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Abstract : We examined the method and effect of rehabilitation using a Robot Suit Hybrid Assistive Limb (HAL) through
the physiotherapy of a metastatic spinal cord tumor patient with paraplegia. The case was a 47-year-old woman and the
diseases were breast cancer and a metastatic spinal cord tumor. The patient was provided with physiotherapy using
HAL for five consecutive days before hospital discharge and once per week after hospital discharge. As a result, although
the patient’s ambulatory ability improved at three months after the return home, the mobility, activities of daily living and
quality of life did not change. We think that it is important that a patient can sit and stand still for long periods of time and
master the operation of HAL in order to continue the physiotherapy using HAL. Although the physiotherapy using a
Robot Suit HAL may be useful for improvement in ambulatory ability, we consider further examination about the
difference from the usual physiotherapy, the appropriate amount and the period of training to be necessary.

Key words : robot suit, physiotherapy, metastatic spinal cord tumor
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Recently, we have developed a new hybrid-rehabilitation combining 5Hz repetitive transcranial mag-
netic stimulation and extensor motor training of the paretic upper-limb for stroke patients with flexor
hypertonia. We previously showed that the extensor-specific plastic change in M1 was associated with
beneficial effects of our protocol (Koganemaru et al,, 2010). Here, we investigated whether extensor-
specific multiregional brain reorganization occurred after the hybrid-rehabilitation using functional
magnetic resonance imaging. Eleven chronic stroke patients were scanned while performing upper-limb
extensor movements. Untrained flexor movements were used as a control condition. The scanning and
clinical assessments were done before, immediately and 2 weeks after the hybrid-rehabilitation. As a
result, during the trained extensor movements, the imaging analysis showed a significant reduction of
brain activity in the ipsilesional sensorimotor cortex, the contralesional cingulate motor cortex and the
contralesional premotor cortex in association with functional improvements of the paretic hands. The
activation change was not found for the control condition. Our results suggested that use-dependent

plasticity induced by repetitive motor training with brain stimulation might be related to task-specific
multi-regional brain reorganization. It provides a key to understand why repetitive training of the target
action is one of the most powerful rehabilitation strategies to help patients.

© 2014 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

Use-dependent plasticity is a neurophysiological basis of func-
tional recovery in neuro-rehabilitation (Butefisch et al. 1995;
Dimyan and Cohen, 2011; Hummelsheim, 1999; Masiero and
Carraro, 2008; Nudo and Milliken, 1996; Nudo et al, 1996a,b;
Richards et al., 2008). Repeating a specific motor training induces
use-dependent plasticity in the primary motor cortex (M1) through
long-term potentiation (LTP)-like changes of specific corticospinal
motoneurons for the trained task (Butefisch et al., 2000; Classen
et al., 1998: Rossini and Pauri, 2000).

Patients with chronic stroke, with moderate-to-severe hemi-
paresis, often suffer from motor deficits associated with flexor
hypertonia, as well as motor weakness. In order to facilitate use-
dependent plasticity for extensor function which counteracts flexor
hypertonia, we have developed a new hybrid-rehabilitation com-
bining 5Hz repetitive transcranial magnetic stimulation (rTMS)
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Table 1
Characteristics of the patients.
Patient Age (years) Gender Months SIAS (shoulder, Hemorrahge Hemiparetic  Lesioned site Sensory
after stroke arm-fingers) (H)/infarct (1) side disturbance
1 57 M 6 3tc 1 Right Posterior limb of internal capsule, None
corona radiata
2 64 M 12 5.1c H Right Thalamus, Posterior limb of None
internal capsule
3 54 M 16 3.1c H Left Posterior limb of internal capsule None
4 68 M 7 53 i Right Posterior limb of internal capsule None
5 68 M 6 10 1 Left Posterior limb of internal capsule Mild
6 60 F 16 3.1c 1 Left Posterior limb of internal capsule, None
corona radiata
7 58 F 20 42 1 Left Posterior limb of internal capsule None
8 56 M 64 2.1a H Left Posterior limb of internal capsule None
9 62 M 66 3.tc i Right Posterior limb of internal capsule None
10 67 F 96 2.1c H Left Putamen, Posterior limb of internal Moderate
capsule
11 55 M 33 21c 1 Right Posterior limb of internal capsule, None

corona radiata

Inthe Stroke Impairment Assessment Scale (SIAS), proximal sites of paretic upper-extremities, such as a shoulder and an arm, are evaluated by Knee-Mouth test and distal sites
such as fingers are evaluated by the Finger-function test. The lower the value is, the more severe the impairment is. A score of 0= total paralyss, score of 1-2 = incompletion

of a task, score of 3-4= of a task with i and the

given over the ipsilesional M1 area and extensor motor train-
ing aided by electrical neuromuscular stimulation for the paretic
upper-limb. It led to a functional recovery with reduction of flexor
hypertonia, attributable to the extensor-specific change in M1
(Koganemaru et al., 2010). In our previous study, neuromuscu-
lar stimulation of our protocol had little influence on hypertonia
{Koganemaru et al., 2010). In previous reports, its effects are still
controversial on reduction of hypertonia of paretic upper limbs
(Dewald et al., 1996; Fujiwara et al., 2009; Hines et al., 1993;
Hummelsheim et al., 1997).

