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Abstract

Background: The combination of motor imagery (M) and afferent input with electrical
stimulation (ES) enhances the excitability of the corticospinal tract compared with motor
imagery alone or electrical stimulation alone. However, its therapeutic effect is unknown in
patients with hemiparetic stroke. We performed a preliminary examination of the therapeutic
effects of Ml + ES on upper extremity (UE) motor function in patients with chronic stroke.
Methods: A total of 10 patients with chronic stroke demonstrating severe hemiparesis
participated. The imagined task was extension of the affected finger. Peripheral nerve
electrical stimulation was applied to the radial nerve at the spiral groove. M|l + ES intervention
was conducted for 10 days. UE motor function as assessed with the Fugl-Meyer assessment
UE motor score (FMA-UE], the amount of the affected UE use in daily life as assessed with a
Motor Activity Log (MAL-AQUJ, and the degree of hypertonia in flexor muscles as assessed
with the Modified Ashworth Scale (MAS] were evaluated before and after intervention. To
assess the change in spinal neural circuits, reciprocal inhibition between forearm extensor
and flexor muscles with the H reflex conditioning-test paradigm at interstimulus intervals
(ISls) of 0, 20, and 100 ms were measured before and after intervention.

Results: UE motor function, the amount of the affected UE use, and muscle hypertonia in
flexor muscles were significantly improved after Ml + ES intervention (FMA-UE: p < 0.01,
MAL-AOU: p < 0.01, MAS: p = 0.02). Neurophysiologically, the intervention induced restoration
of reciprocal inhibition from the forearm extensor to the flexor muscles (ISl at 0 ms: p = 0.03,

ISl at 20 ms: p = 0.03, ISl at 100 ms: p = 0.01).

Conclusion: M| + ES intervention was effective for improving UE motor function in patients

with severe paralysis.
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Introduction

Upper motor dysfunction is a common problem
in patients with stroke and disrupts activities of
daily living and eventually worsens quality of
life.12 Recently, several rehabilitation approaches
have been developed to improve upper extremity
(UE) motor function. Previous research has

shown that intensive use of the paretic upper limb
contributes to improved motor function, even
though the motor recovery period has already
passed.>% However, intensive use of the paretic
upper limb is impossible for patients with severe
upper limb paralysis, because they cannot volun-
tarily control the paretic hand. Therefore, other
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rehabilitative approaches for severely impaired
patients are needed. As an alternative approach,
motor imagery (MI) can be applied to patients
regardless of the degree of motor paralysis. MI is
defined as a dynamic state during which the rep-
resentation of a given motor act is internally
rehearsed within working memory without any
overt motor output.” Functional imaging studies
have revealed that brain activity during motor
execution and MI is largely shared in motor net-
works, such as the primary motor area, supple-
mentary motor area, and premotor area.810
Also, transcranial magnetic stimulation (TMS)
studies reported that excitability of the corti-
cospinal tract (CST) is significantly higher dur-
ing MI in comparison with baseline.l1-1> Based
on these observations, MI has been applied for
rehabilitation of patients with hemiparetic
stroke, and the positive therapeutic effects on
UE motor function have been reported.16-20
However, the effect size differs among the stud-
ies,!? and is lower with regard to motor recovery
of the paretic hand.?® To obtain clinically
significant improvement, ingenuity to strengthen
the therapeutic effect of MI is thought to be
necessary.

The combination of MI and afferent input with
electrical stimulation (ES) is an approach to
enhance the therapeutic effect of MI. The effec-
tiveness of ES for modulation of the excitability
of the CST and improvement of dexterity per-
formance of the paretic hand has been reported
in patients with mild to moderate paralysis.21,22
Moreover, the additive effect of MI and ES has
been reported in healthy adults. Saito and col-
leagues reported that a combination of MI and
peripheral nerve ES enhances the excitability of
the CST compared with MI alone or ES alone.?3
In addition, Kaneko and colleagues reported
that the combination of MI and electrical mus-
cular stimulation reproduces the excitability of
the CST at levels similar to voluntary muscle
contraction.2* However, its therapeutic effects
for motor function in patients with stroke are
unknown. Therefore, we performed a prelimi-
nary examination of the therapeutic effects of a
combination of MI and peripheral nerve ES (MI
+ ES) on UE motor function in patients with
severe paralysis. The aim of this study is to
investigate the feasibility and potential of the
therapeutic effect for future randomized con-
trolled trials.

