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ysis of the results showed that area and amplitude measures gave
very similar results. As several of the subjects investigated had
moderately complex MEPs, measures of area are used throughout
the paper. A three-way repeated-measures ANOVA was used to
determine and compare the effect of ulnar nerve stimulation on the
mean MEP area of the three muscles studied. The factors were
treatment (two levels: pre and post nerve stimulation), site of stim-
ulation (seven levels), muscle (three levels: FDI, ADM, APB) and
their interaction. The significance level was set at P<0.05 and
post-hoc analyses were performed where appropriate. Changes in
the threshold and onset latency for MEPs after magnetic brain
stimulation were analysed using paired t-tests. A similar analysis
was used on the data obtained in the digital nerve stimulation ex-
periments.

Level of excitability change

In order to provide evidence for the cortical nature of any ob-
served change in corticospinal excitability, a further series of ex-
periments was performed in five subjects. In these experiments
MEPs were recorded in the right FDI using techniques described
above. MEPs were evoked in a number of different ways. Firstly,
with the subjects relaxed transcranial magnetic stimulation (TMS)
was applied at 120% of relaxed threshold at the optimal scalp site
for evoking responses in FDI. In a second trial, recordings were
taken during a minimal voluntary contraction (approximately 5%
of maximum voluntary contraction) and MEPs were evoked using
both TMS and transcranial electrical stimulation (TES). In this
second trial TMS and TES were presented pseudo-randomly to the
subject, with trials consisting of five TES and ten TMS stimuli.
Both the TMS and TES intensities were adjusted so that the ampli-
tudes of evoked MEPs were matched with those elicited by TMS
in the relaxed condition. TES was applied using a Magstim D180
stimulator. Silver–silver chloride cup electrodes (9 mm diameter)
were used as stimulating electrodes. The anode was placed over
the left motor cortex hand area (6 cm lateral to the vertex) and the
cathode was placed at the vertex.

Analysis

A two-way repeated measures ANOVA was used to compare the
effect of repetitive ulnar nerve stimulation on the MEPs evoked in
FDI with the three forms of stimulation. The factors were stimula-
tion type (three levels: TMS relaxed, TMS active, TES active) and
treatment (two levels: pre- and post-stimulation).

F-wave studies

In six subjects (three of whom had participated in the mapping
study) the excitability of spinal motoneurones after 2 h of ulnar
nerve stimulation was investigated by recording F-waves. MEPs
and F-waves were recorded from the left FDI muscle as this mus-
cle showed the most dramatic MEP facilitation after the 2-h period
of nerve stimulation. The optimal scalp site and threshold for
evoking MEPs in FDI was determined as before and MEPs were
measured after stimulation at this site only. F-waves were evoked
by supra-threshold electrical stimulation of the ulnar nerve at the
wrist. Twenty ulnar nerve stimuli and ten magnetic brain stimuli
were presented in random sequence. MEPs and F-waves were re-
corded before and immediately after a 2-h period of repetitive ul-
nar nerve stimulation (as above) and the following measurements
were made: 1) average MEP amplitude; 2) F-wave incidence
(number of F-wave occurrences after 20 stimuli); 3) the average
F-wave amplitude; and 4) average F-wave area. Paired t-tests were
used to determine whether there was significant change in any of
these measures after nerve stimulation.

Results

All subjects completed the protocol. None of the sub-
jects reported any persistent complaint of weakness or
paraesthesia after the prolonged stimulus. Although not
tested systematically there was no obvious difference in
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Fig. 1 Raw data traces from
two representative subjects
(A,B) showing the effect of a
2-h period of repetitive ulnar
nerve stimulation at the wrist
(10 Hz, 500 ms on/500 ms off)
on the motor-evoked potential
(MEP) amplitudes in three
hand muscles. For each subject
the pre-stimulation (solid lines)
and post-stimulation (dotted
lines) trials are superimposed.
Each pair of traces represents
stimulation at one scalp site
(1–7). Each trace is the average
of five responses. For both sub-
jects, responses in first dorsal
interosseous (FDI) and abduc-
tor digiti minimi (ADM) (both
innervated by the ulnar nerve)
are larger in the post-stimulus
trials. Responses in abductor
pollicis brevis (APB) (innervat-
ed by the median nerve) are not
significantly different after the
stimulation period
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ORIGINAL ARTICLE

Influence of Electric Somatosensory Stimulation
on Paretic-Hand Function in Chronic Stroke
Carolyn W. Wu, PhD, Hyae-Jung Seo, MD, Leonardo G. Cohen, MD

ABSTRACT. Wu CW, Seo H-J, Cohen LG. Influence of
electric somatosensory stimulation on paretic-hand function in
chronic stroke. Arch Phys Med Rehabil 2006;87:351-7.

Objective: To test the influence of electric somatosensory
stimulation on performance of the Jebsen-Taylor Hand Function
Test (JTHFT), a widely used assessment of functional hand motor
skills, by the paretic arm in patients with chronic stroke.