Neuroimaging studies demonstrated that multi-regional brain
reorganization occurred in several motor-related regions includ-
ing bilateral M1, premotor cortices (PMC), cingulate motor cortex
(CMC), basal ganglia and cerebellum in process of recovery after
stroke insults (Carey et al., 2002; Jang et al., 2003, 2005; Johansen-
berg et al, 2002a; Luft et al, 2004; Nelles et al, 2001; Ward
etal., 2003a,b, 2004; Ward and Cohen, 2004). Over-activity of non-
M1 regions in an acute stage was progressively decreased with
an improvement of motor performance of the hemiparetic limbs
(Calautti et al,, 2001; Small et al.,, 2002; Ward et al,, 2003a,b). In
a chronic stage, the magnitude of brain activity in the non-M1
regions was negatively correlated with the clinical outcome (Ward
etal., 2003a,b) and positively correlated with the extent of damage
in corticospinal function (Ward et al., 2006) probably due to the
compensatory mechanism of secondary motor areas (Feydy et al.,
2002; Ward et al., 2003a,b). However, if any repetitive motor train-
ing could induce task-specific enhancement of the ipsilesional M1
function, a compensatory drive from secondary motor areas would
be reduced when the trained task was performed.

In order to investigate whether extensor-specific multi-regional
brain reorganization was induced by the hybrid-rehabilitation, we
performed the fMRI scanning in chronic subcortical stroke patients.
We hypothesized that the hybrid-rehabilitation would reduce brain
activity of non-M1 regions specific for an extension-related task
if it could recover residual corticospinal function from the ipsile-
sional M1 involved in paretic extensor function. Furthermore, we
expected that extensor-specific activity change would be related to
functional improvement of the paretic upper-limbs.

2. Subjects and methods

2.1. Subjects

We investigated 11 post-stroke patients (eight men and three
women) aged 54-68 years (mean £ standard deviation, 60.8 £5.3),

score of 5=normal status.

who were all right-handed according to the Edinburgh Handedness
Inventory (Oldfield, 1971), and had experienced their first-ever
subcortical stroke (seven with infarction and four with hemor-
rhage) >6 months ago (31.030.5). The lesions were documented
by MRI (T;- and T;-weighted images). All of the patients had no
pharmacological treatment of spasticity, epilepsy, depression and
other drugs which could interfere with cortical excitability. They
were hemiparetic, six in the left and five in the right hand. The
paretic state of the affected upper limb was evaluated by the upper-
extremity motor scores of the Stroke Impairment Assessment Set
(SIAS) (Chino et al,, 1994; Sonoda et al,, 1997; Tsuji et al., 2000)
(Table 1).

2.2. Ethics statement

The study protocol was approved by the Committee of Medi-
cal Ethics of the Graduate School of Medicine, Kyoto University,
Japan (E-1065), and written informed consent was obtained from
all subjects.

2.3. EMG recording

Subjects were seated in an armchair with their forearms
pronated on an armrest and with the shoulder joint in resting posi-
tion and the elbow joint flexed at a right angle, in order to prevent
synchronized movements of extensors of the paretic upper limb.
Surface EMGs were recorded from the right and left flexor carpi
radialis (FCR) muscles, and the right and left extensor digiti com-
munis (EDC) muscle, using a pair of silver electrodes in belly-tendon
montage. The EMG was amplified, filtered (bandpass, 5-1000Hz)
and digitized at a sampling rate of 10 kHz using the Map1496 sys-
tem (Nihon-Santeku Co., Osaka, Japan).

2.4. Intervention: hybrid-rehabilitation

Patients participated in the hybrid-rehabilitation protocol of 6
weeks at the outpatient clinic, which consisted of a motor task
for extensors of the paretic upper limb and 5Hz high-frequency
rTMS given over the ipsilesional M1 based on our previous study
(Koganemaru et al., 2010) (Fig. 1). They performed 15 cycles of
exeicises for the extensors of the wrist and fingers. Each cycle
consisted of exercises for the extensors for 50 s followed by a train
of 5Hz repetitive TMS for 85, which was both preceded and fol-
fowed by a resting period of 1s (total time=1min). The motor
task comprised of 50-time repeats of 1Hz rhythmic voluntary
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15cycles (total: 15 min)
g =
1t 1 1 1T T T T T T 777 717
1 cycle {total: 1 min)
Exercises of Extensors
(1Hz rhythmic voluntary extension of a wrist and fingers)
aided by neuromuscular stimulation
(Stimuistion Parameters: 40 He trains of 250 w5 sauare constant- current pulse. for 500msec)
50 sec
Fig. 1. The hybrid-rehabilitation. Fifteen cycles of focal extensor exercises ('EEx’), consisting of 1 Hz rhythmic voluntary the wrist and fi ided or triggered

