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Abstract

Background: Cerebral palsy (CP) is a group of permanent but nonprogressive disorders that affect movement and posture,
often accompanied by upper extremity impairments such as abnormal muscle tone, spasticity, weakness, and impaired motor
control. Neuromuscular electrical stimulation (NMES) and Leap Motion—based interventions that promote neuroplasticity
through different mechanisms. However, studies directly comparing these 2 approaches in children with spastic CP are limited.

Objective: This study primarily aims to investigate the effects of NMES and Leap Motion—based exercise interventions on
hand function in children with spastic CP and to compare the effectiveness of these 2 modalities. The secondary objective is
to evaluate and compare the effects of these interventions on wrist extensor muscle activation, wrist joint range of motion,
selective motor control, and hand use in daily activities.

Methods: This study is a 2-arm, parallel-group randomized controlled trial with a 1:1 allocation ratio and will include 30
children aged 6-15 years with spastic CP and distal upper extremity involvement. All participants meeting the inclusion criteria
will undergo baseline assessments at TO, where wrist range of motion will be measured using an electronic goniometer;
selective motor control will be evaluated using the Selective Control of the Upper Extremity Scale (SCUES); hand function
will be assessed using the Jebsen-Taylor Hand Function Test; daily hand use will be evaluated using the ABILHAND-Kids
questionnaire; and wrist extensor and flexor muscle activation will be assessed using surface electromyography (SEMG). All
participants will then undergo a 4-week conventional exercise program (3 sessions per week, 40 minutes per session). At the
end of the 4 weeks, all baseline measurements will be repeated (T1). Subsequently, participants will be randomly assigned
into 2 groups: the Leap Motion group (n=15) and the NMES group (n=15). Both groups will participate in an 8-week exercise
program consisting of 3 sessions per week, 60 minutes per session (including 20 minutes of either Leap Motion—based exercise
or NMES application, followed by 40 minutes of conventional exercise). At the end of this 8-week program, all assessments
will be repeated (T2).

Results: Data collection started in January 2026. The study is expected to be completed by September 2026.

Conclusions: To our knowledge, the study will be the first randomized controlled study to evaluate and compare the effects
of NMES and Leap Motion-based training on hand functions in children with spastic CP. The findings are expected to
contribute to evidence-based clinical practice by guiding the selection of effective upper extremity rehabilitation strategies for
pediatric populations. Findings may inform future rehabilitation protocols by highlighting the benefits of integrating advanced
technology-based interventions alongside conventional therapy approaches.
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Introduction

Cerebral palsy (CP) is a group of disorders arising from
permanent, nonprogressive damage to the developing brain,
which affects movement and postural development, leading to
activity limitations. While the primary issue in CP is motor
dysfunction, sensory, perceptual, cognitive, and communica-
tive impairments may also be observed [1]. In 2000, the
European Cerebral Palsy Surveillance Group conducted an
epidemiological study across 16 countries to develop a more
advanced classification system, classifying CP based on the
distribution of motor impairment as unilateral or bilateral
and according to motor type as spastic, dyskinetic, ataxic,
or mixed [2]. Spastic CP results from involvement of the
motor cortex and the white matter projections entering and
exiting the sensorimotor area. Spastic CP is the most common
motor type of CP, with a prevalence of 85%-90%, of which
one-third are unilateral and two-thirds are bilateral [3].

In children with spastic CP, upper extremity involvement
is observed in approximately 50%-70% of cases [4]. Upper
extremity functionality is crucial for children’s participation
in daily life and overall quality of life. While these functions
play an important role in performing independence-requiring
activities such as reaching, grasping, releasing, and self-
care, as well as supporting the individual’s activity partic-
ipation, impaired hand function negatively affects activity
performance and participation skills [5]. Upper extremity
disorders in CP may include abnormal muscle tone, imbal-
ance between agonist and antagonist muscles, spasticity,
alignment problems, reduced muscle strength, and impaired
motor control. Consequently, hand use is typically affected,
hindering the performance of daily living activities. Stereo-
typical postures such as wrist flexion with ulnar deviation
and flexion of the fingers and thumb toward the palm make
grasping and releasing skills difficult [3,6].

Conventional management of the upper extremity in
children with CP typically involves physiotherapy-based
interventions, including stretching, strengthening exerci-
ses, positioning strategies, splinting, casting, and move-
ment facilitation [7]. With technological advancements
in rehabilitation, evidence-based upper extremity interven-
tions have expanded to include action observation therapy,
constraint-induced movement therapy, hand-arm bimanual
intensive training, repetitive transcranial magnetic stimula-
tion, neuromuscular electrical stimulation (NMES), virtual
reality (VR)-based games, and goal-directed and task-orien-
ted training [8].

NMES has been used for various purposes, including
spasticity inhibition, prevention of muscle atrophy, enhance-
ment of muscle metabolism and enzyme activity, facilitation
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of isolated muscle contraction, neuromuscular facilitation of
voluntary isolated muscle contraction, promotion of nerve
regeneration, maintenance or improvement of normal joint
movements, and modification of muscle contractile proper-
ties [9,10]. Electrical stimulation can evoke impulses that
travel orthodromically through motor axons toward the target
muscle, leading to muscle contraction. These impulses may
also travel antidromically toward the central nervous system,
potentially inducing short- and long-term neurophysiologi-
cal changes in spinal reflex circuits, corticospinal pathways,
and cortical networks, thereby contributing to neuroplastic
modulation [11]. This study reports that NMES application
to the upper extremities in children with CP is less common
than its use in the lower extremity and is generally combined
with orthoses or applied following botulinum toxin type A
injections [10]. A systematic review reported positive effects
of NMES on increasing muscle strength, reducing spastic-
ity, improving range of motion (ROM), and enhancing hand
function in children with CP [12]. However, Faccioli et al
[8] indicated that there is inconclusive evidence regarding
the effectiveness of NMES in improving upper extremity
function in CP.

VR-based rehabilitation may support functional recov-
ery in children with CP by promoting neuroplastic mecha-
nisms. Repetitive, intensive, and multisensory practice can
facilitate activity-dependent neural adaptation by strengthen-
ing existing neural connections and supporting the use of
alternative neural pathways [13]. Through visual, auditory,
and proprioceptive feedback, VR environments may engage
several brain regions involved in motor planning, sensori-
motor integration, attention, and movement control, thereby
contributing to upper extremity motor learning [14]. The
therapeutic models for upper extremity rehabilitation focus
on high-intensity, repetitive, and task-specific exercises.
However, combining technology and visually interactive
systems with physiotherapy devices has become increasingly
common, which can enhance children’s motivation and
adherence to therapy [15,16]. VR interventions provide a
unique, immersive environment in which patients can engage
in interactive and stimulating activities tailored to their
individual needs and abilities [17]. Studies in the literature
that have applied VR in upper extremity rehabilitation for
CP have generally focused on upper extremity dysfunction,
spasticity, and muscle weakness [18,19].

Video-based game therapy models do not detect the hand
and finger movements necessary for training fine motor
skills. This limitation can be overcome using the Leap
Motion Controller (LMC; Leap Motion, Inc), a VR method.
The LMC is designed to detect, recognize, and capture
hand movements and finger positions in interactive software
applications. Additionally, it allows tracking of arm, wrist,
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and hand positions for up to 4 participants simultaneously
[20]. The LMC has been reported to be highly accurate in
detecting wrist flexion/extension and radial/ulnar deviation
movements, but less accurate for forearm supination and
pronation [21]. This study includes several studies investigat-
ing the contribution of LMC to hand function in patients with
CP, stroke, spinal cord injury, and multiple sclerosis [22-25].
However, studies examining the use of the LMC in upper
extremity rehabilitation for CP are quite limited.

In the literature on upper extremity interventions in
CP, no study has compared LMC-based intervention with
an alternative therapeutic modality. In contrast to existing
studies, the present study will compare the effects of an
LMC-based intervention on hand function parameters with
those of NMES in children with CP, thereby evaluating the
impact of 2 different interventions on hand function. This
approach will enable a comparison between a traditional
modality currently used in the treatment of hand function
in children with CP and a recently introduced, technology-
based, game-oriented therapy method. This direct compari-
son was considered necessary to provide clinically relevant
information on which approach may be more effective for
improving hand function outcomes in children with spastic
CP. Furthermore, by incorporating surface electromyography
(sEMQ), this study aims to objectively assess changes in
wrist extensor and flexor muscle activation and to explore the
neuromuscular mechanisms underlying functional improve-
ments beyond clinical outcome measures. We hypothesize
that Leap Motion—based intervention will provide greater
improvements in hand function parameters than NMES in
children with CP.