Materials and methods

Participants

The participants were 10 patients with hemipa-
retic stroke who met the following inclusion crite-
ria: (1) a first unilateral stroke as confirmed with
brain magnetic resonance imaging or computed
tomography; (2) time from stroke onset of more
than 150 days; (3) inability to extend the paretic
fingers; (4) passive extension range of motion
greater than —30 degrees for the metacar-
pophalangeal joints; (4) no pacemaker or other
implanted stimulator. Detailed clinical informa-
tion of the 10 participants is shown in Table 1. All
participants had little or no detectable surface
electromyogram activity from the affected exten-
sor digitorum communis (EDC) muscles when they
attempted to extend their affected fingers. The
study purpose and procedures were explained to
the participants, and written informed consent
was obtained from each participant. This study
was approved by the Institutional Ethics Review
Board and was registered at the University
Hospital Medical Information Network (UMIN)
Clinical Trial Registry (UMINO000023731).

Study design

This feasibility study had a single group, pre- and
post-intervention design. The participants trained
for 10 days using MI + ES. UE motor function
and reciprocal inhibition (RI) were assessed 1 day
before and 1 day after the intervention.

Intervention

Each participant was seated in a comfortable
chair with his or her affected arm supported and
relaxed on the armrest in pronation. The angle of
the elbow was kept at 70-90 degrees of flexion. A
14-inch computer monitor was placed about
60 cm in front of the participant. Surface electro-
myogram was recorded from the affected EDC
muscles using Ag-AgCl surface electrodes (9 mm
in diameter). The electrodes were applied with
center-to-center spacing of 20 mm and were
placed parallel to the muscle fibers. The raw sig-
nal was amplified and filtered using a band-pass
filter of 20 Hz to 3 kHz (Neuropack; Nihon
Kohden, Tokyo, Japan).

The MI + ES intervention was based on kinesthetic
MI visually guided by video animation (Figure 1).
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Table 1. Clinical details of participants.

Patient Age Sex Stroke Stroke location Paretic TFO
(years) type side (years)
A 51 Male CH Thalamus Right 2.2
B 49 Male Cl MCA Right 1.6
C 67 Male Cl MCA Right 1.4
D 73 Male CH Thalamus Right 7.9
E 46 Male CH Putamen Right 1.0
F 62 Female Cl Corona radiata Left 2.7
G 71 Male Cl MCA Left 2.8
H 49 Female CH Frontoparietal lobe Left 1.3
I 62 Male Cl Corona radiata Right 0.6
J 68 Female CH Putamen Right 0.9

CH, cerebral hemorrhage; Cl, cerebral infarction; MCA, middle cerebral artery; TFO, time from onset of stroke.

Visually guided movement
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Figure 1. The experimental setup of the intervention with combination of motor imagery and electrical

stimulation (Ml + ES).

Schematic diagram of the experimental setup of one session of the MI + ES intervention. Participants were instructed

to relax and imagine finger extension movements in accordance with a visual guide. The radial nerve was stimulated at
10 Hz during the finger extension phase. The examiner confirmed that the radial nerve was stimulated by monitoring the
compound muscle action potential, and actual muscle contraction of the EDC did not occur.

EDC, extensor digitorum communis; EMG, electromyogram; ES, electrical stimulation; MI, motor imagery.

