representative raw and
lesion segmentation overlay images are depicted in Figure 1. These
normalized lesions were subjected to statistical mapping analysis
using VLSM algorithms implemented in the MRIcron NPM analyzing
package (Columbia, SC, USA) [25] to determine brain areas where
damage related to improvement in motor function had occurred. Pre-
intervention WMFT scores and a change in these scores were used
in the VLSM analysis. We used the nonparametric Brunner-Munzel
test [26] to statistically compare voxel-based data, as present in NPM
and MRIcron software [27]. Brunner-Munzel tests on continuous pre-
intervention WMFT and FMA scores and changes in the WMFT score
were performed on a voxel-by-voxel basis to compare performance in
patients with a lesion compared with that in patients without a lesion.
For appropriate Brunner-Munzel statistics, only voxels affected in at
least 10 patients were tested [28]. To correct for multiple comparisons,
we used a permutation-based family-wise error (FWE) correction with
1000 permutations with a correction threshold of 5%. The results of
Brunner-Munzel tests were color-coded and mapped on the MNI
brain template by the software [27]. In this study, we also adopted
an Atlas-based analysis. The anatomical localization of significantly
affected regions, as identified by VLSM, was based on the Anatomical
Automatic Labeling (AAL) Atlas and the Johns Hopkins University
(JHU) Atlas. Briefly, the brain was parcellated based on anatomical
labeling, including gray and white matter.

The overall distribution of lesions in our patients is described in
Figure 2a. We show exactly which voxels were included in VLSM
(Figure 2b). We scaled from 10 to 50 patients.

Correlation between the motor function outcome and
presence/absence of damage

We evaluated correlation between the motor function outcome and
presence/absence of damage for each voxel. In each voxel, correlation
analysis was performed by replacing the presence/absence of damage in
each individual with quantitative variables. To do this, we used the lesion
mask of each individual on a standard brain image. The Spearman rank
partial correlation coefficient for WMFT, degree of change in WMFT
scores, and presence (or absence) of damage were calculated for each
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voxel. We categorized initial WMFT scores as covariates during partial
correlation analysis. In addition, the Spearman rank partial correlation
coefficient for FMA, degree of change in FMA scores, and presence
(or absence) of damage were calculated for each voxel. We categorized
initial FMA scores as covariates during partial correlation analysis. We
mapped the correlation coefficient and p value of each voxel. Patients’
statistical maps were masked inclusively (uncorrected P < 0.01). This
statistical analysis was performed using MATLAB software (version
R2014b; MathWorks, Natick, Massachusetts, USA).

Magnitude of stroke damage

We performed an additional region of interest analysis using
atlases to investigate the correlation between region-wise damage and
motor function. We also used atlases to investigate the correlation
between region-wise damage and functional recovery. The magnitude
of stroke damage after stroke was evaluated using an automated lesion
identification algorithm [22]. For each participant, the magnitude of
stroke damage was calculated in the Atlas mask of the significant region
indicated by VLSM. The anatomical localization of the significantly
affected regions identified by VLSM was based on the AAL Atlas and
JHU Atlas. The size of the lesion mask within anatomical lesions of
interest, such as the thalamic area connecting to the primary motor
cortex and CST, were used for determining the lesion size. The
Spearman rank partial correlation coefficient for lesion volume,
according to the region-based Atlas, and improvement in motor
function were also calculated. In addition, we analyzed the correlation
between lesion volume (derived from the region-based Atlas) and
pre-intervention WMFT scores and between lesion volume and pre-
intervention FMA scores. These statistical analyses were performed
using MATLAB software.

Results

Clinical evaluation of motor function in the affected upper
limb

All patients completed the protocol without any adverse effects. The
intervention resulted in significant improvements in motor function
of the affected upper limb, as indicated FMA, WMFT. FMA scores
increased from 45.3 + 8.9 to 50.7 + 8.1 points. In addition, WMFT
performance time decreased from 496 + 349 s to 371 + 291 s (Wilcoxon
signed-rank test, all P < 0.001).