Design: Initially, patients trained for several sessions until
reaching plateau performance on the JTHFT. Subsequently,
they entered a crossover randomized study, designed to eval-
uate the influence of somatosensory stimulation on JTHFT
performance.

Setting: A research laboratory.
Participants: Nine patients with chronic stroke (!1.5y)

who acutely had marked weakness (paralysis of the upper
extremity is evaluated as equal or below Medical Research
Council [MRC] grade 2) followed by improvement to an MRC
grade of 4.24!0.43 (range, 3.5–4.9) and Fugl-Meyer Assess-
ment (FMA) score of 86.43%!2.02% at the time of testing.

Interventions: Two hours of electric somatosensory stimu-
lation was applied to the (1) paretic hand, (2) paretic leg, or (3)
no stimulation in different sessions, in a randomized order.

Main Outcome Measure: The time required to complete
the JTHFT was analyzed by using repeated-measures analysis
of variance (ANOVA) with factors time (pre-, postinterven-
tion) and intervention (paretic hand, paretic leg, no stimulation)
followed by post hoc testing.

Results: Significant effects of intervention and intervention
by time interaction (P".01) on JTHFT time was revealed by
repeated-measures ANOVA. Post hoc testing documented im-
provements in JTHFT time with paretic hand stimulation alone
(P".005), an effect that appeared more prominent in subjects
with lower FMA scores.

Conclusions: Somatosensory stimulation applied to a pa-
retic limb can benefit performance of a functional test in
patients with chronic stroke. This result supports the proposal
that electric sensory stimulation in combination with training
protocols may enhance the benefit of customary neurorehabili-
tative treatments and possibly motor learning.

Key Words: Electric stimulation; Neuronal plasticity; Re-
habilitation.

© 2006 by the American Congress of Rehabilitation Medi-
cine and the American Academy of Physical Medicine and
Rehabilitation

SOMATOSENSORY INPUT IS required for accurate motor
control1 and for the acquisition of motor skills.2 In patients

with stroke, somatosensory deficits are usually associated with
slower recovery of motor function.3 Previous studies have tried
to elucidate the mechanisms underlying this influence. In
healthy subjects, peripheral nerve stimulation, which activates
group Ia large muscle afferents, group Ib afferents from Golgi
organs, group II afferents from slow and rapidly adapting skin
afferents and cutaneous afferent fibers,4,5 elicits an increase in
motor cortical excitability of body part representations that
control the stimulated body part6-10 and results in reorganiza-
tion of the motor and somatosensory cortices.11,12 Peripheral
nerve stimulation, as used in these studies, led to specific
task-related increases in functional magnetic resonance imag-
ing activity that outlast the stimulation period in various cor-
tical areas including primary motor (M1) and somatosensory
(S1) cortices.11,12 Direct connections between S1 and M1 could
provide the anatomic substrate for the influence of electric
somatosensory stimulation on motor cortical organization.13

These findings raised the hypothesis that electric somatosen-
sory stimulation, by eliciting motor cortical reorganization,
could influence motor behavior and possibly functional recov-
ery in patients with brain lesions. In tune with this proposal,
previous investigations showed that similar interventions ap-
plying electric stimulation to nerve trunks or muscles could
elicit improvements in motor function in patients with chronic
stroke.14-22 It would now be important to determine if it could
also influence performance of activities of daily living (ADLs).
To address this issue, we studied the effects of electric somato-
sensory stimulation on performance of the Jebsen-Taylor Func-
tional Hand Test (JTFHT), a validated tool commonly used in
neurorehabilitation,23-26 in a group of patients with chronic
stroke who experienced moderate motor recovery. We hypoth-
esized that electric somatosensory stimulation applied to the
paretic limb would result in improvements in JTHFT perfor-
mance compared with stimulation of a different body part (leg)
and to no stimulation.

METHODS

Participants
Nine patients, an average of 64.5!4.4 years old (4 women;

all right-hand dominant), with history of a single ischemic
cerebral infarct (6 subcortical, 1 cortico-subcortical, 2 cortical)
(table 1, fig 1) equal to or more than 1.5 years (6.5!1y; range,
1.5–13.3y) before testing participated in the study. All had
initially severe motor paresis (below Medical Research Council
[MRC] scale grade 2) as described in the patients’ chart and
subsequently recovered to MRC grade 3.5 to 4.9 and Fugl-
Meyer Assessment (FMA) score 87.6%!2.2% at the time of
testing. Visual and somatosensory functions were within nor-
mative limits, and the Mini-Mental State Examination scores
ranged from 26 to 30. All patients participated in 3 different
experimental sessions studying the effect of 3 interventions on
performance of the JTHFT in a randomized crossover design in
which the investigator testing JTHFT was blind to intervention
type.
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weeks to months led to improvements in hand functional
tests.15,17,22,30-32. Here, we intended to characterize functional
changes elicited by a short, single, 2-hour session of electric
somatosensory stimulation on performance of complex and
highly coordinated motor tasks involved in ADLs. The JTHFT
evaluates functional hand motor skills,24 has good validity and
reliability,24,27 and has been studied in rehabilitative set-
tings.26,33-35 Neural pathways controlling performance of these
tasks include fast corticospinal projections36,37 that originate in
the primary motor cortex.38,39 Improvement in JTHFT corre-
lates with functional gains during rehabilitative training.34,35