Before the first intervention, the participant was
instructed to imagine the kinesthetic sensation
generated by the actual finger extension. The
video animation was composed of a 3-s static
phase and a 3-s finger extension phase. The par-
ticipant was asked to relax during the static phase,

and to imagine finger extension during the finger
extension phase. This 6-s trial was repeated 10
times and was considered as one session. Moreover,
the radial nerve was stimulated at the spiral groove
during the finger extension phase. The stimulus
timing according to the video animation was
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controlled by a custom-made computer program
(LabVIEW 12.0; National Instruments Corp.,
Austin, TX, USA). The stimulation was deliv-
ered at 10 Hz with a pulse width of 1 ms based on
previous reports.23:25:26 For the following four rea-
sons, the stimulus intensity was set at the motor
threshold (MT) of the EDC muscles: (1) Previous
research has shown that stimulation above the
MT is effective to increase excitability of the CST
compared with stimulation above the sensory
threshold.?? (2) We can confirm that the radial
nerve was stimulated by monitoring the com-
pound muscle action potential. (3) Peripheral
nerve ES above the MT induces twitching of the
wrist extensor muscles and may hinder MI of fin-
ger extension. (4) Anatomically, the radial nerve
at the spiral groove is located deeper than the
nerve at the wrist. Therefore, we need to increase
the stimulus intensity more than stimulating the
nerve at the wrist, and the participant might feel
pain by percutaneous ES above the MT. The MT
was defined as the lowest intensity that produced
a compound muscle action potential amplitude
>50 WV in at least 5 out of 10 stimuli. A total of
15 sessions (150 trials) were performed per day.
Additionally, immediately after the MI + ES
intervention, conventional occupational therapy
targeting the affected UE was administered for
1 h per day. This included gentle stretching exer-
cise, active muscle reeducation exercise, and how
to use their paretic hands in actual daily life by a
therapist’s manual contact. The training was con-
ducted for 10 days over a 2-week period.

Assessment

Clinical assessment. Motor function of the
affected UE was assessed with the Fugl-Meyer
assessment UE motor score (FMA-UE).2” The
FMA-UE consists of four categories (A: Shoul-
der/Elbow/Forearm, B: Wrist, C: Hand/Finger,
and D: Coordination) and has a maximum score
of 66. Its reliability and validity have been well
demonstrated.?® The Motor Activity Log (MAL)
is a structured interview used to measure UE dis-
ability in activities of daily living. The MAL-14
includes 14 items, scored on an 11-point amount
of use (AOU) score (range 0-5) to rate how much
the arm is used.?® High construct validity and
reliability of the MAL have been demonstrated in
patients with chronic stroke.2%30 We calculated
the sum of each item as the MAL-AOU. The
Modified Ashworth Scale (MAS) grades the
degree of hypertonia in individual muscles or

muscle groups and is scored with a 6-point rating
scale to measure passive muscle resistance.3! The
MAS score was summed for the following muscle
groups: elbow flexors, wrist flexors, and finger
flexors (score 1+ was transformed to 2, and
scores 2 and 3 were transformed to 3 and 4).
These clinical assessments were performed before
and after the intervention and were determined
by an independent physiatrist with more than
10 years of experience.

Reciprocal inhibition. RI was assessed to investi-
gate the change in spinal neural circuits using the
flexor carpi radialis (FCR) H reflex conditioning
test paradigm.32 Percutaneous electrical pulses of
1-ms duration at a frequency of 0.3 Hz were
delivered through surface electrodes to the
median nerve in the cubital fossa. To determine
the stimulus intensity of Hmax, the optimal posi-
tion for stimulating the median nerve was initially
determined by moving the stimulating electrode
while checking the waveform. Then, the intensity
was gradually increased until an H reflex without
an M response was recorded. The response with
the largest amplitude was selected as the Hmax.
The stimulus intensity was then increased until
the Mmax response was obtained. The test FCR
H reflex amplitude was maintained at 15-20% of
the Mmax for each trial block. Conditioning stim-
ulation to the radial nerve was delivered at the
spiral groove. Stimulus intensity was set at a level
that was capable of inducing an M response from
extensor carpi radialis muscles with peak-to-peak
amplitudes of 100 wV. Interstimulus intervals
(ISIs) of 0, 20, and 100 ms were selected based
on previous reports.33-36 The first phase of RI (ISI
at 0 ms) is related to the Ia disynaptic pathway.32
The second phase of RI (ISI at 20 ms) may occur
via presynaptic inhibition.3” The inhibitory circuit
of the third phase of RI has yet to be clarified.
However, the third inhibitory phase may be
responsible for descending control of spinal inter-
neurons possibly by the brain stem or cerebral
cortex.3436:38 The size of the conditioned H reflex
was expressed as a percentage of the size of the
unconditioned H reflex at each interval (e.g. RI
0 ms = conditioned H reflex amplitude of the ISI
at 0 ms/test H reflex amplitude).

