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Abstract

Background

The dosage and intensity of physical therapy are crucial factors influencing the motor recov-

ery of the hemiplegic lower limb in patients with subacute stroke. Biofeedback using wear-

able sensors may provide opportunities for patients with stroke to effectively guide self-

exercises with monitoring of muscular activities in hemiplegic lower limbs. This study aims

to explore the feasibility and safety of in-bed self-exercises based on electromyography sen-

sor feedback in patients with subacute stroke.

Methods

This is a pilot randomized controlled trial comparing conventional physical therapy with addi-

tional in-bed self-exercises based on electromyography sensor feedback and conventional

physical therapy alone. The interventions will be adjusted according to the muscle strength

and Brunnstrom recovery stage in the hemiplegic lower limbs. The primary outcome mea-

sure is the Pittsburgh Rehabilitation Participation Scale. The secondary outcome measures

include the number and percentage of participating sessions, number and percentage of

effortful sessions, number and percentage of successful sessions, mean amplitude of mus-

cle contractions in a session, duration and percentage of participating sessions during self-

exercises, Rivermead Motor Assessment, Manual Muscle Test, Brunnstrom recovery

stage, Fugl–Meyer assessment, Berg Balance Scale, Functional Ambulation Category,

modified Rankin scale, and Short-Form Health Survey 36 version 2.

Results

The results will be described in future studies.
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Conclusion

This clinical trial will estimate the feasibility and safety of in-bed self-exercises based on

electromyography sensor feedback in patients with subacute stroke. If the expected results

are achieved in this study, stroke rehabilitation methods will be enriched.

Trial registration

clinicialtrials.gov, NCT05820815.

1. Background

Stroke is a major cause of disability worldwide [1]. Stroke survivors frequently experience sen-

sorimotor deficits that result in impaired mobility. Rehabilitation training after stroke is cru-

cial for promoting gait function and preventing falls, thereby improving muscle strength

recovery. Multiple preclinical and clinical studies have provided promising evidence that high-

dose rehabilitation training can enhance motor recovery after a stroke, resulting in additional

clinical benefits [2–4]. This emphasizes the importance of high-dose training in improving the

functional outcomes and quality of life in stroke survivors [2, 5–7].

However, despite the clear benefits of high-dose training in stroke patients, its implementa-

tion with the assistance of physical therapists remains challenging. Generally, stroke rehabilita-

tion is covered by insurance (e.g., Medicare) only during certain hours of the day, and

extension of the rehabilitation duration is limited [8], which can be primarily due to the high

cost of stroke care, limited healthcare resources, and predefined amounts of rehabilitation cov-

ered by general health insurance [9–11]. In addition, access to rehabilitation services provided

by therapists is restricted on weekends due to standard work schedules that are not aligned

with the needs of stroke recovery [12]. Even if patients with stroke seek to independently

engage in self-exercise without a therapist’s assistance, those with impaired functional mobility

are at risk of falling when out of bed, thereby potentially limiting their capacity to participate

in active exercise [13]. To address this challenge, home-based training for stroke rehabilitation

has been proposed as a cost-effective intervention [14, 15], indicating significant improve-

ments in motor recovery in patients with subacute stroke. However, investigations into meth-

ods for increasing the dose of rehabilitation training in patients with subacute stroke during

hospitalization are limited. It is essential to develop effective strategies for implementing high-

dose training in this clinical setting to optimize outcomes for stroke survivors [3, 4].

Self-exercises under intermittent supervision by physical therapists could serve as an alterna-

tive to efficiently augment the training volume for hospitalized stroke patients [16, 17]. Self-

exercises are a crucial component of strategies such as telerehabilitation and self-administration

to increase the dose of rehabilitation training [18, 19]. A recent systematic review showed that

the effect of self-exercises on post-stroke motor function was equivalent to that of conventional

rehabilitation [20]. However, although self-exercises can help compensate for the shortage of

training during hospitalization [21, 22], its inherent limitations, such as its repetitive nature and

lack of feedback, may restrict its effectiveness in improving motor recovery [23, 24].