Methods

Participants

The sample size was calculated using the G*Power (ver-
sion 3.1.9.7; Heinrich Heine University Diisseldorf, Diissel-
dorf) program, with the Jebsen-Taylor Hand Function Test
(JTHFT) selected as the primary outcome measure and an
assumed effect size of f=0.5 selected with reference to a
previous study [26]. The calculation was performed with a
statistical power of 95% and a=.05, in line with previous
research using technology-assisted intervention in CP [27],
yielding a minimum required sample size of 24 participants.
Considering a 20% attrition rate, a total of 30 participants,
with 15 participants in each group, was considered appro-
priate. The sample size calculation was based only on
the primary outcome measure; secondary outcomes were
considered exploratory and were not independently used for
power estimation.

Inclusion Criteria for the Study Are as
Follows

Diagnosis of spastic unilateral or bilateral CP confirmed by
clinical and magnetic resonance imaging findings, involve-
ment of the distal upper extremity (wrist and/or fingers),
being between 6 and 15 years of age, no botulinum toxin
injections or surgical interventions applied to the upper
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extremity within the past 6 months, Gross Motor Function
Classification System (GMFCS) levels 1-3, Manual Ability
Classification System (MACS) levels 1-3, upper extremity
spasticity graded as O, 1, or 1+ according to the Modi-
fied Ashworth Scale (MAS), passive wrist extension angle
limitation not exceeding 10 degrees, and ability to follow
instructions (mental level documented as “normal” or “mild
intellectual disability” in the medical report.

Exclusion criteria were defined as follows: enrollment in
a specific hand rehabilitation program at the time of this
writing, presence of visual or hearing impairments, history
of epilepsy, and presence of chronic, orthopedic, or other
systemic conditions that may interfere with participation in
the study.

Patient Withdrawal Criteria

Participants who fail to attend 6 consecutive sessions (2
weeks), attend less than 80% of the total sessions, or develop
an unexpected neurological condition (eg, epilepsy) during
the study will be excluded from the analysis.

Ethical Considerations

This study was approved by the Noninterventional Clinical
Research Ethics Committee of Istanbul Medipol University
(E-10840098-202.3.02-4331, July 18, 2024). The research
will be conducted in accordance with the principles of the
Declaration of Helsinki. Written and verbal information will
be provided to the parents of children who meet the inclusion
criteria. Parents of children who agree to participate will be
asked to sign an informed consent form. Children will also
receive age- and developmentally appropriate information
about the study procedures, and those who are unwilling to
participate will not be included in the study. The informed
consent form states that participation in the study is volun-
tary and free of charge. Participants will retain the right to
withdraw from the study at any time. No additional fees
will be collected from the participants, nor will any pay-
ments be made. The personal data and identity information
of the participants will be kept confidential. Electronic data
will be stored in password-protected files, and paper-based
documents will be kept in locked cabinets accessible only to
the research team. No biological specimens will be collec-
ted in this study. The data will be used solely for scientific
purposes, without any commercial intent. As the intervention
is considered low risk, a data monitoring committee was
not established. Participant safety and data integrity will be
monitored by the principal investigator.

Study Design

This study is registered at ClinicalTrials.gov (NCT07311018)
and is designed as a 2-arm, parallel-group, randomized
controlled trial (RCT) with a 1:1 allocation ratio. The study
is planned to be conducted in the laboratory of the Physio-
therapy and Rehabilitation Department at Istanbul Medipol
University. The necessary institutional approvals have been
obtained. A demographic information form will be completed
for the participating children and/or their parents to collect
data on age, birth history, sex, diagnosis, surgical history,
medication use, family history, limb involvement, dominant
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side, use of assistive devices (eg, hand splint, orthosis), and
whether the child is enrolled in a hand rehabilitation program
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at the time of this writing. The flow chart of the study is
shown in Figure 1.

Figure 1. Study flow diagram. EMG: electromyography; NMES: neuromuscular electrical stimulation.

ELIGIBILITY CRITERIA

> Not eligible

Participants (n=30)

BASELINE ASSESSMENTS (T0)
Goniometric Measurement, Selective Control of the Upper Extremity Scale (SCUES),
Surface EMG, Jebsen—Taylor Hand Function Test, ABILHAND-Kids

All participants (n = 30)
4-week Conventional Exercise Program
(3 sessions per week / 40 min )

MID- INTERVENTION ASSESSMENTS (T1)
Goniometric Measurement, Selective Control of the Upper Extremity Scale (SCUES),
Surface EMG, Jebsen—Taylor Hand Function Test, ABILHAND-Kids

Randomization (n = 30) ‘

VLY

Leap Motion Group (n=15)
8-week Leap Motion—based Exercise (20 min) +
Conventional Exercise (40 min)

3 sessions per week / 60 min per session

N

NMES Group (n=15)
R-week NMES (20 min) + Conventional
Exercise (40 min)

3 sessions per week / 60 min per session

i

POST- INTERVENTION ASSESSMENTS (T2)
Goniometric Measurement, Selective Control of the Upper Extremity Scale (SCUES),
Surface EMG, Jebsen—Taylor Hand Function Test, ABILHAND-Kids

v

Data Analysis (0=30)

Randomization and Allocation

Patients who meet the inclusion criteria and agree to
participate will be randomly assigned to one of 2 groups
using a computer-based randomization program [28]. Block
randomization will be applied to ensure balanced group
sizes, with 15 participants allocated to each group (n=15).
The random allocation sequence will be generated by
an independent researcher who is not involved in par-
ticipant enrollment, assessment, or intervention delivery.
Allocation concealment will be ensured using sequentially
numbered, opaque, sealed envelopes prepared prior to the
8-week intervention. Investigators responsible for partici-
pant recruitment and outcome assessment will not have
access to the randomization sequence. Due to the nature of
the interventions, blinding of participants and the treating
physiotherapist will not be feasible. However, outcome
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assessments and statistical analyses will be conducted by
assessors who are blinded to group allocation.

Eligibility Assessments

To assess eligibility according to the inclusion criteria, the
following evaluations will first be performed in participat-
ing children: gross motor function will be assessed using
the GMFCS, manual ability level will be evaluated using
the MACS, and upper extremity muscle spasticity will be
measured using the MAS.

GMFCS

The GMFCS is based on the self-initiated movements of
children with CP, emphasizing sitting, transfers, and mobility.
This classification system consists of 5 levels. The distinc-
tions between levels are determined primarily by functional
limitations, the need for assistive mobility devices (such as
walkers, crutches, wheelchairs, or canes), and, to a lesser
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extent, by the quality of movement. During the assessment,
gross motor skills are evaluated considering both the child’s
abilities and the limitations in motor function. Children at
Level 1 walk without restrictions, those at Level 2 walk with
limitations, children at Level 3 walk using handheld mobility
devices, those at Level 4 have limited self-mobility and may
use powered mobility, and children at Level 5 are trans-
ported in a manual wheelchair. Considering the age-related
differences in motor function, the GMFCS is categorized for
children less than 2 years, 2-4 years, 4-6 years, 6-12 years,
and 12-18 years [29].

MACS

MACS was developed to classify how children with CP
use their hands when handling objects in daily activities,
reflecting typical hand performance rather than maximal
capacity. The classification describes how children usually
use their hands to handle objects at home, at school, and
in the community, rather than their best possible perform-
ance. It evaluates the ability to handle objects in children
with CP aged 4-18 years. The system consists of 5 levels:
children at Level 1 can handle objects easily and success-
fully, although they may have difficulties with speed and
accuracy in activities. Children at Level 5, however, cannot
handle objects effectively and have severely limited abilities,
requiring support to perform even the simplest hand activities
[30].

MAS

The severity of spasticity will be evaluated using the MAS,
which is widely used to quantify resistance perceived during
passive movement [31]. The MAS grades muscle tone on a
0-4 scale. Starting from 0: no increase in muscle tone; 1:
slight increase in muscle tone, characterized by a minimal
resistance at the end of the ROM; 1+: slight increase in
muscle tone, characterized by a catch followed by minimal
resistance through less than half of the ROM; 2: more marked
increase in muscle tone through most of the ROM, but
the affected part is easily moved; 3: considerable increase
in muscle tone, making passive movement difficult; and 4:
affected part rigid in flexion or extension. In children with
CP, spasticity most frequently involves the upper extremity
muscles, particularly the shoulder flexors, adductors, and
internal rotators; elbow flexors; forearm pronators; wrist
flexors; and finger flexors [32,33]. Accordingly, spasticity
of these muscle groups in both upper extremities will be
assessed using the MAS in this research.

