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et al., 2008). It has been suggested that intracortical disinhibition is
necessary to maintain access to such additional networks, depend-
ing on the extent of disruption of the original corticospinal projec-
tion (Swayne et al., 2008). This disinhibition was found among
patients with chronic stroke (over 6 months). It is suggested that
patients with severe hemiparesis have the potential to induce some
functional reorganization of the motor cortex even in the chronic
phase, though their time window might be limited. Swayne et al.
(2008) showed that corticospinal excitability of AH, measured as
AMT and RMT, increased in acute phase but this increment became
weaker in chronic phase (at 3 month). They also found that in-
creased intracortical excitability continued for 6 month. In our
study we assessed AMT, RMT and SICI of AH among patients with
chronic stroke, their time from stroke was more than 6 months.
We found disinhibition of intracortical inhibition negatively corre-
lated with the time from stroke onset while corticospinal excitabil-
ity, measures as AMT and RMT, did not correlated with the time
from stroke onset. These results suggested that there may remain
brain plasticity to induce functional reorganization with aid of dis-
inhibition of intracortical inhibition in chronic phase, over 6 month
from stroke onset, while it depends on the time from stroke onset.

Disinhibition of the affected side finger extensor (EDC) was also
found in patients with severe hemiparesis. This disinhibition could
induce facilitation of finger extension and help improve hand func-
tion with severe hemiparesis. For patients who can fully extend
their fingers and move their fingers individually, it is not necessary
to induce facilitation of finger extension for functional recovery.
Therefore, the magnitude of intracortical inhibition may normalize
in patients with mild hemiparesis.

The present study showed that disinhibition of intracortical
inhibition was observed until 60 months after stroke onset among
patients with severe hemiparesis. This might imply that there
could be some potential to induce cortical reorganization even in
patients with chronic stroke.

Studies have demonstrated that intensive hand rehabilitation
changes the SICI of the AH in chronic stoke (Fujiwara et al., 2009;
Liepert, 2006). Thus, the change of the SICI in the AH seems to be
the result of reorganization in the primary motor cortex. These re-
sults also suggest that reorganization can be induced even in the
chronic phase.

SICI of the UH had no relationships with motor function and
time from stroke onset. The amount of unaffected-side SICI de-
pended on whether the lesion was cortical or subcortical.

The abnormal disinhibition in the UH persisted in patients
whose motor function remained poor (Manganotti et al., 2002).
However, such a relationship between poor clinical status and in-
creased net intracortical excitability was not observed in patients
over a wide range of time points after stroke (Shimizu et al.,
2002). In the present study, an increase of the value of SICI of the
UH was seen in patients with cortical lesions, but not in those with
subcortical lesions. Shimizu et al. (2002) reported the same result,
that larger MEP amplitudes when testing SICI were seen in cortical
stroke than in subcortical stroke. The change in the SICI of the UH
seems to be modulated by compensatory excitation of the ipsilat-
eral corticospinal tract (Caramia et al., 2000; Ziemann et al., 1999)
and transcallosally-mediated inhibition (Shimizu et al, 2002;
Biitefisch et al., 2008).

Some reports found that SICI in the UH had a correlation with
motor recovery (Manganotti et al, 2008; Biitefisch et al., 2008).
Di Lazzaro et al. (2009) showed that functional recovery is directly
correlated with LTP-like changes in the AH and LTD-like changes in
the UH and inversely correlated with the baseline excitability of
the UH in acute strokes. These previous studies involved partici-
pants in the early or subacute phase of strokes.

The results of the present study did not correspond to these re-
ports. There is a possibility that the SICI of UH is not always disin-

hibited, but distributed variously, and returns to the normal level
over time. The present participants were patients with chronic
stroke who had already undergone standardized inpatient rehabil-
itation during their acute and subacute phases. It was assumed
that the state of SICI of the AH in the chronic phase was different
from that in the acute phase.

The present study showed that the MEP amplitudes were smal-
ler in the UH than in the control group. Nowak et al. (2007) re-
ported that dexterity was impaired in both hands following
unilateral stroke, but the mechanism of bilateral dexterity impair-
ment remains unknown. There could be some relationship be-
tween small MEPs in the UH and impaired dexterity.

Recently, repetitive transcranial magnetic stimulation (rTMS)
and transcranial direct current stimulation (tDCS) have been used
as therapeutic modalities to facilitate functional recovery of
chronic stroke patients. In these therapies, the basic strategy is to
increase the activity of the AH or to decrease the activity of the
UH. Many studies have so far adopted low frequency rTMS and
cathodal tDCS to the UH to suppress its activity. However, the pres-
ent study showed that SICI of the UH in the subcortical group was
not as high as control SICL The activities of the AH and UH differed
in each patient. Thus, we need to evaluate patients individually to
determine whether the activity of the UH is high before instituting
therapeutic approaches.

It has been suggested that anatomical localization, type of stroke,
and the volume of T2-hyperintense white matter could influence
cerebral integrity (Kochunov et al., 2010). In this study, MRI exam-
inations were not performed in all subjects. Furthermore, the num-
ber of patients with hemorrhagic stroke was limited. It was not
possible to assess the details of lesion location or other neuroima-
gimg markers. More detailed analyses of lesion and white matter
volumes are needed.

5. Conclusion

In conclusion, the present study provided further evidence re-
lated to affected-side and unaffected-side SICI in severe chronic
stroke patients. SICI of the AH was correlated with functional
recovery. However, the reorganization of the motor cortex in
stroke patients was not explained solely by SICI. Therefore, further
investigations involving inter-hemispheric inhibition and cortico-
spinal activity are needed to learn more about brain plasticity.
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Introduction

Recovery of upper extremity (UE) functions to a practical
level has been considered difficult in many patients with
stroke [1-3], so emphasis has tended to be placed on
compensatory approaches, as opposed to functional resto-
ration of the paretic UE itself. However, based on basic and
clinical research indicating a much greater potential for
plastic changes in the central nervous system [4-6],
recently approaches directed toward functional restoration
have been becoming increasingly poputar [7].

These approaches include task-oriented training [8,9],
repetitive bilateral arm training [10,11], constraint-induced
movement therapy (CIMT) [12—14], electromyography
(EMG)-triggered neuromuscular stimulation [15—21], repet-
itive transcranial magnetic stimulation (TMS) [22,23],
transcranial direct current stimulation (tDCS) [24,25], robot-
assisted training [26~28], and ischemic block [29]. More
recently, brain machine interface (BMI) neurorehabilitation
has also been proposed [30—37]. Among these approaches,
CIMT has gained popularity and long-term effects have been
reported [38]. However, the rather strict inclusion criteria
and long hours of therapy under supervision limit its wider
applicability.

To counter such problems, we devised a therapeutic
approach to facilitate use of the hemiparetic UE in daily life
by combining EMG-triggered electrical stimulation [39] with
a wrist splint [40], calling this approach hybrid assistive
neuromuscular dynamic stimulation (HANDS) [20,21]. We
also developed an electroencephalography (EEG)-based BMI
neurofeedback training system, which can provide real-
time visual feedback based on the analysis of volitionally
decreased amplitudes in sensory motor rhythm during
motor imagery involving extension of the affected fingers
[37]. The objectives of this review are first to describe
recovery of UE functions in patients with hemiparetic
stroke, and then to introduce newer therapeutic interven-
tions for this challenging problem.

Recovery of upper limb functions after stroke

In the Copenhagen study, Nakayama and colleagues [3]
assessed 421 patients with stroke weekly from onset using
the Scandinavian Stroke Scale and the feeding and groom-
ing items of the Barthel Index. They found that recovery
mainly took place within the first 2 months, and fult func-
tion was achieved by 79% of patients with mild paresis,
compared to only 18% of patients with severe paresis. In
patients with mild paresis, valid prognostication could be
made in 3 weeks and further recovery was not expected
later than 6 weeks after stroke. In patients with severe
paresis, valid prognostication was possible in 6 weeks and
further recovery was difficult beyond 11 weeks after stroke.