Statistical analyses

The Wilcoxon signed-rank test was used to com-
pare clinical data (FMA-UE scores, MAL-
AOU, MAS) between the pre-intervention and

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

K Okuyama, M Ogura et al.

Table 2. Clinical assessments at pre- and post-intervention in 10 patients.

Patient FMA-UE MAL-AOU MAS
Pre Post Change Pre Post Change Pre Post Change

A 28 33 5 5 12 7 5 4 -1
B 19 25 6 10 " 1 5 4 -1
C 21 31 10 3 8 5 3 0 -3
D 15 19 4 0 2 2 4 4 0
E 26 29 3 6 6 0 4 4 0
F 10 14 4 8 20 12 g 3 -2
G 23 27 4 8 10 2 3 2 -1
H 30 85 5 9 10 1 g 4 -1

I 15 21 6 12 13 1 4 4 0
J 13 21 8 3 6 3 2 2 0
Average  20.0 25.5 5.5 6.4 9.8 3.4 4.0 3.1 -0.9
SD 6.4 6.4 2.0 3.5 4.6 35 1.0 1.3 0.9

FMA-UE, Fugl-Meyer assessment upper extremity motor score; MAL-AOU, amount of use scores in Motor Activity Log;

MAS, Modified Ashworth Scale; SD, standard deviation.

post-intervention periods. The reason of using the
nonparametric test is that clinical data are ordinal
scales and the normality of the data distribution
was not confirmed in some outcomes as a result of
the Shapiro—Wilk test. After the normality of the
data distribution was confirmed using the Shapiro—
Wilk test, the paired Student’s z-test was used to
compare RI at each phase between the pre-inter-
vention and post-intervention periods. All reported
p-values were two-sided, and p-values < 0.05 were
considered significant. Effect sizes for the FMA-UE
were calculated using Cohen’s d statistics, with the
magnitude of group differences defined as small if d
= 0.2, medium if d = 0.5, or large if d = 0.8, con-
sidering the clinical significance of the variables.

Results
All the participants completed the intervention
without experiencing obvious adverse effects.

Clinical assessments
The changes in clinical assessments are shown in
Tables 2 and 3. After MI + ES intervention, the

FMA-UE score increased in all participants. The
average amount of change was 5.5 points. The
MAL-AOU score increased in all participants
except one. The average amount of change was
3.4 points. The summed MAS score decreased in
six participants. The Wilcoxon signed-rank test
showed significant improvement in the FMA-UE
score (p < 0.01), the FMA-UE category A score
(p < 0.01), the FMA-UE category B score (p =
0.04), the FMA-UE category C score (p = 0.01),
and the MAL-AOU (p < 0.01) between the pre-
intervention and post-intervention periods. The
FMA-UE category D score was not changed in all
patients (p = 1.00). The effect size for the
FMA-UE was large (d = 0.86). The MAS scores
were also reduced significantly (p = 0.02).

Reciprocal inhibition

We were able to obtain the H reflex in the affected
FCR muscles in seven participants. In the other
three patients, the H reflex amplitude was either
not observed or too small, so it was impossible to
evaluate with an appropriate test stimulus. The
paired Student’s z-test showed a significant
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Table 3. Changes in FMA-UE subscale scores.