We studied a group of patients with chronic stroke, substan-
tial weakness immediately after the event, and moderate recov-
ery over the following years (from MRC score !2 to a mean
of 4.3 at the time of testing). Initially, patients became familiar
with the JTHFT, which they performed repeatedly for several
days, until their performance stabilized. Baseline JTHFT ob-
tained in the 3 testing sessions (stimulation of paretic hand,
stimulation of paretic leg, no stimulation) showed levels com-
parable to those at the end of the familiarization sessions (see
figs 2B, 2C). The main finding of the study was that a single
2-hour period of stimulation of the paretic hand, in the absence
of physical training, elicited improvements in JTHFT that
lasted for less than 24 hours in the absence of changes with
stimulation of the paretic leg and no stimulation. The magni-
tude of this improvement was more prominent in patients with

Fig 2. (A) Motor performances. Subtests of the JTHFT: picking up small objects and placing them in a can, pick up beans with a teaspoon
placing them in a can (mimicking a feeding function), stacking checkers, turning over cards, and moving large light cans (89g [3.2oz]), and
heavy cans (592g [1lb]). The subtest order is based on the patients’ report of task difficulty (most difficult: picking up small objects, easiest:
moving cans). The JTHFT preceding and during familiarization (1–4) and in baseline determinations in the 3 testing sessions (5–7) expressed
as (B) total time and (C) normalized to the initial performance level preceding familiarization. Note the progressive improvement in JTHFT
time during familiarization providing a stable baseline performance that was comparable in the 3 subsequent testing sessions (5–7).
Abbreviation: NS, not significant.
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Fig 3. Effects of electric somatosensory stimulation on motor per-
formance (individual subjects). JTHFT total time is shown in indi-
vidual patients at baseline (Pre) and after (Post) stimulation of the
paretic hand, the paretic leg, and no stimulation. Initials identify
patients described in table 1. Patients 1, 4, and 7 had hand stimu-
lation first; patients 6, 8, and 9 had leg stimulation first; and patients
2, 3, and 5 had no stimulation first. Paretic hand stimulation re-
sulted in shortening of JTHFT times in 6 of the 9 patients tested.
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more impairment (see fig 4B), raising the hypothesis that this
interventional strategy may be useful in people with poorer
remaining functions, when hand weakness makes motor train-
ing more difficult or impossible.14 The 3 interventions did not
elicit side effects, the order was counterbalanced across sub-
jects, and investigators testing JTHFT were blind to the inter-
vention applied. Patients did not express expectations of im-
provement with any of the 3 interventions. On questioning at
the end of the study, 2 patients felt transient improvement in
hand motility with hand stimulation, 1 felt transient locomotor
improvement with leg stimulation, and 1 patient felt both. The
other 5 patients did not report any difference.

These results are in tune with previous findings showing that
short periods of electric somatosensory stimulation influence
muscle strength, swallowing, and reaching in patients with
chronic stroke.9,14-16,18,19 Our results now expand these find-
ings, showing that even a short session of 2 hours of electric
somatosensory stimulation can transiently facilitate motor
functions involved in ADLs in patients with chronic stroke,
supporting the proposal of an adjuvant role to customary neu-
rorehabilitative treatments.14,16,20-22,35,40,41 It is of note that
peripheral nerve stimulation under our experimental design
allowed simultaneous activation of nerve fibers transmitting
input originating in peripheral receptors critical for perfor-
mance of the JTHFT.

Performance of the JTHFT engages a distributed network of
interconnected cortical regions including frontal and parietal
cortices.37,39,42 The somatosensory cortex, which received di-
rect input from the stimulated hand, has direct anatomic
projections to motor, premotor, and parietal cortices.43-46 These
projections modulate neuronal activity in primary motor
cortex and association frontal and parietal areas,47,48 pro-
viding a likely anatomic substrate for the effects described
in this study. Possibly mediated through these pathways,
electric somatosensory stimulation elicits cortical reorgani-

zation not only in the somatosensory but also in the primary
motor cortex of healthy volunteers11,12 and patients with
chronic stroke.17 The net functional result of electric so-
matosensory stimulation on the primary motor cortex is
increased excitability of the motor cortical representations
that control the stimulated body part,9,49,50 possibly through
modulation of GABAergic neurotransmission8,10 and long-
term potentiation-like processes.51-53

CONCLUSIONS
Somatosensory stimulation applied to a paretic limb can

benefit performance of a functional test in patients with chronic
stroke, supporting the proposal that in combination with train-
ing protocols electric somatosensory stimulation may enhance
the benefit of customary neurorehabilitative interventions and
possibly motor learning.
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Influence of Electric Somatosensory Stimulation
on Paretic-Hand Function in Chronic Stroke
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ABSTRACT. Wu CW, Seo H-J, Cohen LG. Influence of
electric somatosensory stimulation on paretic-hand function in
chronic stroke. Arch Phys Med Rehabil 2006;87:351-7.