by neuromuscular stimulation of the EDC muscles, were combined with high-frequency rTMS. Each cycle consisted of exercises for the extensors for 50 followed by a train
of 5 Hz repetitive TMS for 8 5, which was both preceded and followed by a resting period of 1s (total time =1 min),

extension of the wrist and metacarpophalangeal (MCP) joints of the
five digits triggered by electrical neuromuscular stimulation across
the EDC muscle, followed by brief refaxation. For neuromuscular
stimulation, the surface electrode pads (5 x 5 cm) were applied to
the EDC muscle belly and distal tendon. The stimulation comprised
a40Hz train of 0.25 ms constant current pulses, lasting for 500 ms
(20 pulses). The intensity was fixed at the level that produced 10
degrees of extension of the paretic wrist in the relaxed state, so
that the neuromuscular stimulation could assist the exercises for
the extensors. RTMS was performed using a Magstim Super Rapid
Magnetic Stimulator (Magstim Co., Whitland, Dyfed, UK) with an
air-cooled figure-of-eight coil composed of two loops (outer diam-
eter, 9cm). The coil was placed in the optimal position to elicit
the best motor response in the target EDC muscle. If motor-evoked
potentials (MEPs) were not elicited with the maximal intensity of
the stimulator output, the optimal positions were determined as
those bilateral-symmetrically opposite to that of EDC muscles in
the healthy side from the midline through the Cz position of the
international 10~20 EEG system. The active motor threshold (MT)
was defined as the lowest stimulus intensity required to elicit MEPs
with a peak-to-peak amplitude of >150 V in the tonic contracting
muscles with 40-50% of the maximal contraction measured by EMG
activity in 5 out of 10 trials for each individual patient (Groppaet al.,
2012; Rossini et al,, 1994). The intensity of rTMS was fixed at 100%
of the active MT, and was kept constant throughout the interven-
tion. If the active MT could not be determined in patients, we used
the maximum intensity of the stimulator output. We performed
12 hybrid-rehabilitation sessions with one session per day, on two
separate days per week, for 6 weeks in total. Further details have
been described in our previous study (Koganemaru et al., 2010).

The assessments were done before (pre), at the end (post-0) and
2 weeks after the intervention (post-1).

2.5. Behavioral assessments

To assess effects of the intervention on behavioral parameters,
and particularly to differentiate effects of the training on agonist
and antagonist muscles, clinical assessments were performed on
active range of movement (ROM) in extension and flexion for the
wrist joint and the MCP joints of the thumb, index finger and mid-
dle finger in the paretic side. Additionally, we assessed changes
of the Modified Ashworth Scale (mAS) scores (Ashworth, 1964;
Bohannon and Smith, 1987) to evaluate hypertonia. The scores of
active ROM and mAS for the fingers (thumb, index finger and mid-
dle finger) were averaged as a parameter of finger function. Pinch
and grip power of the paretic hand were measured using a force

transducer (range, 0-20kg; diameter of contact surface area,
2cm) with the thumb and index finger and a custom handgrip
dynamometer, respectively. The upper-limb subscale of the Fugl-
Meyer Assessment (FMA) (66 scores in total) and Motor Activity
Log was also measured to evaluate motor impairments (Fugl-Meyer
etal., 1975)and daily use of the paretic upper-limbs (Lswatte et al,,
2005, 2006; van der Lee et al.. 2004). In Motor Activity Log, each par-
ticipant rated how well (6-point Quality of Movement [QOM] scale)
and how much (6-point Amount of Use {AOU] scale) the pareticarm
was used spontaneously in 30 activities of daily life (Uswatte et al.,
2006; van der Lee et al., 2004). As a baseline, we measured pinch
and grip power of the healthy hand before the intervention.

2.6. Neurophysiological assessments

The optimal scalp positions to induce the best motor response
for the paretic EDC and FCR muscles were determined separately.
To assess the changes of corticospinal excitability, we measured the
active MTs from each of the paretic EDC and FCR muscles.

To assess effects of the intervention at the spinal level, the H-
reflex in the paretic FCR muscle was measured in resting state. The
median nerve of the paretic side was stimulated at the elbow by an
electric pulse of 1-ms duration with arm and wrist muscles relaxed.
The stimulus intensity was gradually increased from a level below
the H-wave threshold toalevel at which a stable maximum M-wave
was elicited. The spinal excitability was assessed by ratio of the
maximum H-reflex amplitude (Hmax) to the maximum M-wave
amplitude (Mmax) (Hmax/Mmax).

In order to prevent the examiner bias, we recorded the subjects’
behavior and the assessments of the examiner during the exper-
iments by a video camera. Another examiner who did not know
those of the pre- or the post-intervention checked carefully that
the evaluation was always performed in the same way.