Wearable electromyography (EMG) sensors can be utilized to acquire data on muscular

activity, potentially enabling monitoring of the quantity and quality of self-exercises and tailor-

ing rehabilitation programs for individual patients by adjusting the grades of self-exercises.

This study aims to investigate the feasibility and safety of in-bed self-exercises based on EMG
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sensor feedback in patients with subacute stroke. Towards this goal, we developed a novel self-

exercise protocol incorporating wearable EMG sensors to provide biofeedback to stroke

patients. In this study, we hypothesize that there will be a statistically significant difference in

Pittsburgh Rehabilitation Participation Scales among subacute stroke patients who receive

conventional lower extremity rehabilitation compared to those who receive rehabilitation

based on feedback using data obtained via electromyography-supervised self-exercise. Specifi-

cally, the null hypothesis (H₀) posits no significant difference between the two groups, while

the alternative hypothesis (H₁) posits a significant difference in the participation scales.

2. Methods

2.1. Study design

This study was designed as a single-blind, pilot, randomized controlled clinical trial. This pro-

tocol was developed in accordance with the Standard Protocol Items: Recommendations for

Interventional Trials (SPIRIT) guidelines (S1 Table) and the TIDier checklist (S2 Table). We

designed a stratified random sampling protocol and will conduct a two-arm randomized con-

trolled trial comparing conventional rehabilitation alone with conventional rehabilitation

combined with additional in-bed self-exercises based on EMG sensor feedback (Fig 1). Partici-

pants will be enrolled from a tertiary hospital and a rehabilitation hospital. This study is a

pilot, randomized controlled clinical trial investigating the feasibility and safety of in-bed self-

exercises and aims to recruit at least 20 participants. Assuming a 15% loss to follow-up, the

required sample size was set at 24 patients (12 patients per group) to be recruited in this study.

The study received approval from the Seoul National University Hospital Institutional Review

Board (IRB No: D-2208-177-1354, September 21, 2023) (S1 File), and the protocol was regis-

tered and approved on the ClinicalTrials.gov (Trial record: NCT05820815).

2.2. Eligibility criteria

The inclusion criteria are as follows: (1) age�19 years [6]; (2) the onset of stroke�3 months

[6]; (3) muscle strength at the paretic lower limbs, grade�4 as per the Medical Research Coun-

cil grading scale; (4) modified Rankin Scale 2–5 points; and (5) cognitively able to understand

and follow instructions. The exclusion criteria consist of (1) recurrent stroke resulting in neu-

rological deterioration during the study period; (2) other neurological abnormalities that affect

balance or gait function (e.g., Parkinson’s disease); (3) severe cognitive impairment; (4) serious

or complex medical conditions (e.g., active cancer); and (5) implanted electrical stimulators,

which can interfere with measurements of EMG activity (e.g., pacemaker, deep brain

stimulator).

2.3. Recruitment and allocation

Participants will be recruited by posting a notice on the bulletin boards of the tertiary and

rehabilitation hospital. The schedule of enrollment and assessment of the participants are

shown in Fig 2. The principal investigator or researchers of this study will provide a detailed

explanation of the study to the guardians or patients and will not exclude patients who are

likely to participate based on their socioeconomic status. An independent researcher who is

not involved in the recruitment, intervention, or evaluation of the patients will generate the

allocation sequence using a web-based randomization system to ensure allocation conceal-

ment and blinding. Participants will be assigned to the control or intervention group in a 1:1

ratio using the stratified block randomization method, stratified by age and modified Rankin

score. Patients will be stratified by age (<65 years and�65 years) and by modified Rankin
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Scale (2–3 and 4–5). Sequence generation will be performed using computer-generated ran-

dom numbers, and the website will be used to inform the treatment provider when the inter-

vention is assigned. Two therapists, each from a different institution, will assess the primary

and secondary outcome measures. These therapists will be blinded to group allocation by

blocking access to the randomization table. The patients and treatment providers are

instructed not to disclose the allocation to the evaluator. The evaluator and data analyzer are

blinded to the group allocation of the patients.