Objective: To test the influence of electric somatosensory
stimulation on performance of the Jebsen-Taylor Hand Function
Test (JTHFT), a widely used assessment of functional hand motor
skills, by the paretic arm in patients with chronic stroke.

Design: Initially, patients trained for several sessions until
reaching plateau performance on the JTHFT. Subsequently,
they entered a crossover randomized study, designed to eval-
uate the influence of somatosensory stimulation on JTHFT
performance.

Setting: A research laboratory.
Participants: Nine patients with chronic stroke (!1.5y)

who acutely had marked weakness (paralysis of the upper
extremity is evaluated as equal or below Medical Research
Council [MRC] grade 2) followed by improvement to an MRC
grade of 4.24!0.43 (range, 3.5–4.9) and Fugl-Meyer Assess-
ment (FMA) score of 86.43%!2.02% at the time of testing.

Interventions: Two hours of electric somatosensory stimu-
lation was applied to the (1) paretic hand, (2) paretic leg, or (3)
no stimulation in different sessions, in a randomized order.

Main Outcome Measure: The time required to complete
the JTHFT was analyzed by using repeated-measures analysis
of variance (ANOVA) with factors time (pre-, postinterven-
tion) and intervention (paretic hand, paretic leg, no stimulation)
followed by post hoc testing.

Results: Significant effects of intervention and intervention
by time interaction (P".01) on JTHFT time was revealed by
repeated-measures ANOVA. Post hoc testing documented im-
provements in JTHFT time with paretic hand stimulation alone
(P".005), an effect that appeared more prominent in subjects
with lower FMA scores.

Conclusions: Somatosensory stimulation applied to a pa-
retic limb can benefit performance of a functional test in
patients with chronic stroke. This result supports the proposal
that electric sensory stimulation in combination with training
protocols may enhance the benefit of customary neurorehabili-
tative treatments and possibly motor learning.

Key Words: Electric stimulation; Neuronal plasticity; Re-
habilitation.
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SOMATOSENSORY INPUT IS required for accurate motor
control1 and for the acquisition of motor skills.2 In patients

with stroke, somatosensory deficits are usually associated with
slower recovery of motor function.3 Previous studies have tried
to elucidate the mechanisms underlying this influence. In
healthy subjects, peripheral nerve stimulation, which activates
group Ia large muscle afferents, group Ib afferents from Golgi
organs, group II afferents from slow and rapidly adapting skin
afferents and cutaneous afferent fibers,4,5 elicits an increase in
motor cortical excitability of body part representations that
control the stimulated body part6-10 and results in reorganiza-
tion of the motor and somatosensory cortices.11,12 Peripheral
nerve stimulation, as used in these studies, led to specific
task-related increases in functional magnetic resonance imag-
ing activity that outlast the stimulation period in various cor-
tical areas including primary motor (M1) and somatosensory
(S1) cortices.11,12 Direct connections between S1 and M1 could
provide the anatomic substrate for the influence of electric
somatosensory stimulation on motor cortical organization.13

These findings raised the hypothesis that electric somatosen-
sory stimulation, by eliciting motor cortical reorganization,
could influence motor behavior and possibly functional recov-
ery in patients with brain lesions. In tune with this proposal,
previous investigations showed that similar interventions ap-
plying electric stimulation to nerve trunks or muscles could
elicit improvements in motor function in patients with chronic
stroke.14-22 It would now be important to determine if it could
also influence performance of activities of daily living (ADLs).
To address this issue, we studied the effects of electric somato-
sensory stimulation on performance of the Jebsen-Taylor Func-
tional Hand Test (JTFHT), a validated tool commonly used in
neurorehabilitation,23-26 in a group of patients with chronic
stroke who experienced moderate motor recovery. We hypoth-
esized that electric somatosensory stimulation applied to the
paretic limb would result in improvements in JTHFT perfor-
mance compared with stimulation of a different body part (leg)
and to no stimulation.