Stroke injury site

VLSM analyses revealed that pre-intervention WMFT scores were
significantly associated with damage to the thalamus and corticospinal
tract (FWE P < 0.05, Figure 2c). Further, pre-intervention FMA
scores were also significantly associated with damage to the thalamus
and corticospinal tract (FWE P < 0.05, Figure 2d). The degree of
improvement in WMFT and FMA scores was also associated with
lesions on a network centered in the thalamus areas and corticospinal
tract (false discovery rate P < 0.05, Figure 2e, Figure 2f).

Oxford thalamic connectivity atlas and VLSM

To examine the relationship between thalamic lesions and pre-
intervention WMFT and FMA scores, we characterized cortical
connectivity of the thalamic cluster using the Oxford Thalamic
Connectivity Atlas [4], which provides probabilistic connectivity
values based on diffusion tractography. Figure 3a shows VLSM results
in red-yellow with connectivity probabilities for seven cortical regions.
The strongest cortical connectivity is to the premotor cortex.
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Raw image

Spatial normalization

Lesion segmentation
overlay

Figure 1. Raw image and lesion segmentation overlay

Representative images (raw image and lesion segmentation overlay) from study subjects. Accuracy of lesion delineation was visually verified for each slice to confirm plausibility and extent
of automatic lesion identification and spatial normalization.

Voxel-based lesion-symptom mapping

a. Lesions overlay of the 25 stroke patients

sjuaneqd

sjuaieqd

Figure 2. Voxel-based lesion-symptom mapping (VLSM)

(a) Overlap lesion plot from 50 stroke patients. The number of overlapping lesions is coded with colors ranging from dark blue (n = 1) to light red (n = 50 patients). (b) Only voxels affected
in at least 10 patients were included in the VLSM analysis. We showed exactly which voxels were included in the analysis. We scaled from 10 to 50 patients. (c) All voxels below t =—3.8
were significant at P = 0.05 (FWE correction). (d) All voxels above t = 3.7 were significant at P = 0.05 (FWE correction). (e) All voxels above t = 3.6 were significant at P = 0.05 (false
discovery rate correction). VLSM demonstrates that lesions on the thalamus are associated with motor function. (f) All voxels below t = —3.8 were significant at P = 0.05 (false discovery
rate correction). VLSM demonstrates that lesions on the thalamus are associated with motor function.
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Correlation between the motor function outcome and
presence/absence of damage

The lesion in the pallidum, putamen, thalamus, superior parietal
lobule, and inferior parietal lobule indicated a negative correlation
with change in WMFT scores on partial correlation analysis (P < 0.01,
Figure 3b). The lesion in the thalamus, insula, posterior limb of internal
capsule, and middle frontal gyrus indicated a positive correlation with
change in FMA scores on partial correlation analysis (P < 0.01, Figure 3c).

Magnitude of stroke damage

On partial correlation analysis, the volume of the damaged tissue
in the thalamic area connecting to the primary motor cortex did not
significantly correlate with changes in WMFT scores (r = —0.09; P =
0.27) (Figure 4a), but that correlated with changes in FMA scores (r
= 0.30; P = 0.02) (Figure 4c). The volume of damaged tissue in the
corticospinal tract indicated a negative correlation trend with change
in WMFT scores on partial correlation analysis (r = —0.20; P = 0.08)
(Figure 4b), and that correlated with changes in FMA scores (r = 0.25;
P =0.04) (Figure 4d).

The volume of damaged tissue in the thalamic area connecting to
the primary motor cortex and pre-intervention WMFT scores also

b)

showed a significant positive correlation (r = 0.24; P < 0.05, Figure 5a).
The volume of damaged tissue in the thalamic area connecting to the
primary motor cortex and pre-intervention FMA scores also showed
a significant negative correlation (r = -0.29; P < 0.05, Figure 5c). The
volume of damaged tissue in the corticospinal tract and pre-intervention
WMEFT scores were not significantly correlated (r = 0.0039; P = 0.49,
Figure 5b). The volume of damaged tissue in the corticospinal tract
and pre-intervention FMA scores were not significantly correlated (r =
-0.079; P = 0.29, Figure 5d).