2.4. Interventions

2.4.1 Conventional rehabilitation. The conventional stroke rehabilitation program

involves a comprehensive and individualized approach that includes range of motion exer-

cises, strengthening exercises, balance and coordination exercises, and exercises for functional

mobility such as sitting balance, sit-up, sit-to-stand, standing, and gait [25]. The amount and

intensity of the conventional rehabilitation program are equally provided for participants of

Fig 1. The flow chart.

https://doi.org/10.1371/journal.pone.0310178.g001
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Fig 2. SPIRIT schedule of enrolment, interventions, and assessments of the study. The outcomes include the

number and percentage of participating sessions, the duration and percentage of participating sessions during self-

exercises, the number and percentage of successful sessions, the mean amplitude of muscle contractions in a session,

the number and percentage of completed conventional physiotherapy sessions, the duration and percentage of

conventional physiotherapy sessions, and the assessment results for RMA, MMT, BRS, mRS, FMS-LE, FAC, BBS, and
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both intervention and control groups by the same group of physical therapists who are blinded

to the group allocation. Physical therapists will provide conventional rehabilitation for 30 min-

utes each session, two sessions a day, five times a week, in both groups. Patients with stroke

may receive physical therapy with walking aids, such as a walker or cane, or a lower-extremity

orthosis.

2.4.2 In-bed self-exercises based on EMG-sensor feedback system. In-bed self-exercises

based on EMG-sensor feedback are conducted using wireless EMG sensors (HSN2ER3E, SMD

Solution, Seoul, Republic of Korea) and mobile applications (HSN2ER3E S/W, Myoverse,

SMD Solution, Seoul, Republic of Korea) in Fig 3.

Two versions of mobile applications are provided for therapists and patients with stroke,

respectively, because the contents of information provided for therapists and patients with

stroke are different. Fig 4 shows the visualized results of EMG-sensor feedback in the mobile

applications for patients with stroke: (A) the type, posture, dose, and instructions of prescribed

exercises; (B) a message for participants to contract the target muscles; (C) ongoing exercise

performances, including repetitions per set, sessions per day, and sets per session; (D) the bar

graph representing the percentage of the peak EMG signals relative to their target amplitude

during muscle contractions; (E) buttons for pause and termination of prescribed exercises.

The mobile applications for therapists have the following features, including the EMG values

of the targeted muscles during self-exercises and the prescription contents of the exercise

period, the session, sets, and repetitions for the selected self-exercises, which can be monitored

SF-36 version 2.0. PRPS: Pittsburgh Rehabilitation Participation Scale; RMA: Revised Motor Assessment; MMT:

Manual Muscle Test; BRS: Brunnstrom Recovery Stage; mRS: Modified Rankin Scale; FMS-LE: Fugl–Meyer

Assessment of the Lower Extremity; FAC: Functional Ambulation Category; BBS: Berg Balance Scale; SF-36: 36-item

Short-Form Survey.

https://doi.org/10.1371/journal.pone.0310178.g002

Fig 3. Images of electromyography sensor and sensor patch. (A) An electromyography sensor; (B) electromyography sensor patch; (C) the attachment of

EMG sensors to the lower extremities using sensor patches.

https://doi.org/10.1371/journal.pone.0310178.g003
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by physical therapists to identify ongoing exercise performances (Fig 5). If the usage frequency

of the mobile application is low or the recorded levels of EMG signals are lower than expected,

the physical therapists will contact the patients to check their conditions or investigate the rea-

sons for the low performance. Based on the developed an in-bed self-exercise protocol, the

exercise program will be adjusted weekly according to the muscle strength and Brunnstrom