METHODS

Participants
Nine patients, an average of 64.5!4.4 years old (4 women;

all right-hand dominant), with history of a single ischemic
cerebral infarct (6 subcortical, 1 cortico-subcortical, 2 cortical)
(table 1, fig 1) equal to or more than 1.5 years (6.5!1y; range,
1.5–13.3y) before testing participated in the study. All had
initially severe motor paresis (below Medical Research Council
[MRC] scale grade 2) as described in the patients’ chart and
subsequently recovered to MRC grade 3.5 to 4.9 and Fugl-
Meyer Assessment (FMA) score 87.6%!2.2% at the time of
testing. Visual and somatosensory functions were within nor-
mative limits, and the Mini-Mental State Examination scores
ranged from 26 to 30. All patients participated in 3 different
experimental sessions studying the effect of 3 interventions on
performance of the JTHFT in a randomized crossover design in
which the investigator testing JTHFT was blind to intervention
type.
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weeks to months led to improvements in hand functional
tests.15,17,22,30-32. Here, we intended to characterize functional
changes elicited by a short, single, 2-hour session of electric
somatosensory stimulation on performance of complex and
highly coordinated motor tasks involved in ADLs. The JTHFT
evaluates functional hand motor skills,24 has good validity and
reliability,24,27 and has been studied in rehabilitative set-
tings.26,33-35 Neural pathways controlling performance of these
tasks include fast corticospinal projections36,37 that originate in
the primary motor cortex.38,39 Improvement in JTHFT corre-
lates with functional gains during rehabilitative training.34,35

We studied a group of patients with chronic stroke, substan-
tial weakness immediately after the event, and moderate recov-
ery over the following years (from MRC score !2 to a mean
of 4.3 at the time of testing). Initially, patients became familiar
with the JTHFT, which they performed repeatedly for several
days, until their performance stabilized. Baseline JTHFT ob-
tained in the 3 testing sessions (stimulation of paretic hand,
stimulation of paretic leg, no stimulation) showed levels com-
parable to those at the end of the familiarization sessions (see
figs 2B, 2C). The main finding of the study was that a single
2-hour period of stimulation of the paretic hand, in the absence
of physical training, elicited improvements in JTHFT that
lasted for less than 24 hours in the absence of changes with
stimulation of the paretic leg and no stimulation. The magni-
tude of this improvement was more prominent in patients with

Fig 2. (A) Motor performances. Subtests of the JTHFT: picking up small objects and placing them in a can, pick up beans with a teaspoon
placing them in a can (mimicking a feeding function), stacking checkers, turning over cards, and moving large light cans (89g [3.2oz]), and
heavy cans (592g [1lb]). The subtest order is based on the patients’ report of task difficulty (most difficult: picking up small objects, easiest:
moving cans). The JTHFT preceding and during familiarization (1–4) and in baseline determinations in the 3 testing sessions (5–7) expressed
as (B) total time and (C) normalized to the initial performance level preceding familiarization. Note the progressive improvement in JTHFT
time during familiarization providing a stable baseline performance that was comparable in the 3 subsequent testing sessions (5–7).
Abbreviation: NS, not significant.
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sulted in shortening of JTHFT times in 6 of the 9 patients tested.
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Introduction

Reduced somatosensory function impairs motor
recovery after stroke [9]. In healthy volunteers,
somatosensory stimulation enhances excitability as
well as activity in the contralateral primary motor [7,
10] and premotor cortices. Somatosensory stimula-
tion improves swallowing [4] in acute stroke, while
combined peripheral nerve/brain stimulation can
improve leg function in the chronic phase [13]. In

patients with chronic predominantly subcortical
strokes, 2-hour peripheral nerve stimulation improves
pinch force [2] and can enhance use-dependent
plasticity [11]. Peripheral nerve stimulation applied to
a paretic limb in patients with predominantly sub-
cortical strokes can benefit performance of a func-
tional motor test that mimics activities of daily living
[14]. Other forms of somatosensory stimulation have
also improved motor function in stroke patients and
have been used in clinical practice (for review, see
Dobkin [3]).
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j Abstract Somatosensory stimu-
lation enhances aspects of motor
function in patients with chronic,
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farcts. We investigated the effects
of somatosensory stimulation on
motor function in stroke patients
with predominantly cortical
involvement in the middle cere-
bral artery territory in a double-
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over trial. Motor performance was
evaluated with the Jebsen-Taylor
test before, after 2-hour somato-
sensory stimulation, and after
subsequent motor training
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(MNS) and in the other session, to
control stimulation (CS). The
order of the sessions was coun-
terbalanced across patients.
Improvement in performance in
the Jebsen-Taylor test after

somatosensory stimulation and
after motor training was signifi-
cantly greater in the MNS session
than in the CS session. Addition-
ally, patients who received MNS in
the second session maintained the
beneficial effects of training
30 days later. A single MNS ses-
sion improves hand motor func-
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appears to favor consolidation of
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stimulation may be an adjuvant
tool for stroke rehabilitation in
patients with cortical lesions.
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Av. Dr. Enéas de Carvalho Aguiar 255/5131
São Paulo SP 05403000, Brazil
Tel.: +55-11/30696401
Fax: +55-11/30614036
E-Mail: abconf@usp.br, abconf@yahoo.com