Discussion

Low-frequency rTMS improves motor function in the paralyzed
upper limbs of stroke patients by suppressing the activity of the
unaffected hemisphere, which results in reduced interhemispheric
inhibition and greater brain activity in the affected hemisphere [29].
Furthermore, studies using fMRI and TMS mapping have reported that
functional cortical reorganization in the affected hemisphere occurs
through intensive rehabilitation [30,31]. Based on these studies, we
designed and implemented a protocol that combines low-frequency
rTMS and intensive OT to promote functional cortical reorganization
of the affected hemisphere. Results of the present study demonstrate
significant improvement in motor function following this novel
treatment strategy.

Correlation the degree of change in WMFT scores and the presence or absence of damage

Oxford thalamic connectivity atlas and VLSM result

Pre-intervention WMFT

Pre-intervention FMA

<)

WMPFT change

FMA change

Inferior
parietal
lobule

Superior
parietal

Pallidum Putamen  Thalamus | |obule

Posterior limb of
internal capsule

Middle

Thalamus Insula F—

P<0.01

Figure 3. Relationship between the motor function and presence/absence of damage

(a) Regions with a strong relationship between pre-intervention WMFT scores and the lesion are shown. The thalamic cluster (colored in red—yellow) is displayed along with probable
regions of cortical connectivity, based on the Oxford Thalamic Connectivity Atlas. The predominant relationship is to the premotor cortex. (b) Correlation between the degree of change in
WMEFT scores and presence/absence of damage. The correlation map shows negative correlation between the degree of change in WMFT scores and lesion. Pixels with significant correlation
are located in the pallidum, putamen, thalamus, superior parietal lobule, and inferior parietal lobule. (c) Correlation between the degree of change in FMA scores and presence/absence of
damage. The correlation map shows positive correlation between the degree of change in FMA scores and lesion. Pixels with significant correlation are located in t the thalamus, insula,

posterior limb of internal capsule, and middle frontal gyrus.
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Figure 4. Correlations between improvement in motor function and lesion size

(a) Significant negative correlation was not observed between volume of damaged thalamic area connecting to the primary motor cortex and degree of change in WMFT scores (P < 0.05).
(b) A negative correlation trend was observed between the volume of tissue damage to the corticospinal tract and degree of change in WMFT scores (P = 0.08). (c) Significant positive
correlation was observed between volume of damaged thalamic area connecting to the primary motor cortex and degree of change in FMA scores (P < 0.05). (d) A positive correlation was
observed between the volume of tissue damage to the corticospinal tract and degree of change in FMA scores (P < 0.04).

To elucidate the relationship between anatomical location of the
stroke-inducedlesion and motor function, we performed VLSM analysis
of pre-intervention WMFT and FMA scores. WMFT and FMA scores
were significantly correlated with damage to the area encompassing the
thalamus and corticospinal tract. Furthermore, we also investigated
which lesion sites were associated with a positive rehabilitation
outcome, aiming to identify brain regions that are related to good
recovery outcomes. Therefore, we mapped recovery scores (WMFT
post — WMFT pre and FMA post — FMA pre) via VLSM. Our results
show that brain damage was associated with changes in WMFT and
FMA scores. Post-stroke motor disturbance depends on the position
of the lesion to a greater extent than the size [32]. Similarly, we showed
that thalamic lesions affected motor function in the upper extremities
[33]. Furthermore, damage to the thalamus, including damage to

Clin Res Trials, 2018 doi: 10.15761/CRT.1000234

the posterior limb of the internal capsule, has been shown to have a
negative impact on motor function recovery [34]. There is significant
previous study examining the relationship between lesion location and
post-stroke motor recovery or other general predictors of recovery
[35-38]. The previous anatomical correlates of motor outcomes after
stroke have concentrated on quantifying damage to the corticospinal
tract [33,35]. The results of the current study are consistent with those
of these previous reports showing that damage to the corticospinal tract
correlates well with negative outcomes in motor function.

