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Abstract

Purpose

Motor recovery of persons after stroke may be enhanced by a novel approach where resid-

ual muscle activity is facilitated by patient-controlled electrical muscle activation. Myoelectric

activity from hemiparetic muscles is then used for continuous control of functional electrical

stimulation (MeCFES) of same or synergic muscles to promote restoration of movements

during task-oriented therapy (TOT). Use of MeCFES during TOT may help to obtain a larger

functional and neurological recovery than otherwise possible.

Study design

Multicenter randomized controlled trial.

Methods

Eighty two acute and chronic stroke victims were recruited through the collaborating facili-

ties and after signing an informed consent were randomized to receive either the experimen-

tal (MeCFES assisted TOT (M-TOT) or conventional rehabilitation care including TOT (C-

TOT). Both groups received 45 minutes of rehabilitation over 25 sessions. Outcomes were

Action Research Arm Test (ARAT), Upper Extremity Fugl-Meyer Assessment (FMA-UE)

scores and Disability of the Arm Shoulder and Hand questionnaire.

Results

Sixty eight subjects completed the protocol (Mean age 66.2, range 36.5–88.7, onset months

12.7, range 0.8–19.1) of which 45 were seen at follow up 5 weeks later. There were signifi-

cant improvements in both groups on ARAT (median improvement: MeCFES TOT group

3.0; C-TOT group 2.0) and FMA-UE (median improvement: M-TOT 4.5; C-TOT 3.5). Con-

sidering subacute subjects (time since stroke < 6 months), there was a trend for a larger
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proportion of improved patients in the M-TOT group following rehabilitation (57.9%) than in

the C-TOT group (33.2%) (difference in proportion improved 24.7%; 95% CI -4.0; 48.6),

though the study did not meet the planned sample size.

Conclusion

This is the first large multicentre RCT to compare MeCFES assisted TOT with conventional

care TOT for the upper extremity. No adverse events or negative outcomes were encoun-

tered, thus we conclude that MeCFES can be a safe adjunct to rehabilitation that could pro-

mote recovery of upper limb function in persons after stroke, particularly when applied in the

subacute phase.

Introduction

Stroke is the leading cause of disability in adults in the world and can result in highly complex

clinical situations. The insult often involves the sensory-motor system leading to hemiparesis

and impairment of the upper limb in over 50% of survivors [1,2]. Although some structural

recovery is possible, especially in the first months after stroke, only a small percentage of per-

sons recover pre-morbid movement patterns and functionality [3].

Limitations in reaching and grasping have an important role in determining the level

of independence of the person in their daily activities and the subsequent impact on their

quality of life. Tailored goal oriented rehabilitation is therefore an essential factor in reducing

impairment and augmenting functionality of a hemiplegic arm. A plurality of interventions

may help the subject to restore participation and adapt to the new clinical status including task

oriented therapy (TOT) that has been shown to be effective for motor recovery [4,5], as well as

constraint induced movement therapy (CIMT) [6], biofeedback and robot assisted therapy [7–

9]. Moreover, electrostimulation has been applied to improve muscle recruitment and aid

motor recovery. Since resources and time in rehabilitation are limited it is important to iden-

tify and employ effective interventions [10].

The inability to use the arm in an efficient way may lead to non use of the arm and hand

that can lead to changes also at the neural level [11]. It is therefore essential that arm use is

facilitated in meaningful activities. Approaches that assist the person during purposeful volun-

tarily activated movement could be important for inducing neuroplasticity and increasing

function. Neuromuscular electrical stimulation (NMES) has been employed in rehabilitation

of stroke patients either to generate muscle contraction or be a support during movements;

however, with inconsistent results [11–20]. A prerequisite for neuroplasticity through training

is the volitional intent and attention of the person and it therefore follows that the user should

participate consciously in the rehabilitative intervention [21,22].

Through the use of EMG it is technically possible to register the myoelectric activity from

voluntary contraction of a muscle while its motor nerve is being stimulated by electrical

impulses [23]. MeCFES is a method where the FES is directly controlled by volitional EMG

activity. In contrast to EMG triggered FES, the controlling muscle is continuously controlling

the stimulation intensity. Thus the resulting movement and intrinsic multisensory activation

is synchronized with the active attention and intention of the subject and the muscle contrac-

tion can be gradually modulated by the subject himself facilitating motor learning and recov-

ery of function. This has been demonstrated to be possible in spinal cord injured subjects

[24,25] and a pilot study has shown that when the controlling and stimulated muscles are
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homologous or they are synergistic it may lead to a marked increase in motor function of the

hemiparetic forearm of selected stroke patients [26]. Motor learning principles required for

CNS-activity-dependent plasticity, in fact, include task-oriented movements, muscle activation

driving practice of movement, focused attention, repetition of desired movements, and train-

ing specificity [21,22,27]. The use of MeCFES during active challenging goal oriented move-

ments should help the patient and the therapist overcome the effect of learned non use by

turning attempts to move the arm into successful movements.