L.G. Cohen
Human Cortical Physiology Section
National Institutes of Neurological
Disorders and Stroke
National Institutes of Health
Bethesda, MD 20892-1430, USA



2008 

Repetitive	peripheral	sensory	stimulation:		
(RPSS)	



2008 2009 

Repetitive	peripheral	sensory	stimulation:		
(RPSS)	

“Effects of combined peripheral nerve stimulation and brain
polarization on performance of a motor sequence task after
chronic stroke”

Pablo Celnik, M.D.1,2,*, Nam-Jong Paik, M.D., Ph.D.1,3,*, Yves Vandermeeren, M.D., Ph.D.
1,4, Michael Dimyan, M.D.1, and Leonardo G. Cohen, M.D.1

1Human Cortical Physiology and Stroke Neurorehabilitation Section, National Institute of Neurological
Disorders and Stroke, National Institutes of Health, Bethesda, MD, USA

2Department of Physical Medicine and Rehabilitation, Johns Hopkins University, Baltimore, MD, USA

3Department of Rehabilitation Medicine, Seoul National University College of Medicine, Seoul, Korea

4Department of Neurology, Cliniques Universitaires UCL de Mont-Godinne, Université Catholique de
Louvain, Belgium

Abstract
Background—Recent work demonstrated that application of peripheral nerve and cortical
stimulation independently can induce modest improvements in motor performance in patients with
stroke.

Objective—To test the hypothesis that combining peripheral nerve stimulation (PNS) to the paretic
hand with anodal direct current stimulation (tDCS) to the ipsilesional primary motor cortex (M1)
would facilitate beneficial effects of motor training more than each intervention alone or sham
(tDCSSham and PNSSham).

Methods—Nine chronic stroke patients completed a blinded, cross-over designed study. In separate
sessions, we investigated the effects of single applications of PNS+tDCS, PNS+tDCSSham, tDCS
+PNSSham and PNSSham+tDCSSham prior to motor training on the ability to perform finger motor
sequences with the paretic hand.

Results—PNS+tDCS resulted in a 41.3% improvement in the number of correct key presses relative
to PNSSham+tDCSSham, 15.4% relative to PNS+tDCSSham and 22.7% relative to tDCS+PNSSham.
These performance differences were maintained 1 and 6 days after the end of the training.

Conclusions—These results indicate that combining PNS with tDCS can facilitate the beneficial
effects of training on motor performance beyond levels reached with each intervention alone, a
finding of relevance for the neurorehabilitation of motor impairments after stroke.
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Conclusions—These results indicate that combining PNS with tDCS can facilitate the beneficial
effects of training on motor performance beyond levels reached with each intervention alone, a
finding of relevance for the neurorehabilitation of motor impairments after stroke.
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Mildly	
affected	
patients	 Crossover	

design	

n	<	20	

weeks to months led to improvements in hand functional
tests.15,17,22,30-32. Here, we intended to characterize functional
changes elicited by a short, single, 2-hour session of electric
somatosensory stimulation on performance of complex and
highly coordinated motor tasks involved in ADLs. The JTHFT
evaluates functional hand motor skills,24 has good validity and
reliability,24,27 and has been studied in rehabilitative set-
tings.26,33-35 Neural pathways controlling performance of these
tasks include fast corticospinal projections36,37 that originate in
the primary motor cortex.38,39 Improvement in JTHFT corre-
lates with functional gains during rehabilitative training.34,35

We studied a group of patients with chronic stroke, substan-
tial weakness immediately after the event, and moderate recov-
ery over the following years (from MRC score !2 to a mean
of 4.3 at the time of testing). Initially, patients became familiar
with the JTHFT, which they performed repeatedly for several
days, until their performance stabilized. Baseline JTHFT ob-
tained in the 3 testing sessions (stimulation of paretic hand,
stimulation of paretic leg, no stimulation) showed levels com-
parable to those at the end of the familiarization sessions (see
figs 2B, 2C). The main finding of the study was that a single
2-hour period of stimulation of the paretic hand, in the absence
of physical training, elicited improvements in JTHFT that
lasted for less than 24 hours in the absence of changes with
stimulation of the paretic leg and no stimulation. The magni-
tude of this improvement was more prominent in patients with