Fig 4. The visualized results of EMG-sensor feedback in the mobile applications for patients with stroke. (A) The

type, posture, dose, and instructions of prescribed exercises; (B) a message for participants to contract the target

muscles; (C) ongoing exercise performances, including repetitions per set, sessions per day, and sets per session; (D)

the bar graph representing the percentage of the peak EMG signals relative to their target amplitude during muscle

contractions; (E) buttons for pause and termination of prescribed exercises.

https://doi.org/10.1371/journal.pone.0310178.g004

Fig 5. The visualized results of EMG-sensor feedback in the mobile applications for therapists. (A) Visualization of

performance history with a Bar Graph; (B) the results of the self-exercises including session frequency and duration,

number of sets and repetitions, rest intervals, exercise type, intensity level, and progression.

https://doi.org/10.1371/journal.pone.0310178.g005
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recovery stage by therapists. Additionally, the exercise regimen is reassessed and prescribed

anew each week, with the amplitude of EMG signals during MVC being reassessed each time.

The participants will be instructed to complete at least two 30-minute sessions per day, 5

days a week, for a duration of 3 weeks of in-bed self-exercises, in addition to their conventional

rehabilitation sessions. The participants will be provided with information including the type,

dosage (e.g., repetitions, sets, and sessions), duration, intensity (% of EMG activities during

maximal voluntary contractions), and body positions of lower-limb exercises, along with real-

time feedback on their muscular activities and goal achievement. EMG signals will be mea-

sured and collected weekly during the intervention period, and the prescription contents of

the self-exercises will be changed considering the results of goal achievement and the levels of

Brunnstrom recovery stage (BRS) and muscle strength (Fig 6). Additionally, the exercise infor-

mation of the participants, including goal achievement, exercise frequency, and exercise dura-

tion, will be monitored daily through a mobile applications for therapist. The therapists will

provide participants with personal support and education to motivate them and address any

barriers to their commitment.

The setting levels of the surface EMG activities at the target muscles are as follows. To

acquire EMG signals from the vastus lateralis and tibialis anterior, surface electrodes will be

positioned over the muscle bellies along a line parallel to the orientation of the muscle fibers

and attached to the skin using a specialized patch. The surface electrode sites will be located at

the following positions: (1) at the halfway position on the line from the anterior spina iliac

superior to the lateral side of the patella for the vastus lateralis and (2) at the one-third position

Fig 6. Protocol to determine the level and step based on the Brunnstrom recovery stage and muscle strength.

https://doi.org/10.1371/journal.pone.0310178.g006
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on the line from the fibular head to the medial malleolus for the tibialis anterior [26, 27]. Sur-

face EMG electrodes will be attached by patients with stroke or caregivers at predetermined

locations on the vastus lateralis and tibialis anterior muscles, which will be marked by the ther-

apists. The posture of the self-exercises to activate the lower-limb muscles will be determined

and instructed before maximal voluntary contractions. This study adopted the target level of

EMG activities for patients with subacute stroke when engaging in self-exercises as 50% of the

mean activities during three trials of the maximal voluntary contractions (MVC) according to

a previous systematic review [28].

The principles for determining the level and step of in-bed self-exercises in stroke patients

are presented in Figs 6–8. There are three levels according to the BRS, and each level has three

steps according to the Medical Research Council scale for muscle strength. The specific princi-

ples are as follows: (A) The level and step are determined based on the BRS and muscle

strength, and self-exercises are prescribed by physiatrists or physical therapists accordingly.

(B) The level or step and exercises prescription can be changed based on the BRS and muscle

strength by physiatrists or physical therapists every week. (C) Up to four types of self-exercises

Fig 7. Contents of self-exercises based on the levels and steps in patients with subacute stroke.