We hypothesize that applying MeCFES in a task oriented paradigm to assist normal arm

movements during rehabilitation of the upper limb in persons with stroke will improve

the movement quality and success and thus induce recovery at the body functions level

(impairment) and the activity level (disability) of the International Classification of Func-

tion, Disability and Health (ICF) [28] superior to that induced by usual care task-oriented

rehabilitation.

Materials and methods

Study design

An observer-blinded block-randomized controlled multicenter trial with post-acute stroke

patients was carried out. The trial involved four rehabilitation centers of the Don Carlo Gnoc-

chi Foundation located in Milano (two centers, Santa Maria Nascente (SMN), the trial leading

center, and Palazzolo), Roma and Rovato. Participants that met the inclusion criteria were allo-

cated to one of two groups; an experimental group (M-TOT) or the control group (C-TOT).

In the experimental group the MeCFES was applied to support impaired movements while the

participant was working on task-oriented activities under guidance of the therapist. In the con-

trol group, participants were treated with standard rehabilitation care that included task-ori-

ented activity. The study was approved by the local ethics committees in April 2010 ("Ethical

Committee of IRCCS Don Carlo Gnocchi Foundation"), the first participant was enrolled in

April 2011 and the last in August 2015. The study was retrospectively registered in the clinical

trials list as ClinicalTrials.gov (NCT03019744). Registration was done retrospectively since

at the moment of study beginning year 2011 registrations of clinical trials, although recom-

mended by World Health Organization, were not general practice in our institute. However,

we confirm that all ongoing and related trials for this intervention are registered.

Participants

Adult persons with a first ischemic or haemorrhagic stroke were recruited from collaborating

rehabilitation centers within the four-year project. To be included the subjects had to be at

least a month post stroke at first evaluation (T0), be able to cognitively, physically and logisti-

cally participate in the study, have a minimum voluntary muscle activation of shoulder flexors

(at least 1 on the Manual Muscle test (Medical Research Council scale) [29], have a passive

range of motion of the shoulder and elbow of more than 90˚ and no severe spasticity (�3

Ashworth scale) [30] of upper limb muscles. Exclusion criteria were presence of implanted

electronic devices, epilepsy, respiratory insufficiency, pregnancy, peripheral neuropathies,

cutaneous ulcers at the stimulation zone and other use of FES on the upper limb.

After signing an informed consent participants were randomized according to four random

allocation sequences, generated before the beginning of the study according to time since

stroke (subacute� 6 months post stroke or chronic, >6 months post stroke) and functional

level (high, FMA-UE score>22 or low FMA-UE�22). A random order block of 2 (experimen-

tal) + 2 (control) assignments was used for each of the four categories. The allocation sequences

were concealed from clinicians enrolling patients.
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Evaluation

Outcome measures of the study were the improved 15 item Action Research Arm Test (ARAT)

[31], and the Upper Extremity section of the Fugl Meyer scale (FMA-UE) [32], representing

respectively the activity level of the ICF and the neurological state at the body function level of

the ICF. The Quick version of the Disability of the Arm Shoulder and Hand questionnaire

(DASH, score of maximum limitation 100) [33] was used to measure the impact of treatment

on participation. The 15 item ARAT is a shorter version of the original ARAT that was sug-

gested after a Rasch analysis of the ARAT carried out by Van der Lee [31] that showed that 4

of the original 19 items were redundant. The improved ARAT assesses the ability to grasp

and move objects (maximum total score 45) such as the original version while the FMA is a

stroke-specific, performance-based impairment index designed to assess motor functioning

(FMA-UE, maximum total score 66). For both ARAT and FMA-UE a higher score indicates

better arm function while a higher score on the DASH indicates a greater limitation. A change

on the ARAT equal or more than five points is considered an improvement in function. Partici-

pants also filled out a VAS for perceived pain (maximum pain score = 10).

Assessments were made by a trained physical therapist, blind to group assignment, at 4 sim-

ilarly spaced time intervals over 6 weeks, T0, T1, T2 and T3, and T4 at Follow up 5 weeks later.