2.7. fMRI scanning

Data acquisition was performed on a 3.0-T Trio MRI system
(Siemens, Erlangen, Germany) using a T2"-weighted echopla-
nar image sequence (TR=3000ms, TE=30ms, voxel dimensions
3mm x 3 mm x 3mm, field of view 192 mm x 192 mm, matrix size
64 x 64, flip angle 90°). Functional runs were acquired on 3 occa-
sions using identical scanning parameters and the same paradigm
(pre: first scanning on inclusion, post-0: second scanning 30 min
after the last session, post-1: third scanning 2 weeks after the
last session). A high-resolution T1-weighted structural image also
was acquired for each subject at baseline to assess the topography
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Fig. 2. Motor task during fMRI scanning. Using an fIMRI block design, 2 conditions
were scanned: {a} active extensor contraction and {b} active flexor contraction of
a wrist and five digits in the paretic side paced by a visual cue (3 times of 0.5Hz
and 3 times of 025Hz ina order). Active blocksof 21s
alternated with interspersed rest blocks of 21 5. Each experimental session included
6active movement blocks and 7 resting blocks. The scanning time of one sessionwas
273 s in total, The total 4 sessions were performed {2 sessions including the blocks
of extensor contraction and 2 sessions including the blocks of flexor contraction, in
a randomized order).

e

B

of structural brain damage caused by the infarcts (TR=2000ms,
TE=4.38 ms, voxel dimensions 1 mm x 1 mm x 1 mm, field of view
176 mm x 192 mm, flip angle 87, 160 slices). An fMRI “block™ design
was used with 2 conditions: active extensor contraction or active
flexor contraction of a wrist and five digits in the paretic side
paced by a visual cue (3 times of 0.5Hz and 3 times of 0.25Hz
in a pseudorandom order). Active movement periods {blocks) of
215 alternated with interspersed periods of absolute rest (21s).
Each experimental session included 6 active movement blocks and
7 resting blocks. The scanning time of one session was approxi-
mately 4.5min (Fig. 2). The total 4 sessions were performed (2
sessions including the blocks of extensor contraction and 2 ses-
sions including the blocks of flexor contraction, in a randomized
order). The subjects were instructed to perform the movements
with two-third of the maximum effort in the first fMRI session. To
achieve a similar level of EMG output across 3 fMRI sessions for
each patient, the task performance was continuously monitored by
the EMG peak amplitudes of both EDC and FCR muscles (BrainAmp
system, Brain Products GmbH, Germany). The EMG peak ampli~
tudes were targeted to those shown by two-third of the maximum
effort in the first fMRI session. Before each scanning, they practiced
the mo until their mo were stably maintained
with the targeted EMG peak amplitudes. During the scanning, we
checked whether their movements were performed with the tar-
geted amplitudes by the EMG monitoring without any instruction
given. The position of EMG electrodes of the post-0 and post-1 scan-
ning was confirmed to be identical with that of the pre-scanning by
checking the photos of the electrodes put on the bilateral forearms.

2.8. Data analysis

Imaging data were analyzed using Statistical Parametric Map-
ping (SPM5, Wellcome Department of Imaging Neuroscience,
http:/fwwwdilionuclacukispm/) implemented in Matlab 2008b
{The Mathworks Inc., USA) (Friston et al, 1995ab; Worsley and
Friston, 1995). All volumes were realigned to the first volume in
order to correct for interscan movement. No subject moved >3 mm
in any direction. The resulting volumes were then normalized to a
standard echo planar imaging template based on the Montreal Neu~
rological Institute reference brain in Talairach space (Talairach and
Tournaux, 1998) and resampled to 2mm x 2 mm x 2 mm voxels.
All normalized images were smoothed with an isotropic 8 mm full-
width half-maximum Gaussian kernel to account for intersubject
differences and allow valid statistical inference according to Gauss-
ian random field theory (Friston et al., 1995h). The time-series in

each voxel were high-pass filtered at 1/128 Hz to remove low fre-
quency confounds and scaled to a grand mean of 100 over voxels
and scans within each session. Images from patients with right-
sided lesions were flipped around the midsagittal plane, so that all
patients were d to have left t ic lesions. Statistical
analysis was performed in voxel-based whole brain approach, sep-
arated by two stages. In the first stage, a single subject fixed effects
model was used. Extensor and flexor movements were defined as
different event types. Effects of the active movement blocks vs. rest
were determined for each subject, session, and movement {exten-
sion and flexion). Second-level (random effects) analyses were run
to calculate differences between activation patterns from sessions
of the pre, post-0and post-1 scanning by ANOVA using full-factorial
design of SPM5. A post hoc t-test was used to evaluate group differ-
ences activation for movement of paretic upper-limbs before and
after the intervention {pre vs. post-0 and pre vs. post-1).

In previous studies, it has been reported that the motor-related
network of the brain including bilateral SMC, PMC, CMC and SMA
was changed in the process of motor learning in healthy subjects
{Floyer-Lea and Matthews, 2005} and of motor recovery in stroke
patients {Ward et al., 2003ak, 2005). Therefore, we set a priori
hypothesis that the motor-refated network would be changed in
association with the motor recovery of stroke patients induced by
our intervention protocol. We reported results of the second level
analysis in a priori region of interests within the motor-related net-
workat the significance threshold of p=0.001(Z> 3.10}uncorrected
for multiple comparisons combined with cluster-wise threshold of
10 voxels. All these analyses were run for both extensor and flexor
movements.