https://doi.org/10.1371/journal.pone.0310178.g007
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can be selected during a 1-week period, and exercises corresponding to the highest level or

step are recommended by physiatrists or physical therapists considering the patient’s condi-

tion. (D) The level or step may overlap, and exercises corresponding to the highest level are

recommended based on the patient’s condition. (E) The physiatrists or physical therapists

determine postures that patients can perform safely and effectively during exercises. If possi-

ble, postures with high functional mobility are recommended. Caregivers can help participants

to adjust and maintain postures during in-bed self-exercises, if necessary. (F) Information on

the types of exercises, sessions per day, sets per session, repetitions per set, and target ampli-

tude of the EMG signals during exercises will be provided to the patients. In general, self-exer-

cises will be recommended at 2 types of self-exercises per session, 2–3 sessions per day, 3–5

sets per session, and 5–10 repetitions per set, with an amplitude of at least 50% of the ampli-

tude of EMG signals during maximal muscle contraction. This will be determined by physiat-

rists or physical therapists based on the patient’s degree of exercises performance. (G) It is

recommended to initially perform truncal balance exercises for 10 minutes as a warm-up to

ensure safety before initiating sessions of in-bed self-exercises. Truncal balance exercises may

include pelvic tilts, seated or standing trunk rotations, leg lifts while maintaining a stable

trunk, bridging, and reaching tasks while seated or standing. Truncal balance exercises are also

considered as a part of the conventional rehabilitation program in both groups. Thus, truncal

balance exercises will be provided for participants in both intervention and control groups as

conventional rehabilitation if necessary. (H) It is recommended that two or fewer EMG sen-

sors are used during self-exercises and attached to the sites of paralyzed muscles, where the

physiatrists or physical therapists indicate.

Fig 8. Contents of self-exercises based on postures in patients with subacute stroke.

https://doi.org/10.1371/journal.pone.0310178.g008
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2.5. Outcome measures

2.5.1. Primary and secondary outcome measures. The baseline clinical characteristics

will be collected as follows: age, sex, dominant hand, presence or absence of other diseases

(high blood pressure, diabetes, hyperlipidemia, atrial fibrillation, Charlson comorbidity

index), level of education; caregiver (spouse, children, others), National Institutes of Health

Stroke Scale score, stroke treatment (thrombolysis/thrombectomy), stroke onset (day), lesion

type (infarction, hemorrhage), lesion location (supra-tentorial, infra-tentorial), lesion laterality

(right, left), stroke causes (TOAST classification: large-artery atherosclerosis/small-vessel

occlusion/cardioembolic/other determined etiology/undetermined etiology), medicines for

depression, spasticity, and epilepsy, Mini-Mental State Examination score, motor-evoked

potential, Hospital Anxiety and Depression Scale score, and orthosis.

The primary outcome measure is the Pittsburgh Rehabilitation Participation Scale (PRPS).

The PRPS is a clinician-administered instrument designed to assess the participation of

patients in rehabilitation [29, 30]. It is rated on a scale of 1–6 to measure a patient’s effort and

activity to participate in rehabilitation. The patient’s session participation and effort levels

were assessed across six distinct categories, ranging from "none" to "excellent." The "none" cat-

egory signifies that the patient either declined to participate in the entire session or did not

engage in any exercises during the session. Conversely, the "excellent" category denotes that

the patient actively participated in all exercises with maximal effort, successfully completing

each exercise and displaying a keen interest in both the exercises and any future therapy ses-

sions. The remaining categories describe varying degrees of participation and effort between

these two extremes [30]. In the PRPS, there are three types of exercise sessions to be newly

defined as follows: (i) a participating session, in which the number of contractions of target

muscles is more than one; (ii) an effortful session, in which the amplitude of one or more tar-

get muscles during contractions is more than 20% of maximal voluntary isometric contraction;

(iii) a successful session, a session in which the amplitude of one or more target muscles during

contractions is more than 50% of maximal voluntary isometric contraction. The six categories

of PRPS using the concept of participating, effortful, and successful sessions are defined as fol-

lows: (i) none, 0% of participating sessions; (ii) poor, <50% of participating sessions; (iii) fair,

�50% of participating sessions and <50% of effortful sessions; (iv) good,�90% of participat-

ing sessions,�50% and<90% of effortful sessions; (v) very good,�90% of participating ses-

sions,�90% of effortful sessions, and�90% of successful sessions; (vi) excellent,�90% of

participating sessions,�90% of effortful sessions,�90% of successful sessions, and active

involvement in establishing exercise plans for future sessions (Fig 9).