Fig 2. (A) Motor performances. Subtests of the JTHFT: picking up small objects and placing them in a can, pick up beans with a teaspoon
placing them in a can (mimicking a feeding function), stacking checkers, turning over cards, and moving large light cans (89g [3.2oz]), and
heavy cans (592g [1lb]). The subtest order is based on the patients’ report of task difficulty (most difficult: picking up small objects, easiest:
moving cans). The JTHFT preceding and during familiarization (1–4) and in baseline determinations in the 3 testing sessions (5–7) expressed
as (B) total time and (C) normalized to the initial performance level preceding familiarization. Note the progressive improvement in JTHFT
time during familiarization providing a stable baseline performance that was comparable in the 3 subsequent testing sessions (5–7).
Abbreviation: NS, not significant.
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Fig 3. Effects of electric somatosensory stimulation on motor per-
formance (individual subjects). JTHFT total time is shown in indi-
vidual patients at baseline (Pre) and after (Post) stimulation of the
paretic hand, the paretic leg, and no stimulation. Initials identify
patients described in table 1. Patients 1, 4, and 7 had hand stimu-
lation first; patients 6, 8, and 9 had leg stimulation first; and patients
2, 3, and 5 had no stimulation first. Paretic hand stimulation re-
sulted in shortening of JTHFT times in 6 of the 9 patients tested.
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Stroke is a major cause of death and disability.1,2 Inter ventions 
to limit tissue damage during the acute phase of stroke have 

resulted in some success.3,4 However, there is a need for fur-
ther research on interventions to maximize recovery of function 
after acute stages of stroke,5,6 particularly with regard to upper 
extremity (UE) movement function in cases of severe hemipa-
resis (almost no active movement).7 These interventions may 
capitalize on neuroplastic change, which has been associated 
with functional recovery in cases of neurological impairment.6

Neuroplastic change and recovery of motor function after 
cortical lesions can be significantly influenced by sensory 
input.8,9 During performance of motor tasks, repetitive acti-
vation of sensory input enhances motor cortical plasticity, 

establishing a mechanism for the role of sensory input in 
motor skill acquisition.10–12 A sensory-based intervention 
called peripheral nerve stimulation (PNS) has been shown to 
increase motor cortical excitability and enhance outcomes of 
motor training after stroke. In a study of 22 subjects <6 months 
after stroke, PNS paired with 1 week of intensive task–oriented 
UE training was associated with more significant improve-
ment in movement function than the effects of training alone 
as measured by the Wolf Motor Function Test (WMFT).13 A 
separate study by Sawaki et al12 investigated the effects of PNS 
on voluntary movement of paretic thumb in 7 subjects at least 6 
months post stroke. Significantly more neuroplastic change was 
associated with active PNS compared with sham conditions. 

Background and Purpose—A sensory-based intervention called peripheral nerve stimulation can enhance outcomes of 
motor training for stroke survivors with mild-to-moderate hemiparesis. Further research is needed to establish whether 
this paired intervention can have benefit in cases of severe impairment (almost no active movement).

Methods—Subjects with chronic, severe poststroke hemiparesis (n=36) were randomized to receive 10 daily sessions of 
either active or sham stimulation (2 hours) immediately preceding intensive task-oriented training (4 hours). Upper 
extremity movement function was assessed using Fugl–Meyer Assessment (primary outcome measure), Wolf Motor 
Function Test, and Action Research Arm Test at baseline, immediately post intervention and at 1-month follow-up.

Results—Statistically significant difference between groups favored the active stimulation group on Fugl–Meyer at 
postintervention (95% confidence interval [CI], 1.1–6.9; P=0.008) and 1-month follow-up (95% CI, 0.6–8.3; P=0.025), 
Wolf Motor Function Test at postintervention (95% CI, −0.21 to −0.02; P=0.020), and Action Research Arm Test at 
postintervention (95% CI, 0.8–7.3; P=0.015) and 1-month follow-up (95% CI, 0.6–8.4; P=0.025). Only the active 
stimulation condition was associated with (1) statistically significant within-group benefit on all outcomes at 1-month 
follow-up and (2) improvement exceeding minimal detectable change, as well as minimal clinically significant difference, 
on ≥1 outcomes at ≥1 time points after intervention.

Conclusions—After stroke, active peripheral nerve stimulation paired with intensive task–oriented training can effect 
significant improvement in severely impaired upper extremity movement function. Further confirmatory studies that 
consider a larger group, as well as longer follow-up, are needed.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT02633215.   
(Stroke. 2016;47:00-00. DOI: 10.1161/STROKEAHA.116.012671.)
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Stroke is a major cause of death and disability.1,2 Inter ventions 
to limit tissue damage during the acute phase of stroke have 

resulted in some success.3,4 However, there is a need for fur-
ther research on interventions to maximize recovery of function 
after acute stages of stroke,5,6 particularly with regard to upper 
extremity (UE) movement function in cases of severe hemipa-
resis (almost no active movement).7 These interventions may 
capitalize on neuroplastic change, which has been associated 
with functional recovery in cases of neurological impairment.6

Neuroplastic change and recovery of motor function after 
cortical lesions can be significantly influenced by sensory 
input.8,9 During performance of motor tasks, repetitive acti-
vation of sensory input enhances motor cortical plasticity, 

establishing a mechanism for the role of sensory input in 
motor skill acquisition.10–12 A sensory-based intervention 
called peripheral nerve stimulation (PNS) has been shown to 
increase motor cortical excitability and enhance outcomes of 
motor training after stroke. In a study of 22 subjects <6 months 
after stroke, PNS paired with 1 week of intensive task–oriented 
UE training was associated with more significant improve-
ment in movement function than the effects of training alone 
as measured by the Wolf Motor Function Test (WMFT).13 A 
separate study by Sawaki et al12 investigated the effects of PNS 
on voluntary movement of paretic thumb in 7 subjects at least 6 
months post stroke. Significantly more neuroplastic change was 
associated with active PNS compared with sham conditions. 

Background and Purpose—A sensory-based intervention called peripheral nerve stimulation can enhance outcomes of 
motor training for stroke survivors with mild-to-moderate hemiparesis. Further research is needed to establish whether 
this paired intervention can have benefit in cases of severe impairment (almost no active movement).

Methods—Subjects with chronic, severe poststroke hemiparesis (n=36) were randomized to receive 10 daily sessions of 
either active or sham stimulation (2 hours) immediately preceding intensive task-oriented training (4 hours). Upper 
extremity movement function was assessed using Fugl–Meyer Assessment (primary outcome measure), Wolf Motor 
Function Test, and Action Research Arm Test at baseline, immediately post intervention and at 1-month follow-up.

Results—Statistically significant difference between groups favored the active stimulation group on Fugl–Meyer at 
postintervention (95% confidence interval [CI], 1.1–6.9; P=0.008) and 1-month follow-up (95% CI, 0.6–8.3; P=0.025), 
Wolf Motor Function Test at postintervention (95% CI, −0.21 to −0.02; P=0.020), and Action Research Arm Test at 
postintervention (95% CI, 0.8–7.3; P=0.015) and 1-month follow-up (95% CI, 0.6–8.4; P=0.025). Only the active 
stimulation condition was associated with (1) statistically significant within-group benefit on all outcomes at 1-month 
follow-up and (2) improvement exceeding minimal detectable change, as well as minimal clinically significant difference, 
on ≥1 outcomes at ≥1 time points after intervention.

Conclusions—After stroke, active peripheral nerve stimulation paired with intensive task–oriented training can effect 
significant improvement in severely impaired upper extremity movement function. Further confirmatory studies that 
consider a larger group, as well as longer follow-up, are needed.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT02633215.   
(Stroke. 2016;47:00-00. DOI: 10.1161/STROKEAHA.116.012671.)
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Review Article

Introduction
Stroke is a leading cause of disability worldwide.1,2 Upper 
limb paresis is observed in 87% of stroke survivors,3 but the 
quality of the evidence for interventions to improve upper 
limb motor function is controversial.4,5

Strategies to enhance motor performance by augmenta-
tion of afferent information from the paretic upper limb are 
based on the key role of sensory input on motor perfor-
mance and on findings of worse recovery of hemiparesis in 
subjects with sensory impairment.6,7 Increased afferent 
input is provided during motor performance of the paretic 
limb in rehabilitation strategies such as constraint-induced 
movement therapy and robot-assisted training,4,5 or in the 
absence of overt movements in interventions such as elec-
trical peripheral nerve stimulation, muscle tendon vibration 
and cutaneous stimulation.

The terms transcutaneous electrical stimulation and 
neuromuscular stimulation are often used to designate a 

variety of techniques in which electrical stimuli are nonin-
vasively applied to the skin or also to muscles and nerves. 
The goals of electrical peripheral nerve stimulation, muscle 
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Abstract
Background. Enhancement of sensory input in the form of repetitive peripheral sensory stimulation (RPSS) can enhance 
excitability of the motor cortex and upper limb performance. Objective. To perform a systematic review and meta-analysis 
of effects of RPSS compared with control stimulation on improvement of motor outcomes in the upper limb of subjects 
with stroke. Methods. We searched studies published between 1948 and December 2017 and selected 5 studies that 
provided individual data and applied a specific paradigm of stimulation (trains of 1-ms pulses at 10 Hz, delivered at 1 Hz). 
Continuous data were analyzed with means and standard deviations of differences in performance before and after active 
or control interventions. Adverse events were also assessed. Results. There was a statistically significant beneficial effect 
of RPSS on motor performance (standard mean difference between active and control RPSS, 0.67; 95% CI, 0.09-1.24; I2 
= 65%). Only 1 study included subjects in the subacute phase after stroke. Subgroup analysis of studies that only included 
subjects in the chronic phase showed a significant effect (1.04; 95% CI, 0.66-1.42) with no heterogeneity. Significant results 
were obtained for outcomes of body structure and function as well as for outcomes of activity limitation according to the 
International Classification of Function, Disability and Health, when only studies that included subjects in the chronic phase 
were analyzed. No serious adverse events were reported. Conclusions. RPSS is a safe intervention with potential to become 
an adjuvant tool for upper extremity paresis rehabilitation in subjects with stroke in the chronic phase.

Keywords
stroke, upper extremity, electric stimulation therapy, paresis, motor skills.
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