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Abstract 

Purpose: This systematic review explores the effectiveness of functional electrical stimulation in 
improving lower limb motor function, gait dynamics, and related physical outcomes in individuals 
diagnosed with cerebral palsy. It addresses inconsistencies across intervention protocols while 
identifying the clinical value of functional electrical stimulation in modern rehabilitation. 

Methodology: An extensive literature search was conducted using PubMed, Scopus, Web of 
Science, Cochrane Library, and Google Scholar for research papers published between 2005 
and 2025. After screening 128 initial records, five studies met the inclusion criteria after screening 
and full-text review. Included studies involved participants with cerebral palsy who received 
lower limb functional electrical stimulation compared to conventional therapy or no intervention. 
A qualitative synthesis was performed based on key outcome domains such as gait, muscle 
strength, spasticity, and postural control. 

Results: Functional electrical stimulation interventions were associated with improvements in 
gait speed (12–20%), stride length (up to 15%), and gross motor function scores (by 8–10 points). 
Protocols included 30–60 minute sessions, 3–5 times per week over 8–12 weeks. Outcomes varied 
depending on the subtype of cerebral palsy, age, stimulation type, and adherence. Studies using 
functional electrical stimulation during walking or cycling showed the highest gains in functional 
mobility and satisfaction. However, limitations included small sample sizes, heterogeneity in 
study design, and short follow-up durations. 

Scientific novelty: This review synthesizes updated evidence regarding lower limb functional 
electrical stimulation parameters and patient characteristics. It also discusses emerging trends in 
individualized and home-based applications 

Conclusion: Functional electrical stimulation presents valuable strategy for improving motor 
performance in cerebral palsy, particularly for lower limb function. Future research should 
prioritize protocol standardization, large-scale trials, and long-term effects to support clinical 
integration of functional electrical stimulation into personalized rehabilitation plans. 
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Introduction 

Cerebral palsy is the most common motor impairment in childhood, affecting approximately 2 to 2.5 per 1,000 
live births worldwide and results in lifelong impairments in motor control, muscle tone, and postural stability, 
especially in the lower extremities [1]. These impairments cause functional limitations such as reduced mobility, 
compromised gait patterns and decreased independence, affecting quality of life and social participation [2]. 
Conventional rehabilitation modalities such as physical therapy, occupational therapy, orthotic management, and 
orthopedic surgery remain dominant management of cerebral palsy, but often have limited effectiveness in 
promoting neuromuscular adaptation, particularly in more severe motor forms of the condition [3, 4]. 

In recent years, functional electrical stimulation has gained increasing attention as a promising neurorehabilitation 
strategy that involves the application of low-level electrical currents to peripheral nerves or muscles to stimulate 
functional movements [5]. It is an active intervention that facilitates motor unit recruitment, enhances muscle 
coordination, and promotes neuroplasticity by improving cortical reorganization and sensory feedback [6, 7]. Unlike 
passive rehabilitation modalities, functional electrical stimulation actively engages motor pathways, aligning with 
contemporary neurorehabilitation principles that highlight task-specific, repetitive training to improve motor 
learning and functional recovery [8, 9]. 

Numerous studies showed the potential benefits of functional electrical stimulation in improving the effects of 
gait, postural control, and gross motor function in persons with cerebral palsy. For example, it was shown that 
functional electrical stimulation improved gait symmetry and increased stride length in children with unilateral 
spastic cerebral palsy with functional electrical stimulation-assisted walking [10]. Also, it was found that functional 
electrical stimulation-powered cycling combined with purposeful activities caused improvements in gross motor 
function scores [11]. Moreover, functional electrical stimulation produced effects comparable to traditional orthotic 
devices while offering additional advantages in neuromuscular activation [12]. 

On the other hand, despite growing interest, current evidence regarding functional electrical stimulation in the 
rehabilitation of lower limb for individuals with cerebral palsy remains limited and fragmented. Studies vary in 
methodology, characteristics of the participant, stimulation parameters, and durations of the intervention. Sample 
sizes are typically small, with inconsistent follow-up periods and underrepresentation of specific subgroups of 
cerebral palsy such as adolescents or adults. The absence of standardized protocols makes it difficult to identify 
which functional electrical stimulation applications give the most beneficial outcomes [13, 14]. These inconsistencies 
in the literature obstruct the clinical integration of functional electrical stimulation and obscure its continuing 
therapeutic potential. 

Research Problem 

This research addresses these gaps by systematically reviewing existing literature on the use of functional 
electrical stimulation for rehabilitation of the lower limb in persons with cerebral palsy. By evaluating protocol 
designs, therapeutic outcomes, and methodological quality, this study aims to provide a combined view of the 
effects of this modality, define the variability of some key areas, and propose future directions for research and 
clinical practice. Despite numerous studies, a clear consensus on the optimal functional electrical stimulation 
protocols for lower limb rehabilitation in cerebral palsy is lacking. Most published work varies considerably in 
stimulation parameters, outcome measures, and participant demographics. Also, adults and adolescents with 
cerebral palsy are underrepresented in research, and long-term outcomes remain poorly understood. This review 
addresses these critical gaps by systematically synthesizing evidence on functional electrical stimulation application 
in cerebral palsy, focusing on protocol design, therapeutic outcomes, and clinical implementation potential. 

Research Aim and Research Questions 

The primary aim of this review is to evaluate the effects of functional electrical stimulation on lower limb function, 
gait parameters, and motor outcomes in individuals with cerebral palsy. The study focuses on the characteristics of 
the protocols, therapeutic outcomes, and clinical relevance of functional electrical stimulation and its place in the 
medical rehabilitation.  

1. How effective is this modality in improving gait performance and lower limb motor function in persons 
with cerebral palsy? 

2. What are the most commonly used protocols and how do their parameters (frequency, duration, intensity) 
influence the results? 

https://creativecommons.org/licenses/by/4.0/
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3. What methodological limitations exist in the current functional electrical stimulation studies, and how can 
future research address these challenges? 

Research Methodology  
General Background 

General background of research, general background of research, general background of research, general 
background of research, general background of research, general background of research, general background of 
research, general background of research, general background of research, general background of research, 
general background of research.  

General description of research is important in order to show the basis of the research. It is like a very brief 
introduction to the methodology section as a whole.   

Sample / Participants / Group 

 Sample of research, sample of research, sample of research, sample of research, sample of research, sample 
of research, sample of research, sample of research, sample of research, sample of research, sample of research, 
sample of research, sample of research.  

Instrument and Procedures 

Instrument and procedures, instrument and procedures, instrument and procedures, instrument and procedures, 
instrument and procedures, instrument and procedures, instrument and procedures, instrument and procedures.  

Research design 

This review was designed as a systematic qualitative synthesis examining the application of functional electrical 
stimulation to assess the improvements in the function of lower limb in persons with cerebral palsy. The methodology 
cohered to standardized reporting practices for systematic reviews, following preferred reporting items for 
systematic reviews and meta-analyses guidelines for transparency. 

Research selection and screening process 

Two independent reviewers (D.A. and N.C.J.) conducted the literature search, screening, and selection process. 
A third reviewer (T.J.) was involved in resolving any differences through discussion and consensus. Studies were first 
screened based on title and abstract, and after with full-text evaluation according to the predefined eligibility criteria. 

Eligibility criteria 

The inclusion criteria were research papers involving participants with a confirmed diagnosis of cerebral palsy 
(any type or Gross Motor Function Classification System level), studies applying functional electrical stimulation 
focusing on the lower limbs, study designs including randomized controlled trials, crossover trials, or clinical 
controlled trials, interventions reporting outcomes related to gait performance, stride length, walking speed, gross 
motor function, spasticity reduction, postural control, or patient satisfaction, and peer-reviewed articles published in 
English between 2005 and 2025. 

The exclusion criteria for this review included studies focusing exclusively on the application of functional electrical 
stimulation on upper limb, case reports, conference abstracts, editorials, reviews without original data and non-
comparative designs or studies without measurable outcomes. 

Search strategy and scope   

A comprehensive and systematic literature search was conducted in five electronic databases: PubMed, Scopus, 
Web of Science, Cochrane