The secondary outcome measures are the number and percentage of participating sessions,

the number and percentage of effortful sessions, the number and percentage of successful ses-

sions, the mean amplitude of muscle contractions in a session, and the duration and percent-

age of participating sessions during self-exercises. Rivermead Motor Assessment, Manual

Muscle Test for muscle strength, BRS, Fugl–Meyer Assessment of the Lower Extremities, Berg

Balance Scale, Functional Ambulation Category, modified Rankin scale, and Short-Form

Health Survey version 2. As a muscle strength measurement test, the Manual Muscle Test is

evaluated on a scale of 0–5 according to strength against gravity and resistance. In this study,

the Manual Muscle Test of the hip flexor, hip abductor, knee extensor, and ankle dorsiflexor

will be measured. Manual Muscle Test has good external and internal efficacy and is not

dependent on examiner bias [31]. The BRS is a classification method that models the motor

recovery process after stroke-induced hemiplegia on a 6-point ordinal scale. The Brunnstrom

approach focuses on the unique patterns associated with stroke recovery, including spasticity

development, synergistic patterns, and voluntary movements. The BRS has high inter-rater
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reliability (0.74–0.98) [32]. The Fugl–Meyer Assessment of the Lower Extremities investigates

hip, knee, and ankle movements, and hierarchical recovery is recorded based on Brunnstrom

stages of recovery from reflex to synergistic and non-synergistic movements. The Fugl–Meyer

Assessment of the Lower Extremities motor domain uses a 3-point ordinal scale: 0, unable to

perform; 1, partial performance; and 2, complete performance. Possible scores range from 0 to

34. The intra- and inter-rater reliabilities are excellent in early stroke patients [33]. The Berg

Balance Scale was developed to objectively measure balance and fall risk in community-dwell-

ing older adults using a three-step survey of 32 health professionals. The Berg Balance Scale

examines 14 movements of daily life on a 5-point ordinal scale from 0–4, and the total score

ranges from 0–56. The Berg Balance Scale is widely used to assess stroke patients, and its test-

retest reliability and internal consistency are excellent [34]. The Functional Ambulation Cate-

gory is a 6-point rating scale that assesses the amount of human support required when walk-

ing (with or without a personal assistive device). A score of 0 indicates a non-functional

ambulator, and a score of 1–3 indicates a dependent ambulator. A score of 1 indicates the need

for continuous manual contact, 2 indicate intermittent or continuous light touch, and 3 indi-

cates supervision or verbal cues. Scores of 4–5 indicate an independent ambulator, with a

score of 4 indicating independent ambulators on horizontal surfaces only and a score of 5 indi-

cating independent ambulators on any surface, including stairs. There is good inter-rater

Fig 9. Pittsburgh Rehabilitation Participation Scale and newly defined exercise sessions.

https://doi.org/10.1371/journal.pone.0310178.g009
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reliability among examiners in post-stroke patients [35]. The modified Rankin scale is a widely

used tool to measure global disability after stroke. The scale classifies disability from 0 (no

symptoms) to 5 (severe disability). Scoring is performed by an evaluator based on patients’

functional dependence. The intra-rater reliability is excellent [36]. The Rivermead Motor

Assessment consists of three sections, and sections of gross function and leg and trunk are

evaluated in this study. The gross function section consists of 13 items and primarily assesses

mobility from sitting to running and gait, and the leg and trunk section describes individual

movements of the trunk (e.g., rolling to the affected side) and leg (e.g., ankle dorsiflexion with

the leg extended while lying down). The intra-class correlation coefficients of the Rivermead

Motor Assessment is between 0.88 and 0.95 [37]. The Short-Form Health Survey version 2 is a

well-studied self-reported measure of functional health. The items include physical function-

ing, physical role limitation, pain, general medical health, vitality, social functioning, emo-

tional role limitation, mental health, physical component scale, and mental component scale.