2.8.1. Functional region of interest {ROI) analysis

In order to further investigate whether the changes of clini-
cal parameters can be explained by the change in brain activation
patterns before and after the intervention, multiple linear regres-
sion analysis was performed using the percentage signal change
(%5C) of ROIs which were selected from activation clusters acquired
by second-level analyses during active it ts and
were estimated by MarsBaR-Toolbox (Brett et al., 2002) for each
patient. We analyzed the post-0 and the post-1 conditions inde-
pendently, because the short-term and long-term plastic changes
of the motor-related network associated with recovery should rep-
resent the early- and late-phase of the consolidation process {Bovd
and Linsdell, 2000; Floyer-Lea and Matthews, 2005; Kantak et al,
2012; Karni et al., 1998).

Firstly, we investigated the relationship between the %SC and
the change of motor performance measured by active ROM in
finger extension by using multiple linear regression analysis. In
addition, to investigate the relationship between the %SC and
the change of physiologic parameter of M1 measured by active
MT, we also performed multiple linear regression analysis. Each
difference between pre and post conditions (*=post-0— pre’ and
‘=post-1 — pre'} of active ROM or active MT was used as an objec-
tive variable, and that of ¥SC in each brain area showing differences
between pre and post-Ofpost-1 activation patterns in the previ-
ously described second-level analysis was used as an explanatory
variable. Predictors were introduced in an ordinary square least
method and retained in the model only if p<0.05 was achieved.
Multiple linear regressions were assumed to be satisfied, as judged
by testing for linearity, normality assumptions of the residues,
outliers, independence of errors, homoscedasticity and multi-
collinearity (Chan, 2004).

2.9. Statistics

The behavioral and physiological parameters of the targeted
upper limb were subjected to repeated measures ANOVA with time
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Fig. 3. Behavioral parameters before and after the hybrid:

After the hybrid h

Weist Fingers

(*p<0.05, **p<0.001)

the active ROMs in extension for the wrist joint and the MCP joints of

the fingers (a), pinch and grip power (b), FMA(c) and MAL scores (d) were significantly increased and the mAS scores were significantly reduced (e) in the paretic upper-limbs
in the post-conditions (**p <0.005, *p <0.05). The negative scores in the active ROM meant that some patients could not do minimal extension (=0°) of their fingers.

(pre, post-0 and post-1) as a within-subject factor. The Bonferroni
correction for multiple comparisons was used for post hoc t-test,
The normal distribution was tested using the Kolmogorov-Smirnov
test. Effects were considered significant at p<0.05. All data are
given as the mean +SEM.

3. Results

No patients experienced side effects during the experiments.
The stimulus intensity was 21.9+1.47mA for electrical neu-
romuscular stimulation. The behavioral and neurophysiological
assessments were confirmed to be performed in the same way in
the pre- and post-intervention,

3.1. Effects of the hybrid-rehabilitation on motor performance

Significant performance gains in active ROM in extension, pinch
power, giip power, FMA, MAL and mAS scores were observed
after the intervention. Repeated measures ANOVA showed sig-
nificant changes in the active ROM in extension for the wrist
joint (Fiz.20)=3.73, p=0.042) and for the MCP joints of fingers
(F2.20=11.61, p<0.001), pinch power (Fz20)=28.62, p<0.001),
grip power (F(2,20) = 14.60, p <0.001), FMA (Fz,0)=41.84,p <0.001),
QOM (Fgz.20) = 23.43, p <0.001) and AOU (F3 20y = 16.28, p <0.001) of
MAL and mAS scores for the wrist joint (F29)=12.20, p<0.001)
and for the MCP joints of fingers (F3 20) = 15.54, p < 0.001). The post
hoc t-test revealed significant increases in the post-0 and post-1
conditions compared with the pre-condition (Fig. 3). There was no
significant difference in active ROM in flexion between those of the
pre and post conditions. The pinch and grip power in the healthy
side were 4.7 + 0.6 kg and 27.9 3.2 kg at baseline.

3.2, Effects of the hybrid-rehabilitation on physiological
parameters

Active MTs of both the paretic EDC and FCR muscles were mea-
sured in nine of the eleven patients. Two patients did not show any
apparent MEPs with the maximal intensity of the stimulator out-
put during tonic contraction of the EDC or FCR muscles. Significant
reduction of active MTs from the paretic EDC muscles was observed
after the intervention (Fig. 4a). Repeated measures ANOVA showed
a significant change (F320)=6.25, p=0.01) and the post hoc t-test
revealed significant reduction in the post-0 and post-1 conditions

compared with the pre-condition (pre vs. post-0, p=0.01 and vs.
post-1 p=0.025). There was no significant difference in active MTs
from the paretic FCR muscles between those of the pre, post-0 and
post-1 conditions (F3,20)=1.51, p=0.250).

The H-latency was 16.99 +0.43 ms. The Hmax/Mmax ratio was
not significantly changed in the pre, post-0 and post-1 conditions
(Fi2.20)=1.20, p=0.322) (Fig. 4b).