The whole evaluation protocol was administered at baseline (T0), at post-treatment (T3 at

week 6) and at 5-week follow-up (T4), while only ARAT was administered at intermediate

time points, respectively after 8 (T1) and 16 (T2) rehabilitation sessions.

Eight different physiotherapists served as assessors, two per site. All assessors took part

in a training session prior to the commencement of the study. The same assessor performed

the serial assessments for each individual participant. Participants were not blinded to the

intervention, however they remained naive as to the supposed efficacy of the 2 intervention

conditions.

Intervention

Each subject was assessed and treated in the same rehabilitation center where he/she was

enrolled. Treatment and evaluation protocols were agreed upon and therapists in all four

centers were specifically trained to use the MeCFES approach in order to reduce variation in

treatment protocol application. A number of possible preset protocols had been prepared in

collaboration with therapists at the leading site to form an Investigators Brochure with detailed

descriptions. The treating therapists underwent a training course and were instructed to read a

user manual describing how to apply the MeCFES and giving indications of appropriate TOT

exercises with which the MeCFES could be used. Each center thus had a MeCFES device at its

disposal and physical therapists were trained to use it.

The intervention protocol for both groups consisted of 25 sessions, lasting 45 minutes each,

that were applied 5 days per week over 5–6 weeks. In addition to the 25 daily sessions of the

study protocol, all participants received usual care physical therapy as planned for their indi-

vidual problems.

MeCFES added to Task-oriented arm rehabilitation (M-TOT). The physical therapist

used the MeCFES to assist volitional movements of the patients during task-oriented therapy.

Based upon the clinical needs of the patient, activity of one or more arm muscles was identified

in order to control stimulation of that same muscle or synergic muscles.

One of the commonly used modalities was for example to let wrist extension and anterior

deltoid control in synergy with the opening of the hand for reaching. Only when the patient

actively used both muscles the stimulation would induce hand opening. A variant of this was

to let activity of the long flexors of the fingers inhibit stimulation controlled by wrist extensors,
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in order to promote unlearning of undesirable co-contraction of antagonist muscles. Thera-

pists were furthermore encouraged to use the last half of the session to let the patient repeat

the TOT exercises without the MeCFES in order to promote a carry-over or learning effect.

The TOT exercises included movements of reaching, grasping, manipulating and moving

appropriate objects.

Task-oriented arm rehabilitation (C-TOT). Usual care arm therapy typically consisted

of task-oriented exercises, similar to those in the experimental group, aimed to improve arm

functionality.

Material

The MeCFES device, described in detail elsewhere [23,24], is composed of four independent

EMG amplifiers and four outputs for muscle-nerve stimulation. Digital signal processing algo-

rithms reduce stimulation artifacts and transform each input into an estimate of the volitional

myoelectric activity of the controlling muscle. These estimates are combined by addition or

subtraction to control each of the four FES output generators. The relation between myoelec-

tric effort and stimulation is controlled by a piecewise linear function where offset, gain and a

maximum can be adjusted by the therapist using a portable computer. The computer is con-

nected wireless to the MeCFES while the therapist is adjusting these settings. For each stimula-

tion channel, the therapist may also adjust the maximum stimulation intensity as to protect

the subject against excessive stimulation. Through a graphical interface the therapist can com-

bine the inputs with outputs and the sign of the gain determines if the input acts as an excit-

atory or inhibitory component of the correspondent stimulation channel.

Sample size estimation

A minimal clinically important difference (MCID) of 5 points or more on the improved

ARAT between baseline (T0) and post treatment (T3) was considered to divide the sample

into improved and not improved [34]. Based on a statistical power of 80% with a two-sided

level of significance of 5% and assuming that 75% of patients in the experimental group and

50% in the control group would exceed the MCID (25% in favor of the experimental group), a

sample size of 110 subjects was required. A sample size of 120 subjects (sixty per group) was

planned to account for an expected dropout of 10%.

Data collection and statistical analysis

Outcome measures were retrieved on site by the assessing therapist and sent as excel file or fax

to the principal investigator and inserted into the trial registry database.

Descriptive statistics for the two treatment arms are reported as means and ranges, medians

with interquartile ranges, or counts and percentages. A primary endpoint was defined as an

improvement on the ARAT score of 5 points (MCID) or more, from the pre-treatment (T0)

to the post-treatment visit (T3): patients were accordingly categorized as improved or not

improved. Results are reported as differences in proportions with 95% confidence intervals.