There is good internal consistency of>0.7 for all the subscales of the questionnaire [38].

Among the assessments for the baseline status and primary and secondary outcomes, the offi-

cial Korean version of the Fugl–Meyer Assessment, Berg Balance Scale, Short-Form Health

Survey 36 version 2, and the Hospital Anxiety and Depression Scale will be used in this study

[39–42]. The assessors who are proficient in English will conduct the English version of the

assessments, including the Pittsburgh Rehabilitation Participation Scale, Rivermead Motor

Assessment, Manual muscle test, Brunnstrom recovery stage, modified Rankin scale, and Func-

tional Ambulation Category. The Short-Form Healthy Surgery 36 version 2 and the Hospital

Anxiety and Depression Scale are self-administered questionnaires, and all other evaluations

are clinician-administered assessments. All primary and secondary outcomes will be assessed at

baseline, and at 3 weeks and 12 weeks. Assessments will be performed over two days to manage

fatigue and reduce potential bias in stroke patients. The Fugl–Meyer Assessment, Berg Balance

Scale, Manual muscle test, and Short-Form Health Survey 36 version 2 will be conducted on the

first day, and the Rivermead Motor Assessment, Brunnstrom Recovery Stage, modified Rankin

Scale, and Functional Ambulation Category will be conducted on the second day. Participants

will be instructed and familiarized before the actual assessments to help them understand the

evaluation processes and improve compliance. Regular breaks will be provided during assess-

ment sessions to prevent fatigue and maintain the participants’ attention.

The schedule of enrollment and assessment of the patients is shown in Fig 10. After admis-

sion, patients will be screened according to the inclusion criteria. After screening, the guard-

ians of patients who met the inclusion criteria will be given an information sheet and asked to

provide written consent to participate in the trial. Patients are then enrolled in the trial, given a

trial-specific identification number, and randomly allocated to a group using a computer-gen-

erated random sequence listed prior to the start of the trial. After baseline evaluation, patients

will be assessed at 3 and 12 weeks. The intervention period consists of 3 weeks of in-bed self-

exercises based on EMG sensor feedback. Assessments at 12 weeks serve as a follow-up evalua-

tion for the long-term effects after a 3-week intervention.

2.6. Adverse events

Potential adverse events, including falls, fractures, severe pain, symptoms of respiratory or

hemodynamic instability (e.g., dyspnea, tachypnea, dizziness, arrhythmia, bradycardia, high or

low systolic blood pressure, or oxygen desaturation), and discomfort at the sensor attachment

sites, will be monitored during exercises. To prevent falls, in-bed self-exercises should be per-

formed with the bed rails raised, which are instructed to participants and their caregivers. If an

adverse event occurs, the principal investigator promptly reports and documents it to the IRB.
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2.7. Management

The researchers will ensure the protection of participant anonymity and the confidentiality of

data related to individuals, safeguarding their identities and any identifying information. Clin-

ical records, research instruments, or any documents containing participant data will be iden-

tified by a code instead of the participant’s name, even when submitted to regulatory

institutions or sponsors. The researchers will secure the records of the participants and main-

tain the confidentiality of information regarding codes, names, and addresses, limiting access

to only the researchers. All files will be stored in a dedicated, secure location within a single

folder for this study.

Participation in this study is entirely voluntary, and non-participation will not impact the

patient’s medical follow-up or the relationship between the team and the patient. Upon signing

the consent form, patients may choose to withdraw from the study at any time without conse-

quences regarding their treatment or follow-up at the institution.

The risks during the research are expected to be minimal. The evaluation may be temporar-

ily halted to allow for necessary medical interventions. However, if discomfort persists, the

participant will be excluded from the research, any collected data will be excluded from analy-

sis, and the patient will not be reassigned to another group.

2.8. Statistical methods

All statistical analyses will be performed for intention-to-treat and a per-protocol population.