Pre Post p-value
FMA-UE A 15.7 (5.6) 18.5(5.9) <0.01
B 0.6(1.2) 1.8 (2.0) 0.04
C 3.6(0.7) 5.1(0.9) 0.01
D 0.1(0.3) 0.1(0.3) 1.00

A, shoulder/elbow/forearm, 36 points; B, wrist, 10 points; C, hand/finger, 14 points; D, coordination, 6 points.
FMA-UE, iFugl-Meyer assessment upper extremity motor score.

Change in RI 0 msec

*

0.5 0.5

% of unconditioned H reflex
% of unconditioned H reflex

Pre Post Pre

Change in RI 20 msec

Change in RI 100 msec

* *

1.5

0.5

% of unconditioned H reflex

Post Pre Post

Figure 2. Changes in Rl at each phase.

The effects of the intervention with combination of Ml and ES on Rl at each phase. Error bars indicate the standard error.
Asterisks show significant differences between the pre-intervention and post-intervention periods. *p < 0.05.
ES, electrical stimulation; MI, motor imagery; R, reciprocal inhibition.

difference in RI at 0 ms (p
0.03), and at 100 ms (p
intervention (Figure 2).

0.03),at20 ms (p =
0.01) following the

Discussion

In this study, we performed a preliminary investi-
gation of the effectiveness of the MI + ES inter-
vention for UE motor function in patients with
chronic severe hemiparesis. After the MI + ES
intervention, patients showed improved UE
motor function, increased use of their paretic UE
in activities of daily living, and mitigated spastic-
ity. Furthermore, as a result of evaluation of RI by
electrophysiological methods, we found that RI
from the forearm extensor to the flexor muscles
was increased after the intervention.

All participants showed improved UE motor
function after 10 days of MI + ES intervention.
Changes in the FMA-UE score were statistically

significant and showed a large effect size. The
amount of change was beneficial from the per-
spective of a clinically important difference.
Previous research estimated that a clinically
important difference in FMA-UE scores was
about 5 points in individuals with stable, mild to
moderate hemiparesis.?® Six of 10 patients in our
study showed an increase in FMA-UE scores of 5
points or more, surpassing the minimal clinically
important difference, following intervention for
only 10 days. In the results of the subcategories of
FMA-UE, Shoulder/Elbow/Forearm, Wrist and
Hand/Finger scores were significantly improved
between the pre-intervention and post-interven-
tion periods. Especially, FMA-UE category Wrist
and Hand/Finger scores reflected the distal UE
motor function. We consider that this result dem-
onstrates the effect of MI + ES intervention on
distal UE motor function. In addition, the
FMA-UE category Shoulder/Elbow/Forearm
score was also improved. We speculate that the
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reasons for improvement were related to the effect
of occupational therapy, which consisted of gen-
tle stretching exercise and muscle reeducation
exercise and task specific reach-to-grasp training
using peg, and increased UE use brought about
by the improvement of the Hand/Finger motor
function. Indeed, the MAL-AQOU scores were sig-
nificantly increased after the intervention. The
improvement in motor function may lead to
behavioral changes in activities of daily living.

We believe that the improvement in UE motor
function after the intervention with MI + ES was
induced by plastic changes at cortical and spinal
levels. In healthy adults, MI + ES enhances the
excitability of the CST compared with MI alone
and ES alone,?? and increases the excitability of
the CST at levels similar to motor execution.?* In
addition, Bonassi ez al. reported that training with
MI + ES facilitates motor learning through
primary motor cortex plasticity similar to motor
execution.?® In this study, plastic changes in
movement-related cortical areas may be involved
in motor recovery. Furthermore, modulation of
the CST excitability facilitates motor learning of a
subsequent motor task, based on evidence from
neuromodulation with repetitive TMS.41-43
Avenaniti et al. reported that repetitive TMS
before UE motor rehabilitation is effective more
than repetitive TMS after UE motor rehabilita-
tion for improvement of UE motor function.
Thus, MI + ES might facilitate learning of a sub-
sequent UE motor task in occupational therapy
by the effect of interventions order.