The same results are reported for subgroups defined according to stroke chronicity (chronic

or subacute).

Secondary endpoints were the changes of ARAT, FMA-UE and DASH scores over the

treatment period (T0-T3), and during the follow-up period (T3-T4). These endpoints were

evaluated, separately, using different multivariable repeated measures mixed models (with an

unstructured variance-covariance matrix). Three different models, with ARAT, FMA-UE, and

DASH scores as dependent variables, with treatment group as independent variable, and with

stroke chronicity and rehabilitation center as covariates, were used both to evaluate changes
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during the treatment period (from T0 to T3), and then separately to evaluate changes over

the entire follow-up (from T0 to T4). Medians of the differences from baseline scores were

reported for each outcome measure at each available visit. Results of the repeated measures

models are reported as treatment effect, visit effect and treatment�visit interaction effect. The

significance level was set at 5% and all tests were two-tailed. Analyses were performed using

SAS 9.2 (SAS Institute Inc., Cary, NC, USA).

Results

Within the duration of the project (April 2011 and August 2015), 82 patients (mean age years:

66.6, range: 36.5–88.7, mean onset months: 12.6, range: 0.8–190,1) from the four rehabilitation

centers were recruited and randomized (M-TOT group, 38; C-TOT group, 44). The last evalu-

ation was performed in October 2015. Fourteen patients left the study before the post-treat-

ment visit (T3): 5 were randomized but dropped out before their baseline assessment (T0) (1

died, 1 had an epileptic seizure, 1 refused the treatment, 2 for unknown reasons); Nine of the

77 patients that had a baseline evaluation (T0) did not finish at least 90% of the rehabilitation

sessions and so were considered drop outs resulting in a drop-out rate of almost 12% after

baseline evaluation (5 dismissed from center prior to the study end, 1 as being non-compliant

with the treatment, 3 for unknown reasons). None of the dropouts was due to dissatisfaction

with type of treatment received. Dismissal from the center prior to study end happened for

practical reasons, such as the patients being moved to rehabilitation centers nearer to their

home. The patient that was non-compliant with the treatment missed many rehabilitation ses-

sions due to sickness and so was unable to finish the protocol in time.

Sixty eight patients (experimental group, 32; control group, 36) completed the assigned

treatment and 45 could be seen at the 5-week follow-up visit (T4) (see CONSORT flow-chart

in Fig 1). The low rate of patients turning up for a follow up is of concern, but in all cases it

was because it was inconvenient for the persons, they lived too far away from the center or did

not have anyone that could assist them in getting to the center.

No adverse events or negative outcomes were encountered during the treatment period.

The median VAS for pain was 0 at baseline and remained unchanged which implies that both

treatments were safe and did not lead to an increase in shoulder pain.

The demographic and clinical features of the 68 patients with post-treatment evaluation are

illustrated in Table 1. The mean age at the baseline visit was 65.9 years for the M-TOTgroup

and 67.9 years for the C-TOT group, with a mean time since stroke of 20.1 and 10.1 months,

respectively. Females predominated in both groups, and ischemic stroke was the most com-

mon type. Subacute patients were more represented in the C-TOT group (75%) than in the

M-TOT group (59%).

All analyses of treatment effect subsequently reported were performed in the 68 subjects

with post-treatment evaluation (See Table 2 for results of all outcome variables expressed as

medians, means and range). Median baseline score of ARAT was 6 and 6.5 out of a total score

of 45 in the M-TOT and C-TOT group respectively while following treatment the median

scores were 21 and 12.5 respectively. Median FMA-UE score at baseline was 28 and 32 out of a

total score of 66 respectively for the M-TOT and C-TOT group and following treatment it was

39 and 36, respectively.

Fig 2 depicts the change over time of the median ARAT and FMA-UE scores for both

groups and subgroups, chronic and subacute, at baseline and post intervention.

The results of the primary endpoint analysis are shown in Table 3. In the M-TOT group, 14

patients out of 32 (43.8%) showed an improvement of 5 points or more on the ARAT score at

the post-treatment assessment. The number of improved patients in the C-TOT group was 12
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out of 36 (33.3%). No significant differences were observed between the two treatment arms

(difference in proportions: 10.5; 95% CI: -12.2; 31.8). Subgroup analyses showed that “usual

care" TOT had a similar effect in chronic (33.3% improved) and subacute patients (33.2%

improved), while M-TOT appeared to be more effective in subacute (57.9% improved) than in

chronic patients (23.1% improved); nevertheless, neither in chronic (difference in proportions:

-10.2; 95% CI: -44.9; 24.3) nor in subacute (difference in proportions: 24.7; 95% CI: -4.0; 48.6)

Fig 1. CONSORT flow-chart.

https://doi.org/10.1371/journal.pone.0188642.g001
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subgroups, was a significant difference found between the two treatment arms. When adjust-

ing for stroke chronicity and centers results remained substantially unchanged (data not

shown).