Descriptive statistics, including mean and standard deviation, median and range, or number

and percentage, will be provided for all assessed outcomes. To investigate the effects of time

Fig 10. Schedule of enrollment and study assessments. PT, Physical therapy; EMG, Electromyography; PRPS, Pittsburgh Rehabilitation Participation Scale;

RMA, Rivermead Motor Assessment; MMT, Manual Muscle Test; BRS, Brunnstrom Recovery Stage; mRS, Modified Rankin Scale; FMA-LE, Fugl–Meyer

Assessment of the Lower Extremities; FAC, Functional Ambulation Category; BBS, Berg Balance Scale; SF-36v2 36-item Short-Form Health Survey version 2.

https://doi.org/10.1371/journal.pone.0310178.g010

PLOS ONE Feasibility and safety of in-bed self-exercises in patients with subacute stroke

PLOS ONE | https://doi.org/10.1371/journal.pone.0310178 December 30, 2024 14 / 19

https://doi.org/10.1371/journal.pone.0310178.g010
https://doi.org/10.1371/journal.pone.0310178


and groups on outcome variables, a repeated measures design with a linear mixed model will

be employed. The linear mixed model will include time (baseline, 3 weeks, and 12 weeks),

group (control and intervention groups), and time*group interaction as fixed effects, while

sex, height, and weight will be treated as random effects. Assumptions of normality, indepen-

dence, and homoscedasticity will be checked to ensure the validity of the model. Effect sizes

with 95% confidence intervals will be calculated. Missing data will be handled using multiple

imputation or maximum likelihood estimation. A two-tailed approach will be used. The signif-

icance level will be set at p<0.05. All statistical analyses will be conducted using SPSS (version

25.0; IBM, Armonk, NY).

3. Discussion

This study aims to develop standardized, individualized, semi-supervised, in-bed, and self-

exercise protocols and to investigate the feasibility and safety in patients with stroke.

Previous studies have shown a dose-dependent relationship between the intensity of reha-

bilitation therapies and functional recovery in stroke patients, particularly in walking ability,

walking speed, and extended activities of daily living [43–45]. However, owing to the limited

resources in the hospital rehabilitation system, it is difficult to achieve the optimal dose.

In-bed self-exercises based on EMG sensor feedback can be a good option for enabling stroke

patients to perform the exercises with intermittent supervision. These exercises can be adjusted

according to the goal achievement and improvement of function and muscle strength. In addi-

tion, they can provide stroke patients with objective and accurate information during practice to

induce self-modification of behaviors, increase the rate of motor learning, and improve the time

efficiency of therapy [46, 47]. To clarify the exercises description based on the proposed frame-

work developed in a previous study, the exercises results in this study will be described with

respect to the type, dosage, duration, intensity, and body positions, as well as the participation

scale, rate and duration of exercises performance, and rate of goal achievement. In-bed self-exer-

cises based on EMG-sensor feedback and supervision enable exercises with high dosage and

intensity, along with a low fall risk for stroke patients with limited medical resources.

In this study, the PRPS is implemented as the primary outcome to assess patient engage-

ment in in-bed self-exercises based on the EMG activities, addressing the absence of direct

supervision by physical therapists. It categorizes patient participation into three types of exer-

cise sessions, including participating, effortful, and successful sessions, which are defined by

the number and percentage of contractions of target muscles and EMG amplitude of target

muscles during contractions in this study. This approach allows physical therapists to evaluate

the degree of patient participation in in-bed self-exercises quantitatively and to aid in planning

the dose and intensity of future sessions without direct supervision. Using PRPS measure-

ments based on EMG activities can be beneficial to assess patient participation in various

forms of self-rehabilitation where therapist involvement is minimal.

The multicenter setting of this study may lead to potential inconsistencies between sites

with respect to outcome assessments and exercises instructions. To mitigate this issue, careful

monitoring and standardization of assessment techniques along with exercises instructions

will be necessary. The research group will coordinate training sessions to implement proper

assessment techniques and standardization at both study sites and hold regular meetings to

maintain adherence to standard operating procedures.
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