3.3. Effects of the hybrid rehabilitation as assessed by fMRI

We confirmed that the subjects’ movements were performed
with the targeted EMG peak amplitudes during scanning. The EMG
peak amplitudes during scanning were 0.66 £0.15,0.77 £0.15 and
0.65 -+ 0.13 mV in the EDC muscles, and 0.84 +0.23,0.91 £0.14 and
0.820.18 mV in the FCR muscles in the pre, post-0 and post-1 con-
dition, respectively. There was no significant difference across the
3 fMRI experiments (EDC muscles: F=1.62, p=0.222; FCR muscles:
F=0.190, p=0.828). In the pre-condition, active extensor move-
ments of the paretic upper limb were associated with the large
areas of activation including the ipsilesional sensorimotor cortex
{SMC), the bilateral PMC, CMC, and the parietal and occipital areas.
In the post-condition, the activation map showed the ispilesional
dominance for M1 and PMC. For flexor movements of the paretic
upper limb, the general pattern of brain activation during the

(@) Active MT for the EDC muscles  (b) The ratio of Himax/Mmax

100 4 Opre 05 4 Bpre
B post) Bpost0
BOpost Bpostt

x

of maximal

60 e
(*p<0.05) (ns)

Fig.4. The active motor threshold and the ratio of Hmax/Mmax before and after the
hybrid. itation. After the hybrid ilitation, the active MT for the paretic
EDC muscles was significantly reduced in the post-conditions (*p<0.05) and the
ratio of Hmax/Mmax was not changed (p > 0.05).
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(a) Extension (b) Flexion
Results of
ANOVA
Pre
Postd
Posti
Intact Lesioned Intact Lesioned
Hemisphere Hemisphere Hemisphere Hemisphere
(random effects group analysis, z>3.10, p uncorrected p<0.001,
cluster-wise threshold of 10 voxels)
Fig. 5. Brain regions with activation during th and the flexor Brain regions with activation during the extensor movement (a) and the flexor

movement (b) with the paretic upper-limb (vs. rest) before and after the hybrid-rehabilitation. Results are overlaid on the SPM rendered structural template (random effects

group analysis, Z> 3,10, p uncorrected p <0.001).

pre-condition was similar to that for extensor movements, but the
amount of activation was smaller in size. Brain activation associ-
ated with flexor movements during the post-condition was similar
to that during the pre-condition (Fig. 5).

For extensor movements, a group level comparison between the
pre and post-0 conditions showed a significant reduction of acti-
vation in the ipsilesional SMC and the contralesional CMC and the
comparison between the pre and post-1 conditions showed a sig-
nificant reduction of activation in the contralesional PMC (Fig. 6 and

Extension

Pre-Postd

3 c-10)

Pre-Postl

Intact Lesioned

Hemisphere Hemisphere
(random effects group analysis, 2>3.10, p uncorrected p<0.00/,
cluster-wise threshold of 10 voxels)

Fig. 6. Brain regions with reduced activation during the extensor movement after
the hybrid-rehabilitation. Brain regions with reduced activation during the exten-
sor with the paretic upper-limb after the hybrid ilitation (pre- vs.
post-intervention). Results are overlaid on the SPM rendered structural template
(group level comparison between the pre- and post-conditions, Z>3.10, p uncor-
rected p<0.001).

Table 2). In contrast, there was no significant difference for flexor
movements between the pre, post-0 and post-1 conditions.

To further delineate the relationship between changes of
regional brain activation and functional gains induced by the
hybrid-rehabilitation, we performed ROl analyses. For the multiple
linear regression analysis just after the intervention (post-0 — pre),
changes of active ROM in extension of fingers were not significantly
associated with those of the %SC, while changes of active MT were
significantly related to the changes of the %SC of the ipsilesional
SMC (p=0.017) and the contralesional CMC (p =0.009) (Fig. 7). For
the difference between pre- and post-1-condition, changes of active
ROM in extension of fingers were significantly related to those of
the %SC in the contralesional PMC (p =0.020) (Fig. 8). However, the
change of active MT was not explained by the %SC in the contrale-
sional PMC.

4. Discussion

The present study showed that the hybrid-rehabilitation com-
bining 5Hz-ITMS and extensor motor training of the paretic
upper-limb induced a functional recovery such as an increase
of active ROM in extension and grip power with reduction of
spasticity, resulting in an improved daily use of the affected upper-
limbs in chronic subcortical stroke patients as our previous study
reported (Koganemaru et al,, 2010). In a neurophysiological assess-
ment, the active MT from the paretic EDC muscles was reduced
without increase of spinal excitability measured by H-reflex, sug-
gesting an increase of excitability of the ipsilesional M1 neurons
involved in the paretic extensor muscles. Furthermore, our protocol
induced a task-specific change of brain activity in the motor-related
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Table 2

areas during the trained extensor movements, but not during
the untrained flexor movements. In functional ROI analyses, an
improvement of the paretic extensor function was associated with
the amount of activity change in the contralesional PMC during the
extensor movements, while an increase of excitability of the ipsile-
sional M1 neurons for the paretic extensor muscles were related
to the amount of activity change in the ipsilesional SMC and the
contralesional CMC during the extensor movements.