Medians of the changes from baseline of ARAT, FMA-UEand DASH scores at each avail-

able treatment evaluation are shown in Table 4 along with the results of the repeated measures

Table 1. Demographic and clinical features of experimental and control groups.

Variable M-TOT (N = 32) C-TOT (N = 36)

N Median Range N Median Range

Age (years) 32 68.3 36.5–84.8 36 67.7 38.0–88.7

Disease duration (months) 32 4.5 0.9–190.1 36 3 0.9–97.4

N % N %

Sex

F 19 59.4 20 55.6

M 13 40.6 16 44.4

Stroke type

Hemorrhagic 5 15.6 7 19.4

Ischemic 26 81.3 29 80.6

Ischemic and hemorrhagic 1 3.1 0 0.0

Stroke site

Cortical 5 15.6 8 23.5

Cortical and subcortical 11 34.4 15 44.1

Subcortical 11 34.4 9 26.5

Brainstem 5 15.6 2 5.9

Not specified 2

Chronicity

Chronic 13 40.6 9 25.0

Subacute 19 59.4 27 75.0

Rehabilitation center

Milano (Palazzolo) 2 6.2 7 19.4

Roma 11 34.4 11 30.6

Rovato 6 18.8 7 19.4

Milano (SMN) 13 40.6 11 30.6

N: number; M-TOT: Myoelectric control of functional electrical stimulation-task oriented training; C-TOT: control-task oriented training.

https://doi.org/10.1371/journal.pone.0188642.t001

Table 2. Outcome assessments at baseline and post intervention.

Test M-TOT (N = 32) C-TOT (N = 36)

Median Range Mean(SD) Median Range Mean (SD)

ARAT PRE 6.0 0–43 13.9 (16.1) 6.5 0–44 15.1 (16.4)

POST 21.0 0–45 20.5 (17.1) 12.5 0–45 20.0 (18.7)

FMA-UE PRE 28.0 4–64 29.4 (19.4) 32.0 2–63 30.4 (19.9)

POST 39.0 8–66 37.0 (19.9) 36.0 8–66 34.9 (21.9)

DASH PRE 62.5 8–68 60.8 (17.5) 54.5 14–75 51.0 (18.3)

POST 56.5 18–71 55.9 (17.9) 52.5 6–66 44.2 (20.6)

IQR: interquartile range; SD: standard deviation; M-TOT: Myoelectric control of functional electrical stimulation-task oriented training; C-TOT: control-task

oriented training. ARAT: action research arm test; FMA-UE: Fugl Meyer assessment for the upper limbs; DASH: disability of the arm, shoulder and hand

questionnaire.

https://doi.org/10.1371/journal.pone.0188642.t002
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analysis. There was a significant improvement from baseline to post-treatment scores for all

outcome measures in both groups; however, no significant interactions between treatment

and visit were detected (Table 3), meaning that the change from baseline was similar in the

two treatment groups, although FMA-UE showed a trend for interaction (p = 0.07) with bigger

changes in the M-TOTgroup. The median change scores for ARAT from baseline to the end of

treatment: were 3.0 in the MeCFES group, and 2.0 in the C-TOT group; for FMA_UE 4.5 in

the M-TOT group, and 3.5 in the C-TOT group; and for DASH -4.5 in the M-TOT group, and

-4.8 in the C-TOT group.

Fig 2. Change over time of median ARAT and FMA-UE scores for M-TOT and C-TOT groups, and their subgroups. ARAT: Action

research arm test; FMA-UE: Fugl Meyer assessment for the upper limbs. M-TOT: Myoelectric control of functional electrical stimulation-task

oriented training; C-TOT: control-task oriented training. T0: baseline visit; T1: after 8 rehabilitation sessions; T2: after 16 rehabilitation sessions;

T3: post-treatment visit (after 25 rehabilitation sessions, 6–7 weeks).

https://doi.org/10.1371/journal.pone.0188642.g002

Table 3. Number of improved patients (ΔARATpre-post�5) at post-treatment visit in the M-TOT and the C-TOT group, with differences and confi-

dence intervals.