At the spinal level, we confirmed from RI that
plastic changes had occurred after the intervention
with MI + ES. It has been reported that RI is
modulated by MI alone and ES alone.*46 MI
affects the spinal neural circuits through the
descending motor pathway.448 Kawakami ez al.
reported that RI of the antagonist muscle was
increased during MI in patients with stroke.%> The
effect of ES on RI has also be reported, although
the stimulus parameters were different from those
used in the present study.*% In this study, we
consider that RI circuits may be reinforced by
repetitive input from the cortex induced by MI,
and peripheral nerves induced by ES. As a result,
each phase of RI was increased after MI + ES
intervention. This change in RI likely contributed
to the improvement in UE motor function. RI is
an important neural system for selective muscle
activity and coordinated movements.>%-52 Patients

with stroke show reduced or absent RI of the
forearm.>3-56 Hence, muscle activity shows a syn-
ergistic pattern after stroke.’” Additionally, the
increment of RI may have contributed to mitiga-
tion of spasticity. A previous report showed that
RI at 100 ms was correlated with the MAS scores
of the wrist and finger flexors.3®8 Moreover, a
change in RI at 100 ms and a change in the MAS
scores of the wrist were also correlated after an
intervention using integrated volitional control
electrical stimulation with a wrist splint.® We can-
not consider the relationship of clinical change
and neurophysiological change because of small
sample in this study. Further investigation is
needed.

Task specific and repetitive training is important
for motor recovery after stroke.385% However,
patients with severe paralysis have difficulties
applying these training methods. Therefore,
approaches for severe upper limb paralysis are
lacking, although several rehabilitation approaches
have been developed to improve UE motor func-
tion. The advantage of MI + ES interventions is
that they can be used in patients with severe
stroke who are not capable of moving their
affected finger. Kawakami er al. reported that
recovery of UE motor function can be enhanced
by using a gradual neurorehabilitation approach.
If severely paralyzed patients can move their
affected fingers even a little, the movement can be
amplified by neuromuscular electrical stimulation
to further improve the motor function.® Thus,
the MI + ES intervention has the potential to
become a new rehabilitation option for severely
paralyzed patients.

Study limitations

In this study, we determined the protocol of ES
based on previous reports.23:25:26 However, since
this is the first study on MI + ES intervention in
patients with stroke, it is unknown whether the
stimulation protocol was the best for improve-
ments of UE motor function. Further investiga-
tion is needed to confirm the appropriate
stimulation protocol. In addition, the ability to
perform MI and the quality of MI were not evalu-
ated. In future studies, the ability to perform MI
should be assessed with a questionnaire (e.g. the
Kinesthetic and Visual Imagery Questionnaire).
Moreover, we did not utilize a sham treatment
group. We cannot draw a conclusion about the
effectiveness of the combination of MI and ES,
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because each intervention has the potential to
enhance motor function on its own. Therefore, a
randomized controlled study is needed to confirm
the effectiveness of the MI + ES intervention.
Furthermore, our protocol included not only the
MI + ES intervention but also occupational ther-
apy. Therefore, one cannot differentiate the effects
of the two interventions. According to the phased
approach to the development of clinical rehabilita-
tion evidence, the present study was positioned as
a phase I-II clinical trial. This study confirmed
that the proposed treatment was clinically feasible
from the perspective of both efficacy and safety,
and the results ensured that the effects of the treat-
ment are in the desired direction. The results now
encourage us to compare its effectiveness with
that of existing standard treatments. A phase III
clinical trial with a larger sample size is needed for
further development of clinical interventions.

Conclusion

As a preliminary result, we have shown that the
MI + ES intervention was effective for improving
UE motor function and mitigating spasticity in
patients with chronic stroke. We showed that one
of the reasons for improvement was that RI was
increased after MI + ES. Although this study has
several limitations and further studies are
required, this approach may provide a potential
benefit for severely impaired patients who cannot
perform intensive motor training accompanied by
actual hand movements.
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