Outcome Measures

The primary outcome of this study is hand function, and
the secondary outcomes are wrist extensor and flexor muscle
activation, wrist ROM, wrist selective motor control, and
hand use in daily activities. The baseline assessments (TO)
will be done after enrollment. Before randomization, all
participants will complete a 4-week standardized upper
extremity—focused conventional therapy program, which
will be conducted as a baseline standardization period to
reduce the potential influence of previous routine rehabilita-
tion programs. This phase will not be considered part of
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the randomized intervention comparison. Postconventional
exercise assessments (T1) will be conducted after a 4-
week conventional therapy program. Randomization will be
performed after the T1 assessment to allow comparison of
the additional effects of NMES and Leap Motion-based
training when added to the standardized conventional exercise
program. The final assessments (T2) will be performed after
8-week NMES and Leap Motion-based interventions. The
main comparison will be based on the change from T1 to
T2 between the intervention groups. A randomized controlled
design was selected to minimize selection bias and to ensure
balanced baseline characteristics between the intervention
groups. The inclusion of 3 assessment time points (TO,
T1, and T2) allows differentiation between the effects of
conventional therapy and intervention-specific effects.

JTHFT

The JTHFT is a timed, 7-subtest assessment designed to
evaluate hand functionality. The test is derived from common
daily activities and includes the following tasks: writing a
standardized 24-letter sentence, turning 5 cards, picking up
small objects, picking up 5 beans using a spoon, stacking
4 checkers on a test board, moving 5 large empty cans,
and moving 5 full cans. Since the study population includes
children who may not yet be literate according to the age
criteria, the first subtest (writing a sentence) will be omit-
ted from the evaluation. Each subtest allows a maximum
of 120 seconds for successful completion. All subtests are
first performed with the nondominant hand, followed by the
dominant hand. The validity and reliability of the JTHFT in
children with CP aged 6-18 years have been established by
Tofani et al [34].

Selective Control of the Upper Extremity
Scale

The Selective Control of the Upper Extremity Scale (SCUES)
was developed to assess selective voluntary motor control
(SVMC) of the upper extremity and represents the first
scale specifically designed for this purpose. It is a practi-
cal and user-friendly, video-based assessment tool that can
be administered in less than 15 minutes. During the evalua-
tion, the physiotherapist first demonstrates the required joint
motion passively within the desired ROM and then asks the
child to perform the movement 3 times at each joint. The
test provides the opportunity to assess selective movements
in all upper extremity joints, including the shoulder, elbow,
forearm, wrist, and fingers. Each of the 5 joint regions is
scored on a 4-point ordinal scale: absence of SVMC (0
points), moderately reduced SVMC (1 point), mildly reduced
SVMC (2 points), and normal SVMC (3 points). The total
SCUES score ranges from 0 to 15, with higher scores
indicating better SVMC [35]. In the present study, only the
selective control of the upper extremities will be assessed
bilaterally.

SEMG

SsEMG is based on the principle that there is a linear relation-
ship between sEMG signal amplitude and muscle contrac-
tion force, with signal amplitude increasing as muscle force
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increases [36]. SEMG can be used as an outcome meas-
ure in children with CP, providing quantitative information
related to motor activation when the processes are correctly
analyzed [37]. In the present study, muscle activation will be
assessed using the Natus UltraPro S100 (Electromyography
(EMG)/Nerve Conduction Studies (NCS)/Evoked Potentials
(EP) neurodiagnostic system; Natus Medical Incorporated).
Surface electrodes will be applied to measure muscle activity.
The child will be asked to perform maximum voluntary
contraction, and the sEMG signals from the muscles will

Ozlii Erdogan et al

be recorded for 10-15 seconds, followed by a 10-second
rest period (Figure 2) [38]. Electrodes will be positioned
parallel to the muscle fibers over the wrist extensor and flexor
muscle bellies Figure 3A using anatomical landmarks in
accordance with the guidelines of the Surface Electromyogra-
phy for the Noninvasive Assessment of Muscles (SENIAM)
[39]. To ensure consistency across assessment time points,
electrode placement will be performed by the same neurology
specialist.

Figure 2. Screenshot of the surface electromyography (SEMG) recording interface.
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The sEMG signal processing procedure will be performed
as follows: raw sEMG signals will be processed using a
20 Hz infinite impulse response Butterworth high-pass filter
and then a 500 Hz infinite impulse response Butterworth
low-pass filter will be applied to reduce movement artifacts
and high-frequency noise. Subsequently, root mean square
values will be derived from the filtered SEMG signals using
consecutive 0.1-second time windows for signal analysis.
The filtered sSEMG signals will then be analyzed using root

mean square amplitude values expressed in microvolts (#V),
without additional normalization to maximum voluntary
contraction. Each measurement will be repeated 3 times, and
activation of the wrist extensor and flexor muscles will be
recorded (Figure 3B). To minimize signal variability in the
pediatric population, standardized verbal instructions will be
provided, measurements will be repeated with rest intervals,
recordings with visible movement artifacts will be excluded,
and the mean value of valid trials will be used for analysis.

Figure 3. Surface electromyography (SEMG): (A) electrode placement over the wrist extensor and wrist flexor muscle groups; (B) testing procedure.
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Goniometric Assessment

Active wrist ROM will be assessed with Joints Digital
Goniometer 360 ° (JTECH Medical) [40]. In addition
to digital goniometer measurements, wrist ROM will be
assessed with a Becure HandROM (Becure GmbH) appli-
cation integrated into the LMC. Wrist flexion, extension,
ulnar deviation, and radial deviation ROM will be measured
bilaterally. Each measurement will be repeated 3 times, and
the mean value will be used for statistical analysis.

ABILHAND-Kids

The ABILHAND-Kids questionnaire will be used to assess
hand use in daily life activities. ABILHAND-Kids is designed
to measure upper extremity function in children with CP aged
6-15 years and to evaluate unimanual and bimanual activities
of the upper limbs as comprehensively as possible [41]. The
questionnaire consists of 21 items covering both unimanual
and bimanual tasks and will be completed by parents using
a 3-point scale: 0-cannot perform the activity, 1-performs the
activity with difficulty, and 2-performs the activity easily.
The 21 items include daily tasks such as fastening pants
buttons, fastening shirt buttons, opening a jar, zipping a
jacket, sharpening a pencil, putting on a backpack, zipping
pants, rolling up a sweater sleeve, applying toothpaste to a
toothbrush, opening a bottle cap, opening a chip bag, opening
a toothpaste tube, washing the upper body, filling a glass
with water, opening a bread box, taking off a T-shirt, wearing
a hat, retrieving coins from a pocket, opening a chocolate
wrapper, turning on a bedside lamp, and opening jacket
snaps. ABILHAND-Kids is a test specifically developed for
children with CP and requires no preparatory phase. The
Turkish validity and reliability study in children with CP was
conducted by Sahin et al [42].

Interventions

This study consists of 5 sequential phases. In the first phase,
eligibility of the participants will be assessed according
to the predefined inclusion criteria and written informed
consent will be obtained. In the second phase, baseline
assessments will be conducted (TO). In the third phase, all
participants will undergo a 4-week conventional exercise
program before randomization, followed by midintervention
assessments (T1). In the fourth phase, participants will be
randomized into either the Leap Motion-based exercise group
or the NMES group, and both groups will receive these
interventions in addition to conventional exercise for 8 weeks.
In the fifth and final phase, all outcome measures will be
reassessed after completion of the intervention period, and the
study will be closed out (T2).

Treatment adherence will be monitored using standardized
follow-up forms, including session attendance, completed
sessions, missed sessions, and adherence to the interven-
tion protocol. All interventions in the NMES and Leap
Motion-based training groups as well as the conventional
exercise program will be conducted by the same pediatric
physiotherapist with at least 8 years of experience. In
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addition, external rehabilitation programs will be discontin-
ued after enrollment in this study.

Conventional Exercise Program

All participants who meet the inclusion criteria and provide
informed consent will be enrolled in a 4-week conventional
exercise program. The conventional exercise program will
be administered 3 times per week, with each session lasting
40 minutes. The program will be structured at the begin-
ning of the treatment period by selecting exercises from
a predefined pool of neurodevelopmental treatment—based
upper extremity exercises, including bilateral and unilateral
upper extremity weight-bearing activities for tone regulation,
passive stretching, muscle strengthening, and active ROM
exercises. To improve fine motor skills, activities targeting
reaching, grasping, releasing, carrying, in-hand manipulation
skills, and bimanual use will also be included. The exercises
will be selected and incorporated into the program based
on each child’s level of impairment and clinical needs.
After randomization, the selected exercises will be applied
consistently across sessions for 8 weeks in addition to the
group-specific interventions. While the session duration and
frequency will remain standardized, exercise intensity will be
adjusted by modifying the number of repetitions according to
the child’s tolerance and performance.

NMES Group

For NMES application, a portable 4-channel device (Globus
Premium-400; Globus Corporation Srl) will be used. The
NMES provides a biphasic waveform, with a pulse duration
ranging between 50 and 300 ps and a frequency range of
1-120 Hz. In spastic CP, stimulation frequencies between
10 and 60 Hz are generally recommended to elicit motor
activation, although frequencies above 50 Hz may induce
muscle fatigue [43]. In this study, stimulation parameters will
be set to a pulse duration of 300 us, a frequency of 30 Hz,
and an on/off ratio of 10 s/10 s [44]. The stimulation intensity
will be increased until visible muscle contraction is observed
and will then be adjusted to the maximum level tolerated by
the participant. The intervention will be administered for 20
minutes per session, in addition to the conventional exercise
program, over a period of 8 weeks. Electrode placement will
be as follows: the inactive electrode on the dorsal aspect of
the wrist, and the active electrode on the lateral forearm over
the bellies of wrist extensor muscles (extensor carpi radialis
longus and brevis, extensor carpi ulnaris). For participants
with bilateral spastic CP, stimulation will be applied to the
dominant side, whereas for those with unilateral spastic CP, it
will be applied to the affected side. During the first 2 weeks,
NMES will be applied passively (Figure 4A). In subsequent
sessions, active participation will be encouraged by asking
participants to perform wrist extension synchronously with
the stimulation (Figures 4B and 4C). During the sessions,
children will be monitored for pain, discomfort, muscle
fatigue, skin irritation, redness at the electrode site, or any
adverse response. Any adverse events will be recorded, and
the session will be stopped if necessary.
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Figure 4. Neuromuscular electrical stimulation (NMES) applications: (A) passive; (B) with active wrist extension; and (C) with functional task.

NMES Training Protocol

In this group, each session will include 20 minutes of
NMES and 40 minutes of conventional exercises. The NMES
intervention will be applied progressively over an 8-week
period as follows:

* Weeks 1-2: Participants will receive passive NMES
application.

* Weeks 3-5: NMES will be combined with active wrist
extension. During the rest phase, the wrist will be
maintained in a neutral position, while in the stimula-
tion phase, participants will be instructed to actively
perform wrist extension movements.

* Weeks 6-8: NMES will be integrated into functional
tasks. During the rest phase, participants will practice
grasping objects of varying sizes (eg, balls), while in
the stimulation phase, they will be instructed to release
the object through active wrist extension.

Leap Motion-Based Exercise Group

The Leap Motion-based VR system consists of a personal
computer and an LMC, which are connected via a USB.
Using infrared technology, the Leap Motion device allows for
the tracking of multiple hand and finger movements without
the need for markers or data gloves [20]. The Fizyosoft
Becure company has developed software integrated into the
Leap Motion system, creating task-oriented games designed
to improve grasping ability and hand activities in individu-
als with upper extremity limitations. These games represent
the first Turkish-language software developed for the Leap
Motion system [45]. Each session of the VR intervention will
last for 20 minutes and will use games developed within the
Becure HandROM platform.

https://www researchprotocols.org/2026/1/e94705

Leap Ball

Involves grasping a ball by activating all interphalangeal
flexors followed by interphalangeal and wrist extensors and
then placing the ball into designated holes.

bRabbit

Requires repetitive wrist flexion and extension to jump over
snakes and hide from flying birds.

Pong

Focuses on repetitive wrist flexion and extension to hit
rapidly incoming balls, with increasing speed and frequency.

All games will be progressively adapted to ensure
advancement, with modifications specific to each game.
The Pong game is expected to be more challenging com-
pared to the others; therefore, it will be introduced starting
from the third week of intervention. Prior to the interven-
tion, children will be introduced to the Leap Motion sensor
and games, including instructions about optimal position-
ing relative to the sensor and game-play mechanics. They
will also be provided an opportunity to practice before the
actual intervention begins. During the sessions, compensatory
movements will be prevented by the supervising physiothera-
pist. Each game will be adjusted to the child’s needs, starting
from an appropriate difficulty level. Progression across weeks
will be achieved by modifying parameters (such as game
speed, trial repetitions, and the size or number of balls/holes)
(Figure 5). During sessions, children will be monitored for
fatigue, discomfort, dizziness, or any adverse response. Rest
breaks will be provided when needed. Any adverse events
will be recorded, and the session will be stopped if necessary.
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Figure 5. Leap motion-based serious game screenshots and game-play.

Yoy ARE
a8

.

Ozlii Erdogan et al

VORTL, o TP
) By ¥ 'Y ol o [
T il T N
LeapBall bRabbit Pong

Leap Motion-Based Training Protocol

In this group, each session will consist of 20 minutes
of Leap Motion—based training and 40 minutes of conven-
tional exercises. The Leap Motion—based intervention will be
conducted over an 8-week period with progressive difficulty
as follows:

* Weeks 1-2: participants will begin with introductory
sessions consisting of VR-based exercises using the
Leap Ball and bRabbit games.

* Weeks 3-5: training difficulty will be increased by
adjusting game parameters such as speed, number of
repetitions, number, and size of balls/targets, according
to each child’s individual level. The game set will
include Leap Ball, bRabbit, and Pong games.

* Weeks 6-8: the same progression strategy will be
maintained, with further increases in task complexity
through modifications in game parameters (eg, speed,
repetitions, number, and size of balls/targets). The game
set will again include Leap Ball, bRabbit, and Pong
games.

Statistics

Statistical analyses will be performed using SPSS for
Windows (version 25.0; IBM Corp). Descriptive statistics
will be calculated for all variables. Continuous variables
with normal distribution will be presented as mean (SD),
continuous variables without normal distribution as median
(minimum-maximum), and categorical variables as frequency
and percentage. The normality of continuous variables will be
assessed using the Shapiro-Wilk test. The primary interven-
tion effects will be analyzed using a 2-way repeated measures
ANOVA to evaluate the main effects of group and time,
as well as the groupxtime interaction. When significant

https://www researchprotocols.org/2026/1/e94705

main or interaction effects are detected, post hoc pairwise
comparisons will be performed with Bonferroni correction
for multiple comparisons. For variables that do not meet the
assumptions for parametric analysis, appropriate nonparamet-
ric alternatives will be used. Categorical variables will be
analyzed using the chi-square test or Fisher exact test,
depending on the expected cell counts. The primary analy-
sis will be conducted as a complete-case analysis, including
only participants who complete all assessment time points.
Dropouts and missing data will be documented. Effect sizes
will be reported to support the interpretation of the magnitude
of intervention effects. Partial eta squared will be reported for
repeated measures ANOVA results. A P value of <.05 will be
considered statistically significant.

Results

The study was approved by the institutional ethics committee
on July 18, 2024. It was subsequently funded by the Istanbul
Medipol University Scientific Research Project (project
number 2026-08) in January 2026, after which participant
recruitment commenced. As of June 2026, 11 participants
had been enrolled. Data analysis will be conducted once all
participants have completed the study protocol. The study is
expected to be completed by September 2026.

Discussion

This study is expected to provide clinically relevant informa-
tion on the comparative effects of NMES and Leap Motion—
based training on hand function parameters in children with
spastic CP. In this context, changes in hand function, wrist
extensor and flexor muscle activation, wrist ROM, wrist
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selective motor control, and hand use in daily activities
will be evaluated. Although both interventions are expected
to improve hand function parameters, Leap Motion—based
training is anticipated to show greater improvements than
NMES.

Several studies have demonstrated the potential benefits of
NMES in upper extremity rehabilitation in children with CP
[44.,46-48]. Yildizgoren et al [47] reported that adding NMES
to conventional therapy effectively improved active wrist
extension ROM, spasticity, and hand function in children with
CP. Acikbas et al [44] demonstrated significant improvements
in shoulder and wrist joint ROM following NMES applied
to the wrist extensor muscles in children with CP. However,
findings related to spasticity reduction and functional transfer
to daily activities have been inconsistent across studies.

Kamper et al [9] reported improvements in wrist extension
ROM and muscle strength following NMES applied to the
wrist flexor and wrist extensor muscles, although changes
in spasticity and passive resistance were less pronounced. In
a pilot study evaluating NMES applied to the wrist exten-
sor muscles following botulinum toxin injections and prior
physiotherapy and occupational therapy, improvements in
hand function, spasticity, and ROM were observed; however,
the differences were not statistically significant [49].

Some studies highlight the applicability of NMES as
part of a multimodal rehabilitation approach, underlining its
potential to enhance functional outcomes when combined
with other therapeutic interventions [4648]. In a study
investigating the use of NMES and dynamic splints for
upper extremity spasticity management in children with CP,
improvements in functional outcomes were reported when
both modalities were applied [48]. Xu et al [46] reported that
the combined application of constraint-induced movement
therapy and NMES to the extensor carpi radialis and extensor
digitorum muscles resulted in significant improvements in
upper extremity functional test results. In the literature,
NMES protocols vary considerably in terms of stimulation
parameters, target muscles, and treatment duration, which
limits direct comparisons and may contribute to heterogeneity
in reported outcomes.

Studies examining the use of the LMC in upper extrem-
ity rehabilitation for children with CP are limited. Tar-
akct et al [45] evaluated upper extremity functions and
demonstrated that LMC-based exercises may serve as an
effective alternative treatment option for improving func-
tional outcomes in physically disabled children and ado-
lescents. Research comparing neurodevelopmental therapy
with video-based game therapy (using the Nintendo Wii
[Nintendo Co, Ltd] and LMC) reported superior effects
on hand skills in the video-based therapy group, while
both interventions demonstrated beneficial effects on grip
strength and functional abilities [22]. Daliri et al [27] reported
that comparing LMC-based rehabilitation with conventional
rehabilitation methods found greater improvements in grip,
lateral, and palmar pinch strengths in the LMC group.

In the literature on upper extremity interventions in CP, no
study has compared LMC intervention with another method.
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Unlike existing studies, this research will compare the effects
of LMC intervention on hand function parameters with a
group of children receiving NMES, thereby evaluating the
impact of 2 different interventions on hand function. This will
enable the comparison of a traditional modality currently used
in the treatment of hand function in children with CP with a
game-based therapy method that has recently emerged with
technological advancements. In addition, although NMES has
been applied predominantly in a passive manner in previous
RCTs, the present protocol proposes an NMES approach
consisting of an initial passive stimulation period followed by
active wrist extension exercises. This strategy was designed
to incorporate motor learning principles into the NMES
intervention and to provide a more methodologically balanced
comparison with the inherently active, sensorimotor nature of
the Leap Motion—based exercise intervention.

Selective motor control ability of the upper extremity
is considered a fundamental factor for performing many
activities such as eating, participating in daily life activities,
engaging in self-care tasks, and writing [50,51]. Therefore,
assessing selective motor control of the wrist is of great
importance when evaluating hand functions. In this research,
the effects of NMES and LMC interventions on upper
extremity selective motor control in children with CP will
also be examined, representing another unique aspect of the
study. By incorporating the assessment of selective wrist
motor control, the present protocol aims to provide a more
comprehensive evaluation of upper extremity function.

Weakness of prolonged wrist extensors combined with
increased flexor spasticity has been associated with poorer
hand function, and interventions aimed at facilitating wrist
extension to modify muscle characteristics related to hand
dysfunction have been suggested to improve hand function
in children with CP [52]. In studies, RCTs involving LMC
interventions in CP have generally assessed muscle strength
using a hand dynamometer and a pinch meter to measure grip
strength [22,27,45]. In RCTs involving NMES interventions,
grip strength has been evaluated using a hand dynamometer
[48], computerized dynamometer [53], and sphygmomanom-
eter [46]. However, only one randomized controlled study
has assessed wrist extensor muscle activation using sEMG
[38]. This highlights that the use of objective, muscle-specific
activation measures in CP has not been widely implemen-
ted in RCTs. The present research aims to evaluate isolated
wrist extensor and flexor muscle activation using sSEMG and
demonstrate the effects of both interventions on the wrist
extensor muscles objectively.

For clinical interpretation, changes in JTHFT scores will
be considered in relation to previously reported minimal
clinically important difference values in children with CP,
including 54.7 seconds for the more affected hand and
20.9 seconds for the less affected hand [26]. For secondary
outcomes, established minimal clinically important difference
values are limited or not clearly defined in this population;
therefore, the magnitude and direction of change, effect sizes,
and available measurement properties will be considered
when interpreting clinical relevance.
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Several potential limitations of this study should be
acknowledged. First, the relatively small sample size should
be considered when interpreting the findings. Due to the
nature of the interventions, blinding of participants and
therapists is not feasible, which may introduce performance
bias. Because all participants will receive the same standar-
dized conventional therapy before randomization, this phase
is expected to reduce between-participant variability rather
than introduce differential bias between groups. However,
the possible influence of this pre-randomization phase on
subsequent responses to the randomized interventions will
be considered when interpreting the findings. The absence
of long-term follow-up assessments restricts the ability to
determine the persistence of intervention effects over time.
Additionally, the game-based and interactive nature of the
Leap Motion-based intervention may increase participant
motivation and engagement, which may introduce poten-
tial motivational bias. Future studies with larger sample
sizes, longer follow-up periods, and combined or additive

Ozlii Erdogan et al

intervention models may further clarify the long-term and
comparative effects of these approaches.

After completion of the study, the findings will be
disseminated through peer-reviewed publication and scientific
meetings, with the aim of informing evidence-based upper
extremity rehabilitation practices for children with CP.

In conclusion, this study is expected to contribute to the
literature by providing clinically relevant evidence on the
comparative effects of 2 interventions based on different
neuroplasticity stimulation mechanisms in pediatric upper
extremity rehabilitation. The integration of clinical outcome
measures with objective SEMG assessment may offer a more
comprehensive understanding of wrist muscle activation and
functional changes in children with spastic CP. The findings
may guide the selection of intervention methods, support
evidence-based rehabilitation protocols, and contribute to the
applicability of different modalities in clinical practice.

Acknowledgments

The authors would like to thank the children and their families for their participation in this study.
Generative artificial intelligence (AI) was not used in any portion of the manuscript.

Funding

This study was supported by the Istanbul Medipol University Scientific Research Projects Program for a 9-month period,
according to the project approval letter dated January 2026 (Project No: 2026-08). The funding has no role in the study design,
data collection, analysis, interpretation of data or manuscript preparation.

Data Availability

The datasets generated or analyzed during this study are available from the corresponding author on reasonable request.

Authors’ Contributions

HOE contributed to conceptualization, investigation, methodology, project administration, writing — original draft, and writing
— review & editing. GAB contributed to conceptualization, methodology, writing — original draft, and writing — review &
editing. STA contributed to conceptualization, investigation, and writing — review & editing. DT contributed to conceptualiza-
tion, methodology, writing — original draft, and writing — review & editing. All authors approved the final version of the
manuscript.

Conflicts of Interest
None declared.

Checklist 1

CONSORT-EHEALTH (V 1.6.1) checklist.
[PDEF File (Adobe File), 483 KB-Checklist 1]

Checklist 2

SPIRIT checklist.
[PDF File (Adobe File), 133 KB-Checklist 2]

References

1.  Bax M, Goldstein M, Rosenbaum P, et al. Proposed definition and classification of cerebral palsy, April 2005. Dev Med
Child Neurol. Aug 2005;47(8):571-576. [doi: 10.1017/s001216220500112x] [Medline: 16108461]

2. Jonhson A. Prevalence and characteristics of children with cerebral palsy in Europe. Develop Med Child Neuro. Sep
2002;44(9):633-640. URL: https://onlinelibrary.wiley.com/toc/14698749/44/9 [Accessed 2026-06-15] [doi: 10.1111/j.
1469-8749.2002.tb00848 x]

3. Wimalasundera N, Stevenson VL. Cerebral palsy. Pract Neurol. Jun 2016;16(3):184-194. [doi: 10.1136/practneurol-
2015-001184] [Medline: 26837375]

https://www researchprotocols.org/2026/1/e94705 JMIR Res Protoc 2026 | vol. 15194705 | p. 11

(page number not for citation purposes)


https://jmir.org/api/download?alt_name=resprot_v15i1e94705_app1.pdf
https://jmir.org/api/download?alt_name=resprot_v15i1e94705_app1.pdf
https://jmir.org/api/download?alt_name=resprot_v15i1e94705_app2.pdf
https://jmir.org/api/download?alt_name=resprot_v15i1e94705_app2.pdf
https://doi.org/10.1017/s001216220500112x
http://www.ncbi.nlm.nih.gov/pubmed/16108461
https://onlinelibrary.wiley.com/toc/14698749/44/9
https://doi.org/10.1111/j.1469-8749.2002.tb00848.x
https://doi.org/10.1111/j.1469-8749.2002.tb00848.x
https://doi.org/10.1136/practneurol-2015-001184
https://doi.org/10.1136/practneurol-2015-001184
http://www.ncbi.nlm.nih.gov/pubmed/26837375
https://www.researchprotocols.org/2026/1/e94705

JMIR RESEARCH PROTOCOLS Ozlii Erdogan et al

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Arner M, Eliasson AC, Nicklasson S, Sommerstein K, Higglund G. Hand function in cerebral palsy. Report of 367
children in a population-based longitudinal health care program. J Hand Surg Am. Oct 2008;33(8):1337-1347. [doi: 10.
1016/.jhsa.2008.02.032] [Medline: 18929198]

Cans C. Surveillance of cerebral palsy in Europe: a collaboration of cerebral palsy surveys and registers. Develop Med
Child Neuro. Dec 2000;42(12):816-824. URL: https://onlinelibrary.wiley.com/toc/14698749/42/12 [Accessed
2026-06-15] [doi: 10.1111/j.1469-8749.2000.tb00695 x]

Rosenbaum P, Paneth N, Leviton A, et al. A report: the definition and classification of cerebral palsy April 2006. Dev
Med Child Neurol Suppl. Feb 2007;109:8-14. [doi: 10.1111/j.1469-8749.2007.tb12610.x] [Medline: 17370477]
Rathinam C, Mohan V, Peirson J, Skinner J, Nethaji KS, Kuhn I. Effectiveness of virtual reality in the treatment of hand
function in children with cerebral palsy: a systematic review. J] Hand Ther. 2019;32(4):426-434. [doi: 10.1016/j.jht.2018.
01.006] [Medline: 30017414]

Faccioli S, Pagliano E, Ferrari A, et al. Evidence-based management and motor rehabilitation of cerebral palsy children
and adolescents: a systematic review. Front Neurol. 2023;14:1171224. [doi: 10.3389/fneur.2023.1171224] [Medline:
37305763]

Kamper DG, Yasukawa AM, Barrett KM, Gaebler-Spira DJ. Effects of neuromuscular electrical stimulation treatment of
cerebral palsy on potential impairment mechanisms: a pilot study. Pediatr Phys Ther. 2006;18(1):31-38. [doi: 10.1097/
01.pep.0000202102.07477.7a] [Medline: 16508532]

Wright PA, Durham S, Ewins DJ, Swain ID. Neuromuscular electrical stimulation for children with cerebral palsy: a
review. Arch Dis Child. Apr 2012;97(4):364-371. [doi: 10.1136/archdischild-2011-300437] [Medline: 22447997]
Milosevic M, Marquez-Chin C, Masani K, et al. Why brain-controlled neuroprosthetics matter: mechanisms underlying
electrical stimulation of muscles and nerves in rehabilitation. Biomed Eng Online. Nov 4,2020;19(1):81. [doi: 10.1186/
$12938-020-00824-w] [Medline: 33148270]

Ou CH, Shiue CC, Kuan YC, Liou TH, Chen HC, Kuo TJ. Neuromuscular electrical stimulation of upper limbs in
patients with cerebral palsy: a systematic review and meta-analysis of randomized controlled trials. Am J Phys Med
Rehabil. Feb 1,2023;102(2):151-158. [doi: 10.1097/PHM.0000000000002058] [Medline: 35687763]

Proffitt R, Glegg S, Levac D, Lange B. End-user involvement in rehabilitation virtual reality implementation research. J
Enabling Technol. 2019;13(2):92-100. [doi: 10.1108/JET-10-2018-0050] [Medline: 31663039]

Wojtowicz Z, Czech K, Lechowska A, Paprocka J. The impact of virtual-reality-based physiotherapy on upper limb
function in children with cerebral palsy. J Clin Med. Oct 5, 2025;14(19):7040. [doi: 10.3390/jcm14197040] [Medline:
41096120]

Brochard S, Robertson J, Médée B, Rémy-Néris O. What’s new in new technologies for upper extremity rehabilitation?
Curr Opin Neurol. Dec 2010;23(6):683-687. [doi: 10.1097/WCO.0b013e32833f61ce] [Medline: 20852420]

Tatla SK, Sauve K, Virji-Babul N, Holsti L, Butler C, Van Der Loos HFM. Evidence for outcomes of motivational
rehabilitation interventions for children and adolescents with cerebral palsy: an American Academy for cerebral palsy
and developmental medicine systematic review. Dev Med Child Neurol. Jul 2013;55(7):593-601. [doi: 10.1111/dmcn.
12147] [Medline: 23550896]

Komariah M, Amirah S, Abdurrahman MF, et al. Effectivity of virtual reality to improve balance, motor function,
activities of daily living, and upper limb function in children with cerebral palsy: a systematic review and meta-analysis.
Ther Clin Risk Manag. 2024;20:95-109. [doi: 10.2147/TCRM.S432249] [Medline: 38375076]

Choi JY, Yi SH, Ao L, et al. Virtual reality rehabilitation in children with brain injury: a randomized controlled trial. Dev
Med Child Neurol. Apr 2021;63(4):480-487. [doi: 10.1111/dmen.14762] [Medline: 33326122]

Sajan JE, John JA, Grace P, Sabu SS, Tharion G. Wii-based interactive video games as a supplement to conventional
therapy for rehabilitation of children with cerebral palsy: a pilot, randomized controlled trial. Dev Neurorehabil. Aug
2017;20(6):361-367. [doi: 10.1080/17518423.2016.1252970] [Medline: 27846366]

Bachmann D, Weichert F, Rinkenauer G. Review of three-dimensional human-computer interaction with focus on the
leap motion controller. Sensors (Basel). Jul 7, 2018;18(7):2194. [doi: 10.3390/s18072194] [Medline: 29986517]
Smeragliuolo AH, Hill NJ, Disla L, Putrino D. Validation of the leap motion controller using markered motion capture
technology. J Biomech. Jun 14, 2016;49(9):1742-1750. [doi: 10.1016/j.jbiomech.2016.04.006] [Medline: 27102160]
Avcil E, Tarakci D, Arman N, Tarakci E. Upper extremity rehabilitation using video games in cerebral palsy: a
randomized clinical trial. Acta Neurol Belg. Aug 2021;121(4):1053-1060. [doi: 10.1007/s13760-020-01400-8] [Medline:
32524538]

Cuesta-Gomez A, Sanchez-Herrera-Baeza P, Ofia-Simbafia ED, et al. Effects of virtual reality associated with serious

games for upper limb rehabilitation inpatients with multiple sclerosis: randomized controlled trial. J Neuroeng Rehabil.
Jul 13,2020;17(1):90. [doi: 10.1186/s12984-020-00718-x] [Medline: 32660604]

https://www researchprotocols.org/2026/1/e94705 JMIR Res Protoc 2026 | vol. 15 194705 | p. 12

(page number not for citation purposes)


https://doi.org/10.1016/j.jhsa.2008.02.032
https://doi.org/10.1016/j.jhsa.2008.02.032
http://www.ncbi.nlm.nih.gov/pubmed/18929198
https://onlinelibrary.wiley.com/toc/14698749/42/12
https://doi.org/10.1111/j.1469-8749.2000.tb00695.x
https://doi.org/10.1111/j.1469-8749.2007.tb12610.x
http://www.ncbi.nlm.nih.gov/pubmed/17370477
https://doi.org/10.1016/j.jht.2018.01.006
https://doi.org/10.1016/j.jht.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30017414
https://doi.org/10.3389/fneur.2023.1171224
http://www.ncbi.nlm.nih.gov/pubmed/37305763
https://doi.org/10.1097/01.pep.0000202102.07477.7a
https://doi.org/10.1097/01.pep.0000202102.07477.7a
http://www.ncbi.nlm.nih.gov/pubmed/16508532
https://doi.org/10.1136/archdischild-2011-300437
http://www.ncbi.nlm.nih.gov/pubmed/22447997
https://doi.org/10.1186/s12938-020-00824-w
https://doi.org/10.1186/s12938-020-00824-w
http://www.ncbi.nlm.nih.gov/pubmed/33148270
https://doi.org/10.1097/PHM.0000000000002058
http://www.ncbi.nlm.nih.gov/pubmed/35687763
https://doi.org/10.1108/JET-10-2018-0050
http://www.ncbi.nlm.nih.gov/pubmed/31663039
https://doi.org/10.3390/jcm14197040
http://www.ncbi.nlm.nih.gov/pubmed/41096120
https://doi.org/10.1097/WCO.0b013e32833f61ce
http://www.ncbi.nlm.nih.gov/pubmed/20852420
https://doi.org/10.1111/dmcn.12147
https://doi.org/10.1111/dmcn.12147
http://www.ncbi.nlm.nih.gov/pubmed/23550896
https://doi.org/10.2147/TCRM.S432249
http://www.ncbi.nlm.nih.gov/pubmed/38375076
https://doi.org/10.1111/dmcn.14762
http://www.ncbi.nlm.nih.gov/pubmed/33326122
https://doi.org/10.1080/17518423.2016.1252970
http://www.ncbi.nlm.nih.gov/pubmed/27846366
https://doi.org/10.3390/s18072194
http://www.ncbi.nlm.nih.gov/pubmed/29986517
https://doi.org/10.1016/j.jbiomech.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27102160
https://doi.org/10.1007/s13760-020-01400-8
http://www.ncbi.nlm.nih.gov/pubmed/32524538
https://doi.org/10.1186/s12984-020-00718-x
http://www.ncbi.nlm.nih.gov/pubmed/32660604
https://www.researchprotocols.org/2026/1/e94705

JMIR RESEARCH PROTOCOLS Ozlii Erdogan et al

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Fernandez-Gonzélez P, Carratald-Tejada M, Monge-Pereira E, et al. Leap motion controlled video game-based therapy
for upper limb rehabilitation in patients with Parkinson’s disease: a feasibility study. J Neuroeng Rehabil. Nov 6,
2019;16(1):133. [doi: 10.1186/s12984-019-0593-x] [Medline: 31694653]

Ogiin MN, Kurul R, Yasar MF, Turkoglu SA, Avci S, Yildiz N. Effect of leap motion-based 3D immersive virtual reality
usage on upper extremity function in ischemic stroke patients. Arq Neuropsiquiatr. 2019;77(10):681-688. [doi: 10.1590/
0004-282X20190129] [Medline: 31664343]

Araneda R, Ebner-Karestinos D, Paradis J, et al. Reliability and responsiveness of the Jebsen-Taylor test of hand
function and the box and block test for children with cerebral palsy. Dev Med Child Neurol. Oct 2019;61(10):1182-1188.
[doi: 10.1111/dmen.14184] [Medline: 30761528]

Daliri M, Moradi A, Fatorehchy S, Bakhshi E, Moradi E, Sabbaghi S. Investigating the effect of leap motion on upper
extremity rehabilitation in children with cerebral palsy: a randomized controlled trial. Dev Neurorehabil. May
2023;26(4):244-252. [doi: 10.1080/17518423.2023.2203210] [Medline: 37122098]

Haahr M. RANDOM.ORG: True Random Number Service. Randomness and Integrity Services Ltd. 1998. URL: https://
www .random.org/ [Accessed 2026-03-25]

Palisano RJ, Rosenbaum P, Bartlett D, Livingston MH. Content validity of the expanded and revised gross motor
function classification system. Dev Med Child Neurol. Oct 2008;50(10):744-750. [doi: 10.1111/j.1469-8749.2008.
03089.x] [Medline: 18834387]

Eliasson AC, Krumlinde-Sundholm L, Rosblad B, et al. The manual ability classification system (MACS) for children
with cerebral palsy: scale development and evidence of validity and reliability. Dev Med Child Neurol. Jul
2006;48(7):549-554. [doi: 10.1017/S0012162206001162] [Medline: 16780622]

Bohannon RW, Smith MB. Interrater reliability of a modified Ashworth scale of muscle spasticity. Phys Ther. Feb
1987;67(2):206-207. [doi: 10.1093/ptj/67.2.206] [Medline: 3809245]

Numanoglu Akbag A, Kerem Giinel M. Spastik serebral palsili cocuklarda spastisiteyi degerlendiren iki farkli klinik
Olcegin kaba motor fonksiyonu ile iligkisi. J Exer Therapy Rehabil. 2016;3(3):77-83. URL: https://dergipark.org.tr/en/
pub/jetr/article/503796 [Accessed 2026-02-20]

Uzel M, Giineri B. Serebral palside ist ekstremite sorunlari. TOTBID. 2018;17. [doi: 10.14292/totbid.dergisi.2018.61]
Tofani M, Castelli E, Sabbadini M, et al. Examining reliability and validity of the Jebsen-Taylor hand function test
among children with cerebral palsy. Percept Mot Skills. Aug 2020;127(4):684-697. [doi: 10.1177/0031512520920087]
[Medline: 32321360]

Wagner LV, Davids JR, Hardin JW. Selective control of the upper extremity scale: validation of a clinical assessment
tool for children with hemiplegic cerebral palsy. Dev Med Child Neurol. Jun 2016;58(6):612-617. [doi: 10.1111/dmcn.
129491 [Medline: 26526592]

Zhou J, Butler EE, Rose J. Neurologic correlates of gait abnormalities in cerebral palsy: implications for treatment. Front
Hum Neurosci. 2017;11:103. [doi: 10.3389/fnhum.2017.00103] [Medline: 28367118]

Schmidt BG, Gerzson LR, Almeida C de. The use of surface electromiography as a measure of physiotherapy outcomes
in children with cerebral palsy: a systematic review. ] Hum Growth Dev. 2020;30(2):216-226. [doi: 10.7322/jhgd.v30.
10368]

Xu K, HeL,MailJ, Yan X, Chen Y. Muscle recruitment and coordination following constraint-induced movement
therapy with electrical stimulation on children with hemiplegic cerebral palsy: a randomized controlled trial. PLoS ONE.
2015;10(10):e0138608. [doi: 10.1371/journal.pone.0138608]

Hermens HIJ, Freriks B, Disselhorst-Klug C, Rau G. Development of recommendations for SEMG sensors and sensor
placement procedures. J Electromyogr Kinesiol. Oct 2000;10(5):361-374. [doi: 10.1016/s1050-6411(00)00027-4]
[Medline: 11018445]

Herrero P, Carrera P, Garcia E, Gémez-Trullén EM, Olivdn-Blazquez B. Reliability of goniometric measurements in
children with cerebral palsy: a comparative analysis of universal goniometer and electronic inclinometer. A pilot study.
BMC Musculoskelet Disord. Jul 10,2011;12:155. [doi: 10.1186/1471-2474-12-155] [Medline: 21740600]

Arnould C, Penta M, Renders A, Thonnard JL. ABILHAND-Kids: a measure of manual ability in children with cerebral
palsy. Neurology. Sep 28, 2004;63(6):1045-1052. [doi: 10.1212/01.wnl.0000138423.77640.37] [Medline: 15452296]
Sahin E, Dilek B, Karakas A, et al. Reliability and validity of the Turkish version of the ABILHAND-Kids survey in
children with cerebral palsy. Turk J Phys Med Rehabil. Dec 2020;66(4):444-451. [doi: 10.5606/tftrd.2020.4091]
[Medline: 33364565]

Bosques G, Martin R, McGee L, Sadowsky C. Does therapeutic electrical stimulation improve function in children with
disabilities? A comprehensive literature review. J Pediatr Rehabil Med. May 31, 2016;9(2):83-99. [doi: 10.3233/PRM-
160375] [Medline: 27285801]

Acikbas E, Tarake1 D, Budak M. Comparison of the effects of Kinesio tape and neuromuscular electrical stimulation on
hand extensors in children with cerebral palsy. Int J Ther Rehabil. Jul 2, 2020;27(7):1-12. [doi: 10.12968/ijtr.2019.0053]

https://www researchprotocols.org/2026/1/e94705 JMIR Res Protoc 2026 | vol. 15 194705 | p. 13

(page number not for citation purposes)


https://doi.org/10.1186/s12984-019-0593-x
http://www.ncbi.nlm.nih.gov/pubmed/31694653
https://doi.org/10.1590/0004-282X20190129
https://doi.org/10.1590/0004-282X20190129
http://www.ncbi.nlm.nih.gov/pubmed/31664343
https://doi.org/10.1111/dmcn.14184
http://www.ncbi.nlm.nih.gov/pubmed/30761528
https://doi.org/10.1080/17518423.2023.2203210
http://www.ncbi.nlm.nih.gov/pubmed/37122098
https://www.random.org/
https://www.random.org/
https://doi.org/10.1111/j.1469-8749.2008.03089.x
https://doi.org/10.1111/j.1469-8749.2008.03089.x
http://www.ncbi.nlm.nih.gov/pubmed/18834387
https://doi.org/10.1017/S0012162206001162
http://www.ncbi.nlm.nih.gov/pubmed/16780622
https://doi.org/10.1093/ptj/67.2.206
http://www.ncbi.nlm.nih.gov/pubmed/3809245
https://dergipark.org.tr/en/pub/jetr/article/503796
https://dergipark.org.tr/en/pub/jetr/article/503796
https://doi.org/10.14292/totbid.dergisi.2018.61
https://doi.org/10.1177/0031512520920087
http://www.ncbi.nlm.nih.gov/pubmed/32321360
https://doi.org/10.1111/dmcn.12949
https://doi.org/10.1111/dmcn.12949
http://www.ncbi.nlm.nih.gov/pubmed/26526592
https://doi.org/10.3389/fnhum.2017.00103
http://www.ncbi.nlm.nih.gov/pubmed/28367118
https://doi.org/10.7322/jhgd.v30.10368
https://doi.org/10.7322/jhgd.v30.10368
https://doi.org/10.1371/journal.pone.0138608
https://doi.org/10.1016/s1050-6411(00)00027-4
http://www.ncbi.nlm.nih.gov/pubmed/11018445
https://doi.org/10.1186/1471-2474-12-155
http://www.ncbi.nlm.nih.gov/pubmed/21740600
https://doi.org/10.1212/01.wnl.0000138423.77640.37
http://www.ncbi.nlm.nih.gov/pubmed/15452296
https://doi.org/10.5606/tftrd.2020.4091
http://www.ncbi.nlm.nih.gov/pubmed/33364565
https://doi.org/10.3233/PRM-160375
https://doi.org/10.3233/PRM-160375
http://www.ncbi.nlm.nih.gov/pubmed/27285801
https://doi.org/10.12968/ijtr.2019.0053
https://www.researchprotocols.org/2026/1/e94705

JMIR RESEARCH PROTOCOLS Ozlii Erdogan et al

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tarakci E, Arman N, Tarakci D, Kasapcopur O. Leap motion controller-based training for upper extremity rehabilitation
in children and adolescents with physical disabilities: a randomized controlled trial. ] Hand Ther. 2020;33(2):220-228.
[doi: 10.1016/j.jht.2019.03.012] [Medline: 31010703]

Xu K, Wang L, Mai J, He L. Efficacy of constraint-induced movement therapy and electrical stimulation on hand
function of children with hemiplegic cerebral palsy: a controlled clinical trial. Disabil Rehabil. 2012;34(4):337-346. [doi:
10.3109/09638288.2011.607213] [Medline: 21961441]

Yildizgéren MT, Nakipoglu Yiizer GF, Ekiz T, Ozgirgin N. Effects of neuromuscular electrical stimulation on the wrist
and finger flexor spasticity and hand functions in cerebral palsy. Pediatr Neurol. Sep 2014;51(3):360-364. [doi: 10.1016/
j.pediatrneurol.2014.05.009] [Medline: 25011433]

Ozer K, Chesher SP, Scheker LR. Neuromuscular electrical stimulation and dynamic bracing for the management of
upper-extremity spasticity in children with cerebral palsy. Dev Med Child Neurol. Jul 2006;48(7):559-563. [doi: 10.
1017/S0012162206001186] [Medline: 16780624]

Rodriguez-Reyes G, Alessi-Montero A, Diaz-Martinez L, Miranda-Duarte A, Pérez-Sanpablo Al. Botulinum toxin,
physical and occupational therapy, and neuromuscular electrical stimulation to treat spastic upper limb of children with
cerebral palsy: a pilot study. Artif Organs. Mar 2010;34(3):230-234. [doi: 10.1111/§.1525-1594.2009.00768 x] [Medline:
20447049]

Smits DW, van Groenestijn AC, Ketelaar M, Scholtes VA, Becher JG, Gorter JW. Selective motor control of the lower
extremities in children with cerebral palsy: inter-rater reliability of two tests. Dev Neurorehabil. 2010;13(4):258-265.
[doi: 10.3109/17518421003705698] [Medline: 20629592]

Fowler EG, Staudt LA, Greenberg MB, Oppenheim WL. Selective Control Assessment of the Lower Extremity
(SCALE): development, validation, and interrater reliability of a clinical tool for patients with cerebral palsy. Dev Med
Child Neurol. Aug 2009;51(8):607-614. [doi: 10.1111/j.1469-8749.2008.03186.x] [Medline: 19220390]

Vaz DV, Mancini MC, da Fonseca ST, Arantes NF, Pinto T da S, de Aratjo PA. Effects of strength training aided by
electrical stimulation on wrist muscle characteristics and hand function of children with hemiplegic cerebral palsy. Phys
Occup Ther Pediatr. 2008;28(4):309-325. [doi: 10.1080/01942630802307069] [Medline: 19042474]

Sporea C, Ferechide D, "Carol Davila” University of Medicine and Pharmacy, Bucharest, Romania. Benefits of upper
limb functional electrical stimulation in children with spastic cerebral palsy. Rev Med Mod. Jun 30, 2021;28(2):201-207.
URL: https://medicinamoderna.ro/2021-volume-28/2021-issue-2 [Accessed 2026-06-15] [doi: 10.31689/rmm.2021.28.2.
201]

Abbreviations

CONSORT-EHEALTH: Consolidated Standards of Reporting Trials of Electronic and Mobile Health Applications
and Online Telehealth

CP: cerebral palsy

GMFCS: Gross Motor Function Classification System

JTHEFT: Jebsen-Taylor Hand Function Test

MACS: Manual Ability Classification System

MAS: Modified Ashworth Scale

NMES: Neuromuscular Electrical Stimulation

RCT: randomized controlled trial

ROM: range of motion

SCUES: Selective Control of the Upper Extremity Scale

SEMG: Surface Electromyography

SENIAM: Surface Electromyography for the Noninvasive Assessment of Muscles
SPIRIT: Standard Protocol Items: Recommendations for Interventional Trials
SVMC: selective voluntary motor control

VR: virtual reality

Edited by Javad Sarvestan; peer-reviewed by Mahmoud M M Dboba; submitted 05.Mar.2026; final revised version received
26.May.2026, accepted 29.May.2026; published 03 .Jul.2026

Please cite as:

Ozlii Erdogan H, Aras Bayram G, Targit Akbasak S, Tarakct D

The Effects of Neuromuscular Electrical Stimulation and Leap Motion—Based Exercises on Hand Function Parameters in
Children With Cerebral Palsy: Study Protocol for a Randomized Controlled Trial

JMIR Res Protoc 2026,15:¢94705

URL: https://www.researchprotocols.org/2026/1/e94705

https://www researchprotocols.org/2026/1/e94705 JMIR Res Protoc 2026 | vol. 15 194705 | p. 14

(page number not for citation purposes)


https://doi.org/10.1016/j.jht.2019.03.012
http://www.ncbi.nlm.nih.gov/pubmed/31010703
https://doi.org/10.3109/09638288.2011.607213
http://www.ncbi.nlm.nih.gov/pubmed/21961441
https://doi.org/10.1016/j.pediatrneurol.2014.05.009
https://doi.org/10.1016/j.pediatrneurol.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/25011433
https://doi.org/10.1017/S0012162206001186
https://doi.org/10.1017/S0012162206001186
http://www.ncbi.nlm.nih.gov/pubmed/16780624
https://doi.org/10.1111/j.1525-1594.2009.00768.x
http://www.ncbi.nlm.nih.gov/pubmed/20447049
https://doi.org/10.3109/17518421003705698
http://www.ncbi.nlm.nih.gov/pubmed/20629592
https://doi.org/10.1111/j.1469-8749.2008.03186.x
http://www.ncbi.nlm.nih.gov/pubmed/19220390
https://doi.org/10.1080/01942630802307069
http://www.ncbi.nlm.nih.gov/pubmed/19042474
https://medicinamoderna.ro/2021-volume-28/2021-issue-2
https://doi.org/10.31689/rmm.2021.28.2.201
https://doi.org/10.31689/rmm.2021.28.2.201
https://www.researchprotocols.org/2026/1/e94705
https://www.researchprotocols.org/2026/1/e94705

JMIR RESEARCH PROTOCOLS Ozlii Erdogan et al

doi: 10.2196/94705

© Hande Ozlii Erdogan, Giilay Aras Bayram, Sema Targit Akbasak, Devrim Tarakci. Originally published in JMIR Research
Protocols (https://www .researchprotocols.org), 03.Jul.2026. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work, first published in JMIR Research Protocols, is
properly cited. The complete bibliographic information, a link to the original publication on https://www .researchprotocols.org,
as well as this copyright and license information must be included.

https://www researchprotocols.org/2026/1/e94705 JMIR Res Protoc 2026 | vol. 15 194705 | p. 15

(page number not for citation purposes)


https://doi.org/10.2196/94705
https://www.researchprotocols.org
https://creativecommons.org/licenses/by/4.0/
https://www.researchprotocols.org
https://www.researchprotocols.org/2026/1/e94705

	The Effects of Neuromuscular Electrical Stimulation and Leap Motion–Based Exercises on Hand Function Parameters in Children With Cerebral Palsy: Study Protocol for a Randomized Controlled Trial
	Introduction
	Methods
	Participants
	Inclusion Criteria for the Study Are as Follows
	Patient Withdrawal Criteria
	Ethical Considerations
	Study Design
	Randomization and Allocation
	Eligibility Assessments
	Outcome Measures
	JTHFT
	Selective Control of the Upper Extremity Scale
	sEMG
	Goniometric Assessment
	ABILHAND-Kids
	Interventions
	Conventional Exercise Program
	NMES Group
	NMES Training Protocol
	Leap Motion–Based Exercise Group
	Leap Motion–Based Training Protocol
	Statistics

	Results
	Discussion