M-TOT (N = 32) C-TOT (N = 36) p-value Difference in proportions 95% CI

N Improved (%) N improved (%) %

All patients 14 (43.8) 12 (33.3) 0.45 10.5 -12.2; 31.8

Chronic stroke 3 (23.1) 3 (33.3) 0.65 -10.2 -44.9; 24.3

Subacute stroke 11 (57.9) 9 (33.2) 0.09 24.7 -4.0; 48.6

CI: confidence interval; M-TOT: Myoelectric control of functional electrical stimulation-task oriented training; C-TOT: control-task oriented training; N

improved: number improved. ARAT: action research arm test.

https://doi.org/10.1371/journal.pone.0188642.t003
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Follow up measures

The same outcome measures were analyzed in the 45 patients with the 6-week follow-up

assessment (Table 5). Repeated measures models, with an additional time point for the follow-

up assessment, showed comparable results. In addition, contrasts between T0 and T3, and

between T3 and T4 revealed that there was a significant improvement of ARAT, FMA-UE

and DASH scores from pre- to post-treatment assessment, and with no subsequent variations

until the 6-week follow-up assessment, although there was a trend for continued improvement

(p = 0.07) on the FMA-UE from the post-treatment assessment to the follow up.

Discussion

This multicenter, randomized controlled trial investigated the effect of adjunct of myoelectri-

cally controlled functional electrostimulation (MeCFES) to task oriented training (TOT) of the

Table 4. Median differences of ARAT, FMA-UE and DASH scores from baseline (T0) to post-treatment visit (T3).

Test Time M-TOT (N = 32) C-TOT (N = 36) p-value (treatment) p-value (visit) p-value (treatment*visit)

N Median IQR N Median IQR

ARAT T1 31 0.0 0.0;5.0 34 0.0 0.0;2.0

T2 32 2.0 0.0;11.0 33 1.0 0.0;7.0

T3 32 3.0 0.0;12.5 36 2.0 0.0;9.5 0.77 <0.0001 0.27

FMA-UE T3 32 4.5 1.5;14.0 36 3.5 0.5;6.5 0.58 <0.0001 0.07

DASH T3 32 -4.5 -11.4;1.5 34 -4.8 -14.0;0 0.07 <0.0001 0.32

M-TOT: Myoelectric control of functional electrical stimulation-task oriented training; C-TOT: control-task oriented training; IQR: interquartile range. ARAT:

action research arm test; FMA-UE: Fugl Meyer assessment for the upper limbs; DASH: disability of the arm, shoulder and hand questionnaire.T0: baseline

visit; T1: after 8 rehabilitation sessions; T2: after 16 rehabilitation sessions; T3: post-treatment visit (after 25 rehabilitation sessions, 6–7 weeks). p-values

for treatment effect (differences between treatment arms), visit effect (differences between visits) and treatment*visit interaction (differences in the change

over time between treatment arms) were obtained from a multivariable repeated measures mixed model, adjusting by stroke chronicity and rehabilitation

center.

https://doi.org/10.1371/journal.pone.0188642.t004

Table 5. Median differences of ARAT, FMA-UEand DASH scores from baseline (T0) to Post (T3) and to the 6-week follow-up visit (T4).

Test Time M-TOT (N = 21) C-TOT (N = 24) p-value

(treatment)

p-value

(visit)

p-value

(treatment*visit)

p-value (visit

contrasts)N Median IQR N Median IQR

ARAT T1 20 1.0 0.0;6.5 23 0.0 0.0;2.0 0.78 0.0006 0.13

T2 21 2.0 0.0;10.0 21 0.0 0.0;4.0

T3 21 4.0 0.0;14.0 24 1.5 0.0;5.0 T0-T3: <0.0001

T4 21 4.0 0.0;14.0 24 3.0 0.0;4.0 T3-T4: 0.62

FMA-UE T3 21 5.0 2.0;14.0 24 3.5 0.5;6.5 0.37 <0.0001 0.13 T0-T3: <0.0001

T4 21 7.0 2.0;15.0 24 4.0 0.0;7.0 T3-T4: 0.07

DASH T3 21 -6.8 -13.6;-

2.3

22 -4.5 -13.6;0 0.10 <0.0001 0.81 T0-T3: <0.0001

T4 21 -10.5 -18.2;-

2.3

19 -16.5 -23.0;0 T3-T4: 0.31

M-TOT: Myoelectric control of functional electrical stimulation-task oriented training; C-TOT: control-task oriented training; IQR: interquartile range. ARAT:

action research arm test; FMA-UE: Fugl Meyer assessment for the upper limbs; DASH: disability of the arm, shoulder and hand questionnaire.T1: after 8

rehabilitation sessions; T2: after 16 rehabilitation sessions; T3: post-treatment visit (after 25 rehabilitation sessions, 6–7 weeks).; T4: 6-week follow-up visit.