However, the above study is limited in that the
outcomes were assessed using the UE-related items of the
Barthel Index, which does not necessarily reflect
the affected-side UE functions themselves, because these
activities could also be performed using the unaffected UE.
Furthermore, the study was published in 1994, and may not
reflect newer advances in rehabilitative interventions. It is
therefore important to know the extent to which UE

functions recover under a conventional rehabilitation
program before attempting to assess the effectiveness of
newer therapeutic approaches for paretic UE.

Therefore, we performed a retrospective analysis of the
recovery of UE functions in 314 patients (mean age, 60.9
years) with unilateral stroke admitted for rehabilitation
[41]. Right hemiparesis was present in 160 patients and left
hemiparesis in 154 patients. The cause of stroke was
infarction in 147 patients and hemorrhage in 167. Mean
days from stroke onset was 61.8 days, about 2 months
poststroke, and mean duration of hospitalisation was 127.3
days, meaning that the second assessment was performed
at about 6 months poststroke.

We assessed impairment of the UE using the Stroke
Impairment Assessment Set (SIAS), a standardised assess-
ment tool for stroke impairment [42] for which the
psychometric properties are well described [43,44]. For
motor assessment, proximal motor function was evaluated
with the knee-mouth item, and distal motor function was
assessed with the finger item. These items are rated from 0:
no voluntary contraction to 5: full function. We also eval-
uated paretic UE function with the UE utility score, which
consists of the four items of hanging a bag, pressing a sheet
of paper on the desk, drinking with a glass and turning over
a page. The resulting rating is from 0: impossible to 2: fully
possible.

Table t demonstrates changes in SIAS UE item scores from
admission to discharge. At discharge, significant improve-
ments were observed for the knee-mouth, finger, touch,
position and grip strength items. Table 2 illustrates changes
in UE function test scores. On admission, the percentages of
patients who could hang a bag or press a sheet of paper were
31% and 30%, increasing to 47% and 46% at discharge,
respectively. For the items of drinking with a cup and turning
over a page, only 20% and 22% of patients could do so on
admission, but these percentages increased to 37% and 39%
at discharge. As a whole, 49% of patients could not carry out
any task item and only 20% could carry out all four task items
on admission. At discharge, these percentages changed to
34% and 33%, respectively.

Table 1 Changes in stroke impairment assessment set
(SIAS) upper extremity item scores from admission to
discharge (n = 314)

ltems On admission At discharge
(2 mos from onset) (6 mos from onset)
Knee-mouth 2@ 3
Finger 1b? 1c?
DTR UE 2 2
Tone UE 2 2
Touch UE 2 2
Position UE 2.5% 3?
Shoulder 140 140
abduction,
degrees
Affected 5.4° 7.0%
side GS, kg

®Wilcoxon signed-ranks test, p < 0.01.
DTR = deep tendon reflex; GS = grip strength; UE = upper
extremity.
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Table 2 Changes in upper extremity utility scores from
admission to discharge (n = 314)

Hanging a bag 0: Impossible  1: Partially  2: Fully
possible possible

Hanging a bag

On admission 55 14 31

At discharge 38 15 47
Holding a piece of paper

On admission 53 17 30

At discharge 40 14 46
Bringing a cup to mouth

On admission 65 15 20

At discharge 52 11 37
Turning a page over

On admission 65 13 22

At discharge 51 10 . 39

Figures indicate percentages.

Using classification and regression tree (CART) analysis
[45], we examined whether we could predict discharge UE
function from the admission impairment status as assessed
using the SIAS. As for the hanging a bag item, 85.9% of
patients scoring 0 on the SIAS knee-mouth item on admis-
sion scored 0 on the UE function test at discharge (Fig. 1A).
Sixty-four percent of those scoring 3 on the knee-mouth
item achieved full UE function at discharge. This
percentage increased to 95.6% if the admission knee-mouth
score was 4 or 5. An SIAS knee-mouth item score of 3 thus
represented an important cut-off point for achieving
practical UE function. The pressing a sheet of paper item
showed a similar trend.

With regard to the drinking with a cup item, 98.2% of
patients scoring 0 on the SIAS finger item on admission
scored 0 on the arm function test at discharge (Fig. 1B).
A total of 60% of those scoring 3 or above achieved full arm
function at discharge. For those scoring 1 or 2 on admission,
77.2% of patients whose grip strength measured 0 kg scored
0 on the arm function test at discharge, while 70.7% of
those whose grip strength measured above 0 kg achieved
partial or full arm function at discharge. The turning over
a page item showed a similar trend.

To summarize, our study demonstrated that UE functions
continued to recover both at the impairment and disability
levels from 2 to 6 months after stroke onset. This is in
contrast to the Copenhagen study [3], which concluded that
recovery could not be expected after 3 months poststroke.
Thirty percent of patients achieved practical UE functions
at discharge using a conventional rehabilitation program.
An SIAS finger score of at least 3 on admission was required
to achieve practical UE functions at discharge.

Newer rehabilitation approaches to the
paretic UE

A recent meta-analysis examining the effectiveness of
various interventions targeted at UE paresis indicated that
CIMT, EMG biofeedback, electrostimulation, mental prac-
tice, and robot exercise are all effective for improving arm

A SIAS
Knee-mouth
on admission
0 1,2 3 45
0: 85.9% 0: 58.0% 0:11.3% 0: 1.1%
1: 10.5% 1:25.0% 1:24.5% I: 33%
2 359 2:16.9% 2:64.1% 2:95.6%
(0: impossible 1: partially possible 2: fully possible)
B SIAS
Finger score on
admission
0 1,2 34,5
0: 98.2% 0:58.8% 0: 3.8%
1: 0.9% 1:25.2% 1: 5.7%
2: 0.9% 2:15.8% 2:90.4%
Grip strength
Okg >0kg
0: 77.2% 0: 29.2%
1: 13.6% 1: 43.9% o
2: 9.0% 2:26.8% 3_70‘7A
Figure 1 (A) Predicting discharge arm function (hanging

a bag item). Using classification and regression tree analysis
(CART), we analysed whether we could predict discharge arm
function from admission impairment status as assessed using
the Stroke Impairment Assessment Set (SIAS). For the hanging
a bag item, 85.9% of patients scoring 0 on the SIAS knee-mouth
item on admission scored 0 on the arm function test at
discharge. Sixty-four percent of those scoring 3 on the knee
mouth item achieved full arm function by discharge. This
percentage increased to 95.6% if the admission knee mouth
score was 4 or 5. The SIAS knee mouth item score of 3 repre-
sented an important cut-off point for achieving practical arm
function; (B) predicting discharge arm function (bringing a cup
to mouth item). Among the patients scoring 0 for the SIAS
finger item on admission, 98.2% scored 0 on the arm function
test at discharge. Of those scoring >3, 90.4% achieved full arm
function at discharge. For those scoring 1 or 2 on admission,
77.2% of those patients with grip strength measuring 0 kg
scored 0 on the arm function test at discharge, while 70.7% of
those with grip strength >0 achieved partial or full arm func-
tion at discharge. SIAS knee mouth items: 0, no muscle
contraction; 1, muscle contraction, but not to the level of the
nipple; 2, can lift the hand to the level of the nipple; 3, can
barely lift the hand to the mouth; 4, can lift the hand to the
mouth with some clumsiness; and 5, can carry out the task
smoothly. SIAS finger item. 0, no voluntary finger movement;
1A, mass finger flexion; 1B, mass finger extension; 1C, minimal
individual finger movement; 2, incomplete individual finger
movement; 3, individual finger movement with moderate
clumsiness; 4, individual finger movement with mild clumsi-
ness; 5, can carry out the task smoothly.
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functions, but no intervention is known to be effective for
improving hand functions [7]. There is thus a strong need
for innovative therapeutic approaches to the paretic hand.
The following is a description of our attempts to tackle this
difficult problem, in the form of HANDS therapy and BMI-
based neurorehabilitation.