Inorder to controf the degree of motor output, each performance
was matched to a similar level before and after the hybrid-
rehabilitation by continuously monitoring EMG activity during the
scan in the pre and post-intervention. Therefore, the results of the
present fMRI study cannot be simply attributable to reflexion of the
improved motor output after the hybrid-rehabilitation.

Previous neuroimaging studies demonstrated increased brain
activity in various motor-related regions such as bilateral SMC, PMC
and CMC during a motor task performed with the paretic limbs in
the acute stroke patients, compared with that in normal healthy
subjects (Calautti and Baron, 2003; Calautti et al., 2001; Chollet
et al,, 1991; Cramer et al,, 1997; Feydy et al., 2002; Small et al.,
2002; Ward et al., 2003a,b, 2004; Weiller et al., 1992, 1993). In
animal studies, horizontal connections within cortical layers were
highly excited partly by disinhibiting GABAergic neurons, leading to
facilitation of strengthening and renewing of neuronal connections
after cerebral infarction (Di Filippo et al., 2008; Neumann-Haefelin

Coordinates (in MNI standard space) and activation significance (Z statistics) of focal maxima with extensor movements of the paretic upper-limb in the pre- vs. post-0- and

post-1-condition.

Region Side Maximum Z-score Clustering value (voxels) MNI coordinates of maximum Z-score {(mm)
X ¥ z
Pre-post-0
SMC L 367 29 -36 -20 40
™C R 375 43 10 -6 38
Pre-post-1
PMC R 335 51 32 6 56

R indicates right (intact) side; L. left (lesioned) side (random effects group analysis, Z>3.10, p uncorrected p <0.001, cluster-wise threshold of 10 voxels).
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et al., 1998). While over-activity was progressively decreased with
an improvement of motor performance in the hemiparetic limbs
(Calautti et al, 2001; Small 2t al, 2002; Ward et al, 2003ab),
some over-activity still remained, especially in patients with severe
deficitsin a chronic period (Feydy et al, 2002; Ward et al, 2003a.b).

Secondary motor areas such as PMC and CMC have dense cortic-
ocortical connections to M1 and direct corticospinal connections to
the alpha-motoneurons in the anterior horn of the spinal cord. The
PMC and the medial wall motor areas including the CMC have in
part projections to the reticular formation which gives rise to bilat-
eral reticulospinal projections, as well as SMC (Benecke et al, 1981
Dwm and Strick, 1991; Lawrence and Kuvpers, 19683, Gharaetal.,
2001). Over-activity of the non-M1 regions after stroke suggests
a compensatory mechanism of the parallel motor pathway to the
musculature instead of the damaged major motor pathway from
M1 (Bestmann et al., 2010; johansen-berg et al,, 2002b). However,
activation of secondary motor areas alone might not be sufficient to
achieve a full motor recovery, because those projections to spinal
cord motoneurons are less numerous to generate a sufficient excit-
atory response in the spinal cord than those from M1 {(Ward &t al.,
2003a,b).

In accordance with previous studies, the present study showed

the wide-spread brain activity in secondary motor areas of both
hemispheres, in particular, during extensor movements of the
paretic upper-limb probably due to a more pronounced damage to
the corticospinal tract from the M1 involved in the paretic exten-
sor function. However, after the hybrid rehabilitation, brain activity
in contralesional secondary motor areas such as CMC and PMC was
reduced during extensor movements of the paretic upper-limb. The
functional gains of the paretic extensor finger movements were
associated with degree of reduction of the contralesional PMCactiv-
ity.
Previous studies showed enhanced executive properties of the
contralesional PMd in patients with greater corticospinal damage
(Bestmann et al., 2010; johansen-berg et al,, 2002b; Ward et al,
2006). Paired-pulse TMS showed a less inhibitory/more facilitatory
effect of the contralesional PMC over the ipsilesional SMC in more
severely impaired patients, which was state dependent, stronger
during a motor task with the paretic hand than at rest (Bestrann
et al., 2010). However, when the major motor pathway regained its
function by a spontaneous recovery or an effective rehabilitative
approach, a role of the parallel motor pathway would be reduced,
Ieading to decreased brain activity in both secondary motor areas
{Kantak et al., 2012; Ward et al., 2003a,b, 2004; Ward and Coben,
2004). The finding of reduced activity in the contralesional PMC
during the extensor movements suggests that motor drive would
be state-dependently shifted from the parallel motor pathway to
the major motor pathway associated with the recovered extensor
functions after the hybrid rehabilitation.

Non-invasive brain stimulation does not only change activa-
tion in a cortical site underneath the stimulation coil, but also in
brain regions interconnected with the stimulated site {Chouinard
et al., 2003; Lee et al, 2003). Nowak et al. {2008) showed that
brain activity in non-M1 regions such as contralesional PMC and
parietal cortex was reduced after 1Hz~-rTMS was given over the
contralesional M1 area in subcortical stroke patients. In the present
protocol combining rTMS and motor training, activity change of
the contralesional PMC specifically occurred during the trained
movements and correlated with improvement of the trained hand
function.

Shortly after the hybrid-rehabilitation, we found reduced brain
activity in the ipsilesional SMC, which was situated deeply and pos-
teriorly from the stimulated site, and contralesional CMC during
the extensor movements. The extent of decrease in active MT from
the paretic EDC muscles was associated with the degree of reduc-
tion of brain activity in those areas. Repetitive motor training was

reported to change neuronal properties within M1. A recent animal
study showed that repetitive practices to develop a new motor skill
profoundly reduced a metabolic activity in M1 with little difference
of neuron firing during the internally generated tasks in monkeys
{Picard et al,, 2013). The area showing activity change in the CMC
situated caudally (Picard and Strick, 1998, 2001). The caudal CMC
is activated during continuous execution of a relative simple (Paus,
2001; Pausetal, 1993; Playford et al, 1992), rather proximal upper-
limb movement{Grafion et al, 1993), and more ventraily, activated
during somatosensory stimulation in normal subjects (Kwan et al.,
2000). It has large pyramidal-shaped neurons with morphological
features of a primordial motor area, which project to the spinal
cord (Picard and Strick, 1886). We speculate that reduction of the
contralesional CMC activity in concurrence with reduction of the
ipsilesional SMC activity might have reflected a decrease of com-
pensatory activation for insufficient motor outputs and load of the
sensorimotor processing along with increased excitability of the
ipsilesional M1 neurons.

In the present study, the hybrid-rehabilitation reduced activ-
ity of the ipsilesional SMC and contralesional CMC as a short-term
effect, and the contralesional PMC as a long-term effect. There-
fore, effects of the hybrid-rehabilitation seemed temporally and
contextually different in each brain area. The process of motor
learning consisted of a fast learning stage during and shortly after
practice, and a slow learning stage days after practice for reten-
tion of an acquired motor skill. Specific neural representations are
known in each stage (Kantak et al, 2012; Karni et al, 1998). Shortly
after the motor learning was established, activity in the M1 and
CMC decreased due to more efficient motor pathway (Flayer-lea
and Matthews, 2005). Meanwhile, the dorsal PMC was reported
to modify post-practice consolidation phase for retention of an
acquired skill (Boyd and Linsdell, 2000). The activity changes in
the ipsilesional SMC and the contralesional CMC might have shown
combined effects of a fast and a slow learning stage due to the final
installment of the hybrid rehabilitation just before the scanning.
The activity change in the contralesional PMC might have been
involved in a consolidative process of a slow learning stage.

Based on a priori hypothesis, we have adopted the significance
threshold of uncorrected p values combined with clustering value
of 10 voxels in our i i lysis. While the threshold of uncor-
rected p values combined with minimum voxel clustering value
of 10 voxels has been practically used in various neuroimaging
analyses (Absher et al., 2000; Atmed et al, 2012; Bartos et al,
2009; Busatto et al,, 2000: Gizewski et al.. 2006; Havel et al., 2006;
Matsumoto er al., 2010; Pinte et al, 2011; Schacter et al, 19985;
Scheuverecker et al, 2009; Wolf et al, 2012; Yoo et al., 2005), it is
still controversial due to less rigorous control of false positive errors
{Bennert et al., 2009). To confirm our findings, a further investiga-
tion would be necessary in future.

The beneficial effects of neuromuscular stimulation have been
reported on hypertonia of paretic upper limbs in some studies
(Dewald et al., 1996; Fujiwara et al,, 2009: Hummelsheim et al,
1497), while not in others (Hines et al. 1993). Neuromuscular
stimulation of our protocol had little influence on hypertonia in
our previous study {Koganemaru et al, 2010). However, by pair-

. ing the peripheral sensory stimulation and the stimulation of M1

governing the same target muscle, the inhibitory or facilitatory
effects could be induced in the sensorimotor cortex depending on
their relative timing (Mariorenzi et al, 1991; Stefan et al., 2000).
Proprioceptive inputs from neurormuscular simulation might have
enhanced the facilitatory effects of rTMS.

Our hybrid-rehabilitationinduced an enhancement of pinch and
grip power with functional improvement of extensors in the paretic
wrist and hand. In previous studies, wrist position has a great influ-
ence on hand function (Ciriello et al., 2001: Fong and Ng, 2001; Louis
and Hankin, 1986; Mathur et al., 2004; Suzuki et al,, 2012). Ability
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of pinch and grip than that of wrist flexion, probably due to appro-
priate tension of flexor tendons with wrist extension (Louis and
Hankin, 1986: Mathur et al., 2004; Suzuki et al., 2012). Our results
suggested that extensors improvements of the paretic wrist might
have resulted in improvements of grip and pinch power involving
flexion movements.

Effective rehabilitative intervention such as intensive
motor training and additional brain stimulation might induce
task-specific brain reorganization. If task-specificity of multi-
regional brain reorganization is the general principle in
neuro-rehabilitation, the activity-dependent brain stimula-
tion using TMS or transcranial direct current stimulation with the
repetitive training of target action including our protocol might be
a fast lane to stroke recovery.
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