Next, we analyzed the correlation between the extent of damage to
the thalamic tissue (volume) and pre-intervention WMFT and FMA
scores. We found that a higher volume of damage to the thalamus was
associated with higher pre-intervention WMFT scores and smaller
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Figure 5. Correlation between pre-intervention WMFT and lesion size and between pre-intervention FMA and lesion size

Significant positive correlations are observed between volume of damaged thalamic area connecting to the primary motor cortex and pre-intervention WMEFT scores (P < 0.05). (b) Volume
of damaged corticospinal tract tissue and pre-intervention WMFT scores were not correlated (P = 0.49). (c) Significant negative correlations are observed between volume of damaged
thalamic area connecting to the primary motor cortex and pre-intervention FMA scores (P < 0.05). (d) Volume of damaged corticospinal tract tissue and pre-intervention FMA scores were

not correlated (P = 0.29).

pre-intervention FMA scores. Specifically, pre-intervention WMFT
and FMA scores demonstrated a greater relationship with the area of
the thalamus connected to premotor areas. This particular thalamic
area connects to the primary motor cortex on the affected side and
is responsible for motion control and strongly influences paralysis.
Therefore, our results suggest that a patient with greater damage to
the thalamic area connected to premotor areas has reduced motor
function in the upper limb, following a chronic-phase stroke. The most
prolonged and unremitting paralysis occurs following hemispheric
lesions [36] that destroy not just corticospinal fibers but also fiber tracts
linking motor cortices with movement-related neuronal populations
in the thalamus and striatum. Our current findings are consistent
with those of this previous research. Reorganization of the cortex post
stroke is dependent not only on the lesion site but also on remote
brain areas that have structural connections with the area damaged
[37-39]. Premotor cortex may be adversely affected if thalamic regions
projecting to premotor cortex have an influence.

Clin Res Trials, 2018 doi: 10.15761/CRT.1000234

As VLSM analyzes the relationship between lesion location and
symptoms, we hypothesized that it is possible to objectively reveal the
relationship between the size of the stroke-induced lesion and degree
of motor function by performing Atlas-based analysis. An Atlas-based
approach ameliorates these shortcomings by grouping anatomically
related voxels within the same anatomical unit. This systematically
reduces the location information from hundreds of thousands of voxels
to a limited number of regions of interest. Therefore, we analyzed the
correlation between improvement in motor function (WMFT and
FMA) and lesion size of the tissue in the thalamic area connecting
to the primary motor cortex and corticospinal tract. The results of
this study showed that improvement in motor function tended to
be better in patients with a larger lesion volume in the corticospinal
tract than in those with a smaller lesion volume in the corticospinal
tract. Furthermore, in this correlation analysis, the state of motor
function prior to intervention was included as a covariate. Our results
also showed that a combination of rTMS and OT may effectively
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improve motor function in patients with motor paralysis due to large-
volume lesions in the corticospinal tract. Thus, it is possible that the
degree of improvement in motor function could be predicted by
accurately evaluating the anatomical location of a stroke-induced
lesion. Correlation of the presence/absence of damage for each voxel
between the motor function outcome could be useful in determining
the responsible spatial locations. As a result, change in the WMFT or
FMA score was correlated with damage to the area encompassing the
pallidum, putamen, thalamus, superior parietal lobule, inferior parietal
lobule, insular, and posterior limb of internal capsule. These are areas
involved in some aspects of motor function or sensory, such as planning
movements and/or integrating visual information with movement
to facilitate actions such as reaching and grasping. Therefore, we can
predict the degree of improvement in motor function by investigating
these anatomical areas. However, without a control group, we can only
speculate on the potential mechanism of action of combined TMS/OT
treatment based on present data.

Our study has several limitations. First, this study did not have
a control group, which would be essential for confirming beneficial
effects of our protocol. Therefore, a randomized controlled study that
includes a control group is needed to confirm our findings. Second, we
used an automated lesion detection method for identifying lesions. This
introduces potential error as patients with large volumes of damaged
tissue were excluded from the present study. Furthermore, the study
sample was limited to patients with moderate paralysis, and thus,
patients with severe paralysis were excluded. Other limitations include
a low proportion of females and patients with cerebral infarction in
the sample and the lack of blinding. Thus, our findings should be
confirmed in a randomized controlled trial with a larger patient cohort
in whom changes in motor function, including every day quality of life,
are evaluated outside the treatment setting [40-42].

Conclusions

We examined the relationship between the motor function and
position and size of the stroke-induced lesion, as identified by MRI,
in patients with upper limb paralysis following chronic stroke. We
showed that lesions in the thalamic tissue connected to the premotor
areas are associated with upper limb motor function. These results
can provide important guidelines for managing clinical symptoms of
patients suffering from chronic-phase stroke.
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