p-values for treatment effect (differences between treatment arms), visit effect (differences between visits), treatment*visit interaction (differences in the

change over time between treatment arms) and visit contrasts (change between selected visit times) were obtained from a multivariable repeated measures

mixed model, adjusting by stroke chronicity and rehabilitation center.

https://doi.org/10.1371/journal.pone.0188642.t005
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affected arm in persons with stroke as compared to a control group that received the same

amount of TOT without electrical stimulation. The MeCFES applied to forearm extensors dur-

ing task oriented activity led to improved arm function at the neurological and activity level

similar to that observed for usual care TOT of the arm, however, there were some indications

that adding MeCFES was of more benefit to the persons in the subacute phase after stroke

than a usual TOT. The planned sample size was not reached though and so definite conclu-

sions as to a greater effectiveness of MeCFES-assisted TOT than usual TOT cannot be made.

However, the results represent an important achievement that prompt further investigation.

These findings are in accordance with reviews of the literature done on the influence of

NMES on arm motor recovery in persons after stroke. The general conclusion is that, while

there are indications of benefit for arm function, strong evidence is still missing, especially

when compared to other valid therapies such as TOT, used in the present study [11,12,14].

The positive response of both groups in the present study to task-oriented intervention is in

line with findings of some authors that have included TOT [4,35,36] but in contrast with oth-

ers [37]. These differences in findings may partly be due to differences in chronicity of stroke

and differences in task-oriented activities proposed in the studies.

While both the M-TOT group and the C-TOT group improved their arm function, the pro-

portion of clinically meaningfully improved subjects, denoted as an improvement of 5 points

or more on the ARAT, was more than 10% higher in the M-TOT group (44% improved) than

in the control group (33% improved). Further, while at baseline both groups with a median

total ARAT score of 6 (M-TOT) and 6,5 (C-TOT) would be described as having no arm-hand

capacity as classified by Nijland [38], at the post assessment the total score was 21 in the

M-TOT group indicating that from being a group with no arm-hand capacity they had arrived

at the borderline of being a limited arm-hand capacity group. The C-TOT group, with a final

score of 13, would instead be classified as having poor arm-hand capacity. There was also a sig-

nificant reduction in arm deficit in both groups as denoted by the FM-UE with a change in

group median score from 28 points to 39 points in the M-TOT group while the C-TOT group

had a change from 32 to 36 points. There was thus a trend for bigger change in favor of the

M-TOT group indicating that adding MeCFES to a TOT protocol may have greater effect at

the neuromotor level of arm function than does usual care TOT.

Several factors, besides the sample size necessary not being reached, may have influenced

the inconclusive results of the present study. One of them is the amount of task specific prac-

tice with the stimulation on in every session. It may not have been enough to improve arm

function in a significant manner beyond that of the TOT alone received by the control group

[39]. In the present study the treatment time in each session was approximately 45 minutes,

but this time included also the setup of the electrodes/stimulation parameters and TOT with-

out stimulation (in the last half of the session), so the effective MeCFES treatment time was

only about 20 minutes. Thus it is possible that with longer stimulation time effects would have

been bigger similar to the treatment time effect seen in the study by Page and colleagues [39].

Another aspect that can have confounded the results is the functional heterogeneity of the

participants. This study was carried out on persons with both subacute and chronic stroke, the

persons also varied greatly in functional arm deficits and there was both a floor and ceiling

effect on the ARAT. Improvement in arm function following rehabilitation in general appears

to be tied strongly to the severity of arm disability [9,20]. In fact, it is known that the prognosis

of arm recovery is quite poor for those with severe to complete upper limb paresis, while per-

sons with mild to moderate upper limb paresis have a better chance of recovering with almost

all of them achieving some dexterity with time and in response to rehabilitation [3,40–43]. In

the present study a number of persons had severe upper limb paresis at the beginning of the

study, resulting in a 0 on the ARAT. Since the persons with 0 on the baseline ARAT score were
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similarly represented in both treatment groups (from 62–69%) it is unlikely that they contrib-

uted to differences between groups but it may have influenced the within group results. In the