HANDS therapy
The concept of HANDS therapy

As mentioned above, the effectiveness of CIMT has been
widely recognised. This method emphasises forced use of
the affected arm to combat the so-called “learned non-
use,” and its effectiveness has been documented [12—14].
However, CIMT is both time- and personnel-intensive, and
candidates must be able to voluntarily extend the fingers
and wrist to some extent.

To counter these limitations, Fujiwara and others [20]
developed HANDS therapy as a new alternative therapeutic
approach to facilitate use of the affected UE in daily living for
patients with insufficient mass or individual extension of the
paretic fingers. HANDS therapy has four components:
(a) integrated volitional electrical stimulation (IVES) [39],
(b) awrist splint [40], (c) encouraged use of the affected arm,
and (d) occupational therapy (OT) sessions (Fig. 2).

The effectiveness of EMG-TES has been suggested inseveral
meta-analyses [15,16]. Muraoka and colleagues [39] devel-
oped IVES as a new EMG-triggered electrical stimulator. With
IVES, we can automatically adjust stimulation intensity in
proportion to the amplitude of voluntary EMG. Using this
assistive stimulation, patients can extend the fingers at will.

As for the splint, Fujiwara and coauthors [40] previously
demonstrated that use could reduce overactive finger
flexors and facilitate voluntary finger extension. These
effects are considered to be brought about by reducing
monosynaptic excitability in the flexors, possibly through
stretching effects. This mechanism is suggested by
a significant reduction in the H wave to M wave ratio eli-
cited from the flexor carpi radialis. Combining IVES with the
splint appears to facilitate paretic hand use in daily living.

Effectiveness of HANDS therapy in chronic stroke

We first performed a before-and-after trial in patients with
chronic  hemiparetic stroke [20]. The eligibility criteria

included: (a) time from onset >150 days, (b) no cognitive
deficit, (c) no pain, severe proprioceptive deficit or
contractures, (d) EMG detectable from extensor digtorum
communis (EDC), (e) independent ambulation, and (f) no
motor improvement in the last 1 month. Participants
comprised 20 patients with chronic hemiparetic stroke and
a mean age of 51 years. Median duration from onset was
17.5 months (range, 5.3—32.5 months). Nine patients had
right hemiparesis and 11 had left hemiparesis.

The intervention consisted of combined use of a wrist
splint and IVES for 8 hours a day for a mean of 21 days.
A pair of electrodes for EMG detection and stimulation
(30 x 12 mm) placed 5 mm apart, and one electrode
(30 x 30 mm) for reference and stimulation were placed on
the affected EDC muscle. Three trains of biphasic square-
wave pulses with duration of 300 pus were applied at 20 Hz.
Stimulus intensity was continuously changed in proportion
to the detected EMG amplitude of the target muscle.
Supervised OT was provided 40 minutes a day, 5 days
a week during the intervention period. Before and imme-
diately after completing a 3-week course of HANDS therapy,
clinical and neurophysiological measures were assessed.
A follow-up clinical assessment was performed 3 months
later.

As a result, UE utility scores, SIAS finger and knee-mouth
scores, modified Ashworth scale [46] for elbow, wrist and
finger flexors, affected-side grip strength, pen pressure and
EMG measurements improved after the intervention [20].

Neurophysiologically, the intervention induced restora-
tion of presynaptic and long-loop inhibitory connections, as
well as disynaptic reciprocal inhibition [47]. A paired pulse
TMS study [48] indicated disinhibition of short intracortical
inhibition in the affected hemisphere.

The follow-up assessment at 3 months postintervention
showed that improved UE functions had been maintained.

Effectiveness of HANDS therapy in subacute stroke

Our second trial investigated the effects of HANDS therapy
in the subacute phase [21]. Participants were 24 inpatients
with hemiparetic stroke who were within 60 days post-
stroke, randomly assigned to two groups. The HANDS
group (n = 12) used IVES combined with a wrist splint for 8
hours a day for 3 weeks. The control group (n = 12) used
a wrist splint for 8 hours a day for 3 weeks. Outcome
measures included Fugl-Meyer Assessment (FMA) of UE

Figure 2 HANDS therapy. HANDS therapy consists of four components: (1) integrated volitional electrical stimulation (IVES), (2) a
wrist splint, (3) encouraged use of the affected arm, and (4) occupational therapy (OT) sessions. The HANDS system is used during
the daytime to facilitate hand use in daily activities. HANDS = hybrid assistive neuromuscular dynamic stimulation.
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function [49], the action research arm test (ARAT) [50], and
motor activity log-14 (MAL-14) [53].

Ten patients in each group completed the interventions.
Compared with the control group, the HANDS group showed
significantly greater gains in FMA score for the distal (wrist/
hand) portion (p < 0.01) and improvement of ARAT
{p < 0.05). The gains in MAL did not reach the level of
statistical significance in favor of the HANDS group over the
control group. In summary, HANDS therapy induced
improvements in motor functions, particularly for the distal
portion, in patients with subacute stroke.

Mechanisms underlying HANDS therapy

Fig. 3 depicts the proposed mechanisms for the improve-
ment of arm function observed with HANDS. EMG-TES brings
about reciprocal inhibition of antagonists and facilitation of
agonists. The wrist splint contributes to the inhibition of
overactive flexor muscles and flexor-associated move-
ments. Together, these two facets of HANDS make it easier
for the patient to use their paretic hand in daily life,
leading to improved arm function. The combined effects of
improvement in spasticity at the spinal cord level, plastic
changes in cortical motor area and dose-dependent effects
brought about by increased use of the affected arm in daily
life are postulated as the mechanisms underlying
improvement.

The above two studies suggest that HANDS therapy can
induce corticospinal plasticity and may offer a promising
option in the management of a paretic UE for patients with
stroke in both the chronic and subacute phases. However,
to be candidates, EMG must be recorded from finger
extensors, which means that this approach is not applicable

EMG-triggered

electrical stimulation Wrist splint

% Reciprocal inhibition of % Inhibition of overactive flexor
antagonists muscles
% Facilitation of prime movers Y Inhibition of flexor associative
movement

Facilitated hand use in daily life
{x forced use)

*  Improvement in spasticity at the spinal level.

+  Plastic changes in cortical motor area,

*  Dose dependent effects brought about by
increased use of the affected UE in daily lives
facilitated by assisted stimulati

Daily use for 8 hours
+ therapy sessions
Dose dependent
effects

{ Improved arm function ]

Figure 3  Proposed mechanisms for improvement with HANDS.
EMG-triggered electrical stimulation results in reciprocal inhi-
bition of antagonists and facilitation of agonists. The wrist splint
brings about inhibition of overactive flexor muscles and flexor
associative movement. Together, these changes facilitate use of
the paretic hand in daily life, leading to improved arm function.
The combined effects of improvement in spasticity at the spinal
cord level, plastic changes in the cortical motor area and dose-
dependent effects brought about by increased use of the
affected arm in daily lives are postulated as mechanisms
involved in improvement. EMG = electromyography;
HANDS = hybrid assistive neuromuscular dynamic stimulation.

to patients with complete paralysis. For these patients, the
BMI technology described in the next section might offer
some benefits.

BMI neurorehabilitation
Background

Newer neurorehabilitation techniques using BMI technology
have been proposed for patients with severe paresis after
stroke [30—37]. BMI operates external devices based on
brain activities. Brain signals can be detected and
measured in many ways, either noninvasively with surface
EEG [34-37], magnetoencephalography (MEG) [30,34],
functional near-infrared spectroscopy (fNIRS) [51], or
invasively with intracortical and electrocorticography
(ECoG) recordings [52]. Among the various types of BMI,
EEG-BMI is widely used because of the simplicity, safety,
portability, and low cost.

BMI is a potentially useful technology in rehabilitation,
not only to substitute for lost functions, but also to induce
brain plasticity. BMI can bypass the normal motor output
neural pathways and directly translate brain signals into
commands for the control of external devices [31]. As
extrinsic feedback is expected to promote motor learning
and improve UE motor recovery after stroke [32],
approaches using BMI technology might facilitate neural
network plasticity and restoration of function. The motor
intentions of the patient are usually estimated from
changes in brain activity over the primary sensorimotor
cortex (termed the sensory motor rhythm; SMR), and are
displayed through visual feedback [37]. Various studies
have examined the possibility of MEG-based BMI [30,34] and
EEG-based BMI [34—37] for neurorehabilitation in patients
with chronic stroke, and some neuroplastic changes have
been suggested (Table 3 [30,34—37]). BMI systems are thus
expected to help guide cortical reorganisation by motor
learning, and to make neurorehabilitative approaches more
effective. However, how neurofeedback training with BMI
systems induces clinical and neurophysiological changes in
stroke patients remains unclear.

Our BMI neurorehabilitation system

We developed an EEG-based BMI neurorehabilitation system
(Fig. 4) and studied its clinical and electrophysiologic
effectiveness [37]. With our system, the patient sits on
a chair looking at a computer monitor. A star-shaped cursor
moves at a fixed rate from left to right, with the position
reflecting the mu rhythm (in the frequency range of
8—13 Hz) amplitude during motor imagery. The cursor
moves up and down according to the degree of success of
motor imagery. Upon successful motor imagery, the fingers
are extended by an electrically powered orthosis, which is
triggered as a result of the EEG classification.

Using this system, we undertook a preliminary case-
series study [37], selecting patients with first-ever unilat-
eral stroke. Duration from onset in these patients was
longer than 180 days, and finger test scores on the SIAS
were equal to or less than 2 on a five-point scale, meaning
that the paresis was fairly severe. The participants
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Table 3  Studies on brain machine interface (BMl)-based neurorehabilitation for patients with stroke
Author Year Patients Intervention Results
Buch E [30] 2008 8 MEG-BM! + hand orthosis Successful control in 6/8
13~20 sessions Improved ipsi-lesional {n = 4) and contra-lesional (n = 2) ERD
No improvement in hand function
Ang KK [35] 2009 8 EEG-BMI + MIT-Manus Increase in FMA in both groups; no significant difference.
10 MIT-Manus only Significant difference with subgroup analysis
12 sessions
Daly JJ [36] 2009 1 EEG-BMI + FES Recovery of volitional isolated index finger extension
9 sessions
Broetz D [34] 2010 1 EEG-BMI-robot + PT for 1y Improved hand and arm function (FMA, WMFT), and gait.
Increased p-oscillations in the ipsilesional motor cortex
Shido K [37] 2010 8 EEG-BMI + hand orthosis Appearance of EMG in 4/6

12—-20 sessions Decrease in involuntary EMG in 2/2
Improved motor function in 5/8
Improved spasticity in 5/8

Increase in MAL-14 in 5/8

EEG = electroencephalography; EMG = electromyography; ERD = event-related desynchronisation; FES, functional electrical stimu-
lation; FMA = Fugl-Meyer assessment; MAL = motor activity log; MEG = magnetoencephalography; PT = physical therapy;
WMFT = Wolf motor function test.

comprised eight patients with chronic hemiparetic stroke,
ranging in age from 46 to 68 years and with a duration from
onset of 1.3 to 12 years. The degree of finger voluntary
control as assessed with the SIAS was 1A in five patients,
meaning mass flexion, 1B in two patients, meaning mass
extension, and twao in 1 patient, meaning incomplete finger
individual movement. All patients showed mild to moderate
spasticity in the paretic fingers. .

As for the training protocol, patients were asked to
imagine extending the paretic fingers for 5 s in every 10
seconds. They performed 50—100 trials/day, once or twice
a week, for 4—7 months as outpatients. Each participant
thus had 12—20 training days. We compared the results of
clinical and neurophysiological examinations pre- and
postintervention.

Imagine to extend fingers

EEG /‘"\

Subcortical
lesion

m
m
9]

After BMI training, five patients with moderate-to-
severe hand paresis exhibited improvement of hand
paresis, as measured with the SIAS finger test. No change in
motor impairment was seen in the other three patients with
severe hand paresis. We measured the use of the paretic
upper extremity with the MAL [53], a structured interview
with known psychometric properties. The MAL amount of
use (AOU) was zero in five patients before the intervention.
After the intervention, this was increased in the five
patients who exhibited some improvement in motor
paresis. Through participation in the BMI training, all
patients indicated that they became more aware of the use
of their paretic UE in daily activities, and felt that they
could relax it more easily. In four patients, voluntary EMG
activities of the affected finger extensors that were absent
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Figure 4 EEG-based BMI neurorehabilitation system. The patient sits on a chair looking at a computer monitor, A star-shaped
cursor moves at a fixed rate from left to right, and its position reflects the mu rhythm (frequency range, 8—13 Hz) amplitude
during motor imagery. The cursor moves up and down according to the degree of success of motor imagery. Upon successful motor
imaging, the fingers are extended using an electrically powered orthosis, which is triggered as a result of the EEG classification.
After the training, event-related desynchronisation (ERD) became stronger during motor imagery, and EMG became newly
recordable from finger extensor muscles. BMI = brain machine interface; EEG = electroencephalography.
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at the initial session newly appeared at the final session. In
patients with voluntary contractions, involuntary EMG
activities during the resting phase decreased after the
training. Consequently, all patients showed improvements
in motor function or voluntary EMG. After training, event-
related desynchronisation (ERD) became significantly
stronger over both hemispheres, suggesting increased ipsi-
lesional cortical excitability. The majority of stroke
patients showed changes in SMR during motor imagery over
the affected hemisphere after BMI training, although some
showed changes over the unaffected hemisphere.

To assess changes in corticospinal excitability, we
applied TMS over the ipsi-lesional hemisphere, and
compared resting motor thresholds (RMTs) for the first dorsal
interosseous muscle (FDI) at 1 week before and 1 week after
neurofeedback training. RMT was found to be decreased
after the training, indicating enhanced ipsilesional cortical
excitability. This finding suggests that BMI neurofeedback
training facilitated corticospinal excitability as a lasting
effect, even in patients with severe hemiparesis.

Modulation of ERD with anodal tDCS

As mentioned above, our EEG-based BMI was developed as
a new neurorehabilitative tool for patients with severe
hemiparesis. However, it is sometimes difficult to detect
the stable brain signal changes (ERD) used to trigger the BMI
system from the affected hemisphere. We have already
demonstrated that anodal tDCS (10 minute, 1 mA) could
modulate ERD in healthy individuals [54]. We therefore
studied whether we could also enhance ERD with anodal
tDCS in patients with severe hemiparetic stroke [55]. The
participants were six patients with chronic hemiparetic
stroke (age, 56.8 & 9.5 years; time from onset, 5.8 + 1.6
years; FMA UE motor score, 30.8 + 16.5). We applied anodal
(10 minutes, 1 mA) and sham tDCS over the affected
primary motor cortex in a random order. ERD of the mu
rhythm (mu ERD) with motor imagery of extension of the
affected finger was assessed before and after anodal tDCS
and sham stimulation. As a result, mu ERD of the affected
hemisphere increased significantly after anodal tDCS, but
remained unchanged after sham stimulation. This kind of
stimulation could thus represent a conditioning tool for BMI
training for such individuals.

Mechanism of improvement

With our EEG-based BMI training, we observed the following
changes [37]: (a) improvements in motor function of the
affected fingers and surface EMG activity of the affected
finger extensors, (b) greater suppression of the SMR over
both hemispheres during motor imagery, (c) facilitation of
cortical excitability as assessed with the TMS in the
affected hemisphere in patients with greater changes in
SMR over the affected hemispheres, and (d) increased daily
usage of the paralysed hand in some patients. Particularly
promising was the induction of voluntary muscle activity in
patients with little or no remaining motor function,
because this can open up the possibility of reinforcement
with other established interventions, such as HANDS
therapy [20,21].

As for the mechanisms underlying such recovery, motor
imagery is known to activate the damaged brain in
a manner similar to motor execution, and to induce corti-
cospinal excitability in both healthy individuals and post-
stroke patients [56]. Although clinical effectiveness has
been so far limited to mild-to-moderate hemiparesis [57],
motor imagery coupled with visual and kinesthetic feed-
backs as utilised in our BMI neurofeedback training might
have helped to induce cortical excitability even in patients
with complete loss of motor function.

The majority of stroke patients reportedly show changes
in SMR during motor imagery over the affected hemisphere
after BMI training, although some show changes over the
unaffected hemisphere [30]. Our TMS results were consis-
tent with the findings of the previous study [30], and sup-
ported the notion that changes in SMR over the affected
hemisphere might relate to improvements in motor control
of the affected side, with decreased RMT of the affected
hemisphere. On the other hand, ipsilateral activation of the
unaffected motor cortex, shown during movement of the
paretic hand [58,59], was considered to play an important
role in the recovery of motor function after stroke [60].
These results might explain the relationship between
changes in SMR over the unaffected hemisphere and
improvements in motor control of the affected side in some
cases.

Other possible mechanisms include: (a) increased
awareness of and attempts to use the paretic UE, (b)
passive stretching of the paretic fingers [61], (c) correction
of hemispheric inhibition, (d) neuroplastic changes toward
more optimal reorganisation induced by visual feedback of
brain activity, and (e) alterations in connectivity of the
prefrontal lesion [62].

To further clarify the mechanisms underlying improve-
ment, we are now studying changes in activation patterns
of the brain before and after BMI training with functional
magnetic resonance imaging (fMRI). Although only prelimi-
nary results have been obtained, several different activa-
tion patterns seem to exist among individual patients. Some
patients show activation of the primary and supplementary
motor areas after BMI training, while others demonstrate
activation of the cerebellum or more focused activation of
the supplementary motor area instead of the diffuse brain
activation seen before training. We plan to study how these
differences in the pattern of activation arise in relation to
factors such as time from onset, lesion site and size, and
degree of intracortical and interhemispheric inhibition.

In addition, by measuring fMRI and EEG simultaneously,
we identified a correlation between blood flow changes and
EEG changes. This finding indicates that the changes in EEG
(ERD) used in EEG-based BMI reflect cortical excitability, an
important finding to explain the mechanisms underlying
EEG-BMI neurofeedback training.

Furthermore, using a navigation TMS system, with which
we could stimulate the desired area of the brain with
a space resolution accuracy of 5 mm, we found that the
cortical areas demonstrating significant increases in blood
flow on fMRI correlated well with areas of low excitability
threshold with TMS. When we applied TMS according to the
intensity of EEG changes during motor attempts, we found
that the degree of ERD correlated with motor evoked
potentials (MEP) amplitude. These findings are useful to



90

M. Liu et al.

clarify the physiological significance of EEG changes, and
are important in explaining the mechanisms underlying
EEG-BMI neurofeedback training.

Future prospect

Although our BMI neurorehabilitation system demonstrated
preliminary effectiveness for inducing motor improvements
in patients with severe hemiparetic stroke, study of the
clinical effectiveness with a larger sample in a controlled
study with elucidation of the mechanisms resulting in
improvement will be necessary.

Based on the experience with our preliminary device for
EEG-based BMI neurofeedback, we are now developing
a new EEG-BMI power-assisted orthosis (Fig. 5). This
orthosis will be wireless, and powered by commercially
available AA batteries. Meticulous skin preparation will not
be necessary for EEG recordings due to our newly devel-
oped dry EEG electrodes. The device will therefore be more
easily applicable in daily clinical settings. In the near
future, we are thinking of spreading our cutting-edge
rehabilitation technology based on information technology
communication platforms. Through a central server oper-
ated from our laboratory, patients will be able to receive
BMI neurorehabilitation training at local hospitals and
clinics, at home and in welfare facilities.

Therapeutic strategy for the hemiparetic UE

Fig. 6 summarizes our current treatment strategy for UE
paresis in patients with stroke. If the patient demonstrates
individual finger movement, treatment could be provided
as either conventional rehabilitation or CIMT. If no indi-
vidual finger movement is shown, but finger extensor EMG is
detectable, HANDS therapy can be applied. When no finger
extensor EMG is detectable, robot-assisted therapy or BMI
neurorehabilitation might be an option. In other words, for

Figure 5 A newly designed EEG-BMI power-assisted orthosis.
This system will be wireless, and powered by commercially
available AA batteries. Meticulous skin preparation will not be
necessary for EEG recordings due to newly developed dry EEG
electrodes. The device will therefore be easily applicable to
daily clinical settings. BMI = brain machine interface;
EEG = electroencephalography.

Individual finger movement
Cl )

Conventional rehabilitation
CIMT

Finger extensor EMG

(+) (=)

HANDS therapy Robot therapy

BMI

mild Degree of hemiparesis severe

Figure 6 Rehabilitation strategy for the paretic upper limb. If
the patient shows individual finger movements, treatment could
comprise either conventional rehabilitation or constraint-
induced movement therapy. If the patient has no individual
finger movement, but a detectable finger extensor on EMG, the
HANDS therapy can be applied. If no finger extensor EMG can be
detected, robot-assisted therapy or BMI might be an option.
BMI = brain machine interface; EEG = electroencephalography;
EMG = electromyography; HANDS = hybrid assistive neuro-
muscular dynamic stimulation.

individuals with severe hemiparesis showing no detectable
EMG activities, we will first start with BMI neurofeedback
training to induce EMG activities in the paretic muscles,
sometimes in combination with tDCS to increase cortical
excitability in the absence of contraindications such as
seizures. Once EMG activities become recordable, we will
then move on to HANDS therapy to further improve motor
function and performance. If spasticity interferes with the
movement, then we would use botulinum toxin [63] as an
adjunctive therapy. By wisely selecting and combining
currently available therapeutic tools including HANDS and
BMI neurofeedback training, we believe we can open up
new possibilities for the restoration of function in the
hemiparetic UE.
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ABSTRACT

It is known that weak transcranial direct current stimulation ({DCS) induces persistent excitability changes in
the cerebral cortex. There are, however, few studies that compare the after-effects of anodal versus cathodal
tDCS in patients with stroke. This study assessed the after-effects of tDCS over the motor cortex in patients with
hemiparetic stroke and healthy volunteers. Seven stroke patients and nine healthy volunteers were recruited. Ten
minutes of anodal and cathodal tDCS (1 mA) and sham stimulation were applied to the affected primary motor
cortex (M1) on different days. In healthy subjects, tDCS was applied to the right M1. Before and after tDCS,
motor-evoked potentials (MEPS) in the first dorsal interosseous (FDI) muscle and silent period were measured.
Anodal tDCS increased the MEPs of the affected FDI in patients with stroke as well as in healthy subjects.
Cathodal tDCS increased the MEPs of the affected FDI in patients with stroke. In healthy subjects, however,
cathodal tDCS decreased the MEPs. We found no significant change in the duration of the silent period after
anodal or cathodal tDCS. We found that both anodal and cathodal tDCS increased the affected M1 excitability
in patients with stroke. It is thought that the after-effects of tDCS are different in patients with stroke compared
with healthy subjects.

KEYWORDS: cerebrovascular disease, cortical plasticity, hemiparesis, motor-evoked potential (MEP), trancranial direct current
stimulation (tDCS), trancranial magnetic stimulation (TMS)

[1]. It has been confirmed in animal studies that an-
odal stimulation increases the excitement frequencies
of nerve cells, whereas cathodal stimulation decreases

INTRODUCTION

It is known that weak transcranial direct current stim-

ulation (tDCS) induces persistent excitability changes
in the cerebral cortex. Anodal stimulation increases
and cathodal stimulation decreases cortical excitability
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the excitement frequencies of nerve cells [2,3]. Blocking
N-methyl-D-aspartate (NMDA) receptors prevents the
induction of after-effects of tDCS [4]. Therefore the
after-effects of tDCS are considered to be related to
synapse plasticity due to functions of NMDA recep-
tors in addition to changes in cell membrane potentials
[4,5].

Recent studies have shown that non-invasive brain
stimulation enhances the beneficial effects of motor
training in patients with stroke [6,7]. Hummel et al.
[8,9] applied tDCS to patients with mild hemiparesis.
They found that anodal tDCS to the affected primary
motor cortex (M1) improved the hand function of the
paretic hand. It is easy to apply tDCS to the patients
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in clinical settings because electrodes can be set on the
head with a band. The after-effects of non-invasive brain
stimulation depend on the state of the cortex at the time
the stimulation is applied [10]. State-dependency ef-
fects of 1 Hz repetitive transcranial magnetic stimula-
tion (rTMS) have been demonstrated in patients with
migraine [11]. After a stroke, abnormally increased cor-
tical inhibition contributes to motor dysfunction. It is
supposed cathodal tDCS may decrease the excitability
of cortical inhibitory interneurons and increase the mo-
tor cortex excitability among patients with stroke [12].
There are, however, few studies that compare the after-
effects of anodal versus cathodal tDCS in patients with
stroke. We hypothesize, therefore, cathodal tDCS may
increase the motor cortex excitability in the affected
hemisphere.

The aim of this study was to assess the after-effects
of cathodal and anodal tDCS over the affected motor
cortex in patients with subcortical stroke and healthy
volunteers.

METHODS

Participants

Nine healthy volunteers (five males and four females;
mean age, 34.4 years; range, 22-65 years) and seven
patients with hemiparesis due to stroke (six males and
one female; mean age, 64.5 years; range, 58-75 years)
were recruited from National Murayama Medical Cen-~
ter. All participants were right-handed. One patient had
a cerebral infarction and six had a cerebral hemorrhage;
all patients had a subcortical lesion. Two patients had a
left-hemisphere lesion and five had a right-hemisphere
lesion. Table 1 shows background data on stroke
patients. The finger function of the paretic hand was
assessed with the Stroke Impairment Assessment Set
[13], the validity and reliability of which had been
already confirmed [14]. A finger motor function score
of 0 means no voluntary finger movement, and score
of 5 means normal. A score of 3 means that the patient

can perform independent finger movements, with each
finger having adequate flexion and extension. A score of
4 means the patient performs independent finger move-
ments with mild clumsiness. The light touch sensation
was checked on the palm of the hand. A sensory score
of 0 indicated anesthesia and a score of 3 indicated
normal. All participants gave written informed consent
to the study, which was approved by the local ethical
committee and conformed to the requirements of the
Declaration of Helsinki. Participants had neither a
psychiatric medical history nor contraindications to
transcranial magnetic stimulation (TMS) [15].

Recordings

Participants were seated in a comfortable reclining chair
so that the whole body, including both arms, was at
rest. Surface electrodes were placed at the left first dor-
sal interosseous (FDI) muscle in healthy subjects and
the affected FDI in patients. Signals were amplified and
band-pass filtered (10 Hz to 1 kHz) by an amplifier
(Neuropack® MEB 2200, Nihon-Kohden Co., Ltd.,
Tokyo, Japan) and stored at a sampling rate of 5 kHz
on a personal computer.

Transcranial Direct Current Stimulation

tDCS was applied for 10 min at a current intensity of
1 mA through rectangular saline-soaked sponge elec-
trodes (50 x 70 mm?) with a battery-driven stimula-
tor (CX-6650, Rolf Schneider Electronics, Gleichen,
Germany). One stimulation electrode was placed over
the M1 and the other stimulation electrode was placed
above the contralateral supraorbital area. The position
of M1 was confirmed through the induction of the
largest motor-evoked potentials (MEPs) in the FDI
muscle with constant stimulus intensity using TMS with
a figure-eight stimulation coil connected to a SMN?®
1200 (Nihon-Kohden Co., Ltd.). Among healthy sub-
jects, one electrode was placed over the right M1 and
the other was placed over the left side in the supraorbital
area. For anodal stimulation, the anodal electrode was

TABLE 1. Demographic information of patients
Time from Size of SIAS sensory
onset Type of Affected lesion SIAS finger  score (light

Patients Age Sex (days) stroke hemisphere Lesion (mL) score touch)

A 62 M 297 CH R Putamen 14 4 2

B 60 M 327 CH R Putamen 18 3 2

C 58 M 33 CH R Putamen 9 4 2

D 75 M 127 CH R Thalamus 18 3 3

E 67 F 111 CH L Subcortical of 14 4 2

frontal
F 65 M 38 CI L Corona radiata 4 3 2
G 62 M 70 CH R Thalamus 18 4 1

Note: Cl, cerebral infarction; CH, cerebral hemorrhage; R, right; L, left.
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placed over the right side M1, and the cathodal electrode
was placed over the left supraorbital area. For cathodal
stimulation, the electrodes were reversed; that is, the
cathodal electrode was placed over the right M1 and
the anodal electrode was placed over the left supraor-
bital area. Among patients with stroke, one electrode
was placed on affected M1 and the other electrode was
placed on contralateral supraorbital area. For anodal
stimulation on patients with stroke, anodal electrode
was placed on the affected M1. For cathodal stimula-
tion, cathodal electrode was placed on the affected M1.
For the sham stimulation, the current was applied for
about 10 s to mimic the transient skin sensation at the
beginning of actual tDCS without producing any con-
ditioning effects on the brain. Three stimulation con-
ditions (anodal, cathodal, and sham) were applied in
each participant with a randomized sequence on differ-
ent days to minimize carry-over effects. Each condition
was separated from the preceding one by more than 24 h
in the same participant.

Measurement of MEPs

Resting motor threshold (RMT) of the FDI was
measured. For the measurement of RMT, the subject
relaxed and electromyographic (EMQG) silence was
monitored. RMT was defined as the lowest stimulus
intensity capable of inducing MEPs greater than 50 uV
in at least five of 10 trials [16].

Corticospinal excitability was evaluated using
suprathreshold stimulation (110% RMT). MEPs were
recorded at the left FDI muscle in healthy subjects and
at the paretic side in patients with stroke. Seventeen
MEDPs were measured and averaged at each time point,
that is, before tDCS, immediately after tDCS, 10 min
after tDCS, and 30 min after tDCS. The stimuli were
delivered using SMN® 1200 (Nihon-Kohden Co.,
Ltd.) machine and a figure-eight coil with an outer
winding diameter of 9 cm.

Silent Period

Six of nine healthy volunteers and six patients partici-
pated in silent period and F-wave study. A single TMS
pulse was applied during isometric index finger abduc-
tion with a force of about 10%-20% maximum volun-
tary contraction with the help of visual feedback of the
EMG activity. The duration of the silent period was de-
fined as the time from the MEP to the return of volun-
tary EMG activity. Stimulus intensity was set at 110%
of the RMT. Ten silent periods were measured and av-
eraged before tDCS, immediately after tDCS, 10 min
after tDCS, and 30 min after tDCS.

© 2012 Informa Healthcare USA, Inc.
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F-wave

In all subjects, changes in resting amplitudes of TMS-
evoked MEPs following tDCS were compared with
changes in the size of F-waves evoked in the relaxed
FDI by supramaximal electrical stimulation of the ulnar
nerve at the wrist before and after tDCS. The peak-to-
peak amplitude of each of 16 F-waves was measured and
then averaged before tDCS, immediately after tDCS,
10 min after tDCS, and 30 min after tDCS.

Data Analysis

We compared the baseline values of MEP with repeated
measure ANOVA. All data were analyzed with the gen-
eral linear model three-way mixed ANOVA with factors
of time (before and at intervals after tDCS), stimula-
tion (anodal, cathodal, and sham tDCS), and category
(healthy subjects and stroke subjects). Conditional on a
significant F value, post-hoc tests were performed with
using paired and unpaired z-tests. Values were consid-
ered statistically significant when p < 0.05. Statistical
analysis was performed with SPSS 15.0] (SPSS Japan,

Tokyo, Japan).

RESULTS

Motor-Evoked Potentials

No participant experienced any side effects from the
stimulation. RMTs were expressed as the percentage of
maximum output of the magnetic stimulator. The mean
(SE) RMT value of healthy subjects was 49.1% (2.3%),
and the mean RMT value of the stroke group was 70.2%
(4.2%). The difference was significant with unpaired
t-test (p = 0.001).

The mean amplitude of MEPs (SE) in healthy sub-
jects before anodal, cathodal, and sham tDCS were 0.40
(0.03), 0.61 (0.11), and 0.59 (0.11) mV, respectively.
The mean amplitude of MEPs (SE) in patients with
stroke before anodal, cathodal, and sham tDCS were
0.22 (0.07), 0.24 (0.06), and 0.22 (0.05) mV, respec-
tively. There were no significant differences in mean
MEP amplitude before anodal, cathodal, and sham
tDCS in healthy subjects (Fz,16 = 1.644, p = 0.224) and
patients with stroke (Fs 12 = 0.13, p = 0.877).

The changes of MEPs were expressed as the ratio to
the mean value of before tDCS in each subject. Figure 1
shows the change of MEPs induced by anodal and
cathodal tDCS and sham stimulation among the nine
healthy subjects. Figure 2 shows the change of MEPs
induced by anodal and cathodal tDCS and sham stimu-
lation among the seven patients with stroke. Three-way
mixed ANOVA showed significant interaction of time
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FIGURE 1. Change of the MEP amplitudes before and after (after: 0 min, 10 min, 30 min) the
anodal tDCS (open square), cathodal tDCS (open triangle), and sham tDCS (open circle) among
healthy subjects. The size of the amplitude is expressed as a percentage of the preconditioning
control. Anodal tDCS increased MEPs in 0, 10, and 30 min after stimulation and cathodal tDCS

decreased MEPs at 10 and 30 min after stimulation. *p < 0.001; *p < 0.05.

(before and at intervals after tDCS), stimulation (an-
odal, cathodal, and sham), and category (healthy sub-
jects and stroke subjects; Fg o = 5.369, p = 0.013).

In healthy subjects, anodal tDCS increased MEPs at
0 min (p < 0.001), 10 min (p < 0.001), and 30 min after
stimulation (p < 0.001). Cathodal tDCS decreased the
MEPs at 10 min (p = 0.023) and 30nin (p = 0.04) af-
ter stimulation compared with before stimulation. Sham
stimulation did not induce any significant changes of
MEPs.

In stroke patients, anodal tDCS increased the MEPs
significantly at 0 min (p = 0.024) and 10 min (p = 0.031)
after tDCS. In cathodal tDCS, the MEPs were signifi-
cantly increased at 0 min after tDCS compared with be-
fore tDCS (p = 0.016). Sham stimulation did not induce
any significant change.

Silent Period and F-Wave Amplitude

Table 2 shows the mean duration of the silent period and
mean amplitudes of the F-wave. There was no signifi-
cant interaction of time, stimulation, and category in the
duration of the silent period (Fg6 = 0.816, p = 0.562)
and F-wave amplitude (Fg ¢ = 0.348, p = 0.909).

DISCUSSION

We found that both anodal and cathodal tDCS increased
cortical excitability in patients with subcortical stroke.
Cathodal tDCS, however, decreased cortical excitabil-
ity in healthy volunteers. Qur results showed that MEP
change induced with tDCS has significant interaction
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—o—sham

300
S |
o i
2 200
=
£
]
5 100
=

before

after 0 min

10 min 30 min

FIGURE 2. Change of the MEP amplitudes before and after (after: 0 min, 10 min, 30 min) the
anodal tDCS (open square), cathodal tDCS (open triangle), and sham tDCS (open circle) among
patients with stroke. The size of the amplitude is expressed as a percentage of the preconditioning
control. Post-hoc paired z-test showed significant increased MEPs in 0 and 10 min after anodal and

0 min after cathodal tDCS. *p < 0.05.
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TABLE 2. The mean values (SD) of silent period and F-wave amplitude

Group Parameter Stimulation Before After 0 min After 10 min After 30 min
Healthy group Silent period (ms) Anodal tDCS 98.8 (47.0) 103.0 (32.0) 102.7 (46.7) 109.4 (48.9)
Cathodal tDCS 130.7 (19.5) 133.2 (22.5) 131.5(19.7) 135.1(24.1)

Sham 124.4(39.8) 124.3 (43.6) 125.4(39.5) 125.1(39.9)

F-wave amplitude (mV) Anodal tDCS 0.24(0.14) 0.18(0.05) 0.24(0.10) 0.22(0.10)

Cathodal tDCS 0.21(0.16) 0.21(0.11) 0.18 (0.04) 0.19(0.10)

Sham 0.22(0.15) 0.22(0.12) 0.23(0.11) 0.24(0.08)

Stroke group Silent period (ms) Anodal tDCS 188.1 (78.8) 190.5 (79.1) 192.3(78.6) 189.5 (80.3)
Cathodal tDCS 196.1(71.2) 196.7(71.9) 203.8 (75.0) 202.8(76.0)

sham 178.9 (72.4) 175.8(72.1) 179.3 (78.3) 174.1(70.9)

F-wave amplitude (mV) Anodal tDCS 0.31 (0.05) 0.33 (0.06) 0.30(0.08) 0.34 (0.10)

Cathodal tDCS 0.27 (0.12) 0.23(0.11) 0.26 (0.09) 0.27 (0.15)

Sham 0.30(0.11) 0.32(0.13) 0.30(0.11) 0.35(0.14)

of category (stroke and healthy), stimulation (anodal,
cathodal, and sham), and time (before and at intervals
after tDCS). It implies that the modulation of motor
cortex excitability with tDCS depends on the state of
IMOtor Cortex.

All patients recruited in this study had a subcorti-
cal lesion. Liepert et al. [17] reported that motor cor-
tex excitability of patients with subcortical stroke had
been decreased. Neuronal circuits within the basal gan-
glia facilitate the motor cortex either through antidromic
excitation of cortical-basal ganglia fibers or through or-
thodromic activation of a basal ganglia-thalamocortical
pathway. Therefore, a stroke-induced disturbance of
basal ganglia may result in change of motor cortex ex-
citability. It was hypothesized that the condition of pro-
jection from the basal nucleus to M1 in these patients
would be different from conditions in healthy subjects.
Therefore, cortical modulation by tDCS would be dif-
ferent in the affected hemisphere.

The differential effects of cathodal tDCS between
healthy subjects and patients with stroke underline
the point that the effects of brain stimulation depend
on the physiological state of neuronal populations at
the time the stimulus is applied. This is evident in
concepts such as “homeostatic” plasticity [18,19],
where the state of neural activity determines the pro-
duction of LTP/LTD-like synaptic effects. Siebner
et al. [18] showed that inhibitory preconditioning
with cathodal tDCS resulted in 1 Hz repetitive TMS
(TMS) increasing corticospinal excitability, whereas
1 Hz rTMS alone induced reduction in corticospinal
excitability. The baseline corticospinal excitability
in patients with stroke should be reduced in the
affected hemisphere because the mean RMT value
of the affected hemisphere was significantly higher
than that of healthy subjects. The after-effect of non-
invasive brain stimulation should depend on the state
of excitability before stimulation. According to the
homeostatic hypothesis, cathodal tDCS should increase
corticospinal excitability in a reduced-excitability

© 2012 Informa Healthcare USA, Inc.

state affected hemisphere, such as stroke, whereas it
should decrease corticospinal excitability in healthy
subjects.

When changes that bring about membranal poten-
tial excitement or stimuli that would induce changes in
synaptic transmission occur at a time when excitabil-
ity is lowered by the state of the precondition, as with
homeostatic plasticity, there is a possibility for cortical
excitability to be increased after cathodal tDCS in the
direction of homeostatic plasticity.

The mechanism how cathodal tDCS increases the
motor cortex excitability may be explained by catho-
dal tDCS-induced depression of cortical inhibitory in-
terneuron, which is abnormally increased in the affected
hemisphere among patients with stroke.

It should be, however, noted that it is not always the
case for the opposite phenomena to occur in anodal and
cathodal tDCS [20,21].

Age difference between healthy subjects and pa-
tients with stroke might be other mechanism, which ex-
plains the different after-effect induced cathodal tDCS.
Normal aging is associated with relative decrease in
the excitability of inhibitory circuits within motor cor-
tex. Peinemann et al. [22] showed that short-interval
intracortical inhibition correlated negatively with age,
whereas intracortical facilitation (ICF) was preserved in
the elderly persons. It is, therefore, supposed that catho-
dal tDCS induces facilitatory effect more than inhibitory
effect in elderly person.

Hummel et al. [8] found decreases of short intracor-
tical inhibition (SICI) with anodal tDCS. Liepert et al.
[23] conducted TMS with stroke patients as subjects.
Compared with the unaffected side, SICI decreased in a
significant manner, which suggests disinhibition among
stroke patients. They reported that the cortical silent pe-
riod was significantly prolonged among stroke patients,
which suggests that different inhibition mechanisms are
at work in SICI and the silent period.

With our current assessment, no changes were seen
in the silent period with anodal or cathodal tDCS. With
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1 mA tDCS for 10 min, it is possible that the effects were
not large enough to bring about changes in the silent pe-
riod. It should be noted, however, that there are many
unknown elements in the mechanisms of occurrences
during the silent period. In the case of stroke patients, ef-
fects of excitement and inhibition between hemispheres
must be considered. It is necessary, therefore, to carry
out in future assessments on SICI and ICF during the
silent period and double stimuli (paired pulse TMS) af-
ter conducting anodal and cathodal tDCS on both the
affected and unaffected areas.

As for the F-wave, results from our study showed no
significant changes before or after anodal or cathodal
tDCS. Nitsche et al. [5] reported that no changes oc-
curred on the spinal level as no change was seen in H-
reflex amplitudes before and after tDCS. Nitsche et al.
[24] reported no change in the assessment of F-wave.
When combining these reports with our assessment on
F-wave of stroke patients, it is considered that MEP
changes are caused by changes on the cortex level and
not on the spinal level. However, it has been pointed
out that effects on the spinal level cannot be completely
excluded when examining F-waves [25]. Thus, future
studies are warranted.

We found no relationships between the change of cor-
ticospinal excitability induced by tDCS and time from
onset in this study. We could not find consistent dif-
ferences between the subjects with putaminal lesions,
the subjects with thalamic lesions, and the subjects with
subcortical white matter lesions. Patients with hyper-
tensive hemorrhages and ischemic stroke often have
small vessel microangiopathic changes on MRI. Exten-
sive small vessel ischemic disease affects cognition and
motor function [26]. We did not find extensive mi-
croangiopathic changes on MRI. We could not, how-
ever, exclude the effect of microangiopathic changes.
However, we had a limited number of subjects in this
study, so further studies are needed. In particular, we
need to study factors that influence the change of cor-
ticospinal excitability induced by tDCS, such as le-
sion size, location, time after events, and impairment
level.

Hummel et al. [9] reported that tDCS of the motor
cortex improve motor function in the paretic hand of
patients with chronic stroke. We did not find whether
anodal and cathodal tDCS have beneficial effect on mo-
tor and sensory function of the affected hand or not.
Future studies are necessary to study the relationship to
the behavioral consequences of stimulation in patients
with stroke.

CONCLUSION

In this study, we found that both anodal and cathodal
tDCS increased the affected MI excitability in patients

with stroke. It is thought that the after-effect of tDCS is
different in patients with stroke, compared with healthy
subjects. In applying tDCS to patients with stroke, we
further need to study factors that influence the after-
effect induced by tDCS.

Declaration of interest: The authors report no con-
flicts of interest. The authors alone are responsible for
the content and writing of this paper.
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Abstract Electroencephalogram-based brain—computer
interface (BCI) has been developed as a new neuroreha-
bilitative tool for patients with severe hemiparesis. How-
ever, its application has been limited because of difficulty
detecting stable brain signals from the affected hemisphere.
It has been reported that transcranial direct current stimu-
lation (tDCS) can modulate event-related desynchroniza-
tion (ERD) in healthy persons. The objective of this study
was to test the hypothesis that anodal tDCS could modulate
ERD in patients with severe hemiparetic stroke. The par-
ticipants were six patients with chronic hemiparetic stroke
(mean age, 56.8 + 9.5 years; mean time from the onset,
70.0 £ 19.6 months; Fugl-Meyer Assessment upper
extremity motor score, 30.8 + 16.5). We applied anodal
tDCS (10 min, 1 mA) and sham stimulation over the
affected primary motor cortex in a random order. ERD of
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the mu rhythm (mu ERD) with motor imagery of extension
of the affected finger was assessed before and after anodal
tDCS and sham stimulation. Mu ERD of the affected
hemisphere increased significantly after anodal tDCS,
whereas it did not change after sham stimulation. Our
results show that anodal tDCS can increase mu ERD in
patients with hemiparetic stroke, indicating that anodal
tDCS could be used as a conditioning tool for BCI in stroke
patients.

Keywords Electroencephalography - Cerebrovascular
disease - Rehabilitation - Noninvasive brain stimulation

Introduction

The functional recovery of the upper extremity is limited in
patients with hemiparetic stroke. Most patients with stroke
have difficulty performing activities of daily living (ADL)
using their weakened upper extremity. The functional
recovery depends on the severity of their motor impairment
(Hendricks et al. 2002). Therefore, therapeutic options for
patients with a severely hemiparetic upper extremity are
limited.

Recently, technological innovations such as the brain—
computer interface (BCI) have been developed. Buch et al.
(2008) reported the possibility of using the sensorimotor mu
rhythm over the affected primary motor cortex (M1) recor-
ded with magnetoencephalography (MEG) for neuroreha-
bilitation. Using this signal, the patients learned to use motor
imagery to control the mu rhythm and to operate an orthotic
device that opened and closed their paretic hand. The mu
rhythm is a spontaneous characteristic feature of the EEG/
MEG pattern that has 8- to 13-Hz activity and appears
maximally over the central rolandic or sensorimotor area
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