Excite study, a large multicenter study, Kwakkel and colleagues [20] saw no effect at all from

NMES treatment of wrist and finger extension in a large group of subacute subjects that did

not have at least 10% of voluntary wrist or finger extension against gravity. Cauraugh and

colleagues [43] instead saw a positive impact of stimulation in their chronic subjects that

improved, but unlike the study of Kwakkel and colleagues, an inclusion criterion was that they

had at least 10˚ of voluntary movement at the wrist at the beginning of the study. It is thus

likely that some voluntary extension is required for treatment effect of electrostimulation in

both subacute and chronic stroke, with persons with mild to moderate hand impairment being

more likely to improve whether they be subacute or chronic [8,42,44,45].

Subacute patients are, however, more likely to have an improvement in response to which-

ever treatment, due also to concomitant spontaneous recovery [9,41]. In the present study

there appeared to be a further beneficial effect of adding electrical stimulation to the treatment

protocol for the subacute participants, with approximately 60% (N = 11/19) improving 5

points or more on the ARAT against one-third (N = 9/27) of the subacute participants in the

control group. The between group difference of number of persons improved was near signifi-

cance (p = 0.098) suggesting that the benefit of adding EMG controlled stimulation to a Task-

oriented arm rehabilitation might have been proven for persons in the subacute phase after

stroke if the planned sample size had been reached. The trend is underlined by a visual analysis

of Fig 2 depicting both ARAT and FMA-UE for both groups and subgroups. This trend is in

accordance with findings from several studies that have found a benefit trend from the applica-

tion of EMG triggered neuromuscular electrical stimulation to wrist and finger extension in

subacute persons after stroke [44,46,47].

Based on the present findings, in future studies a total of 63 subacute patients should be

enrolled in each treatment arm in order to reach an 80% power and a 5% level of significance.

Forty five participants were available for a 5 week follow-up assessment, approximately 2/3

of each group. Both groups retained the benefit of the intervention at follow up and there was

a nonsignificant (p = 0.07) trend for further reduction of impairment in the MeCFES group

that had gained a median of 7 points on the FM-UE at the 5 weeks follow up while the control

group had gained a median of 4 points from baseline. This indicates that there may be a benefit

beyond the stimulation period on the neuromotor function.

Self perceived participation and activity improved equally in both groups indicating a bene-

fit from the intensity of the task-oriented approach in the study rather than a specific benefit

of adding the MeCFES. Pain levels at the shoulder were low in both groups at baseline and

remained so at the end of the study indicating that both approaches were beneficial for increas-

ing activity and perceived health status without inducing an increase in pain.

Limitations and generalisability

There are several limitations that must be considered for future studies. The predicted sample

size was not reached within the project’s time span which led to insufficient power to draw

definitive conclusions as to the efficacy of the MeCFES when applied to arm muscles of per-

sons after stroke during TOT exercises. Moreover, this is a multicenter study which made it

difficult to standardize the use of the MeCFES during the rehabilitation sessions. Although

efforts were made to standardize the intervention among centers by appropriate training, this

may have been insufficient. The MeCFES requires understanding of the technological aspects

of the device in order to successfully apply it and the optimal electrode configuration has to be

found in every session. The actual use of the device may have differed between centers though
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every attempt was made to standardize the technical assistance to the physical therapist using

the device.

Attrition is the last limitation. Fourteen of the 82 patients enrolled in the study failed to pro-

vide some follow-up data, of those 9 patients had a baseline assessment. Our measures may have

been affected by such missing data. However, the baseline characteristics of dropouts with only

the first assessment did not differ from patients who completed the study (data not shown).

The results of this study are applicable to people with a minimal to severe deficit of the

upper extremity in the subacute and chronic period after first stroke.

Conclusion

This is the first large multicentre RCT to compare MeCFES assisted task oriented therapy

with usual care that included a task-oriented component for the upper extremity. Both groups

improved their arm function, indicating a general benefit from task-oriented arm rehabilita-

tion, although more people improved with the addition of MeCFES. In particular, subjects

who were in the subacute period after stroke appeared to benefit from adding the MeCFES

to their training protocol. No adverse events or negative outcomes were encountered, thus it

can be concluded that MeCFES may be a safe and promising adjunct to rehabilitation that can

help promote recovery of upper limb function in persons after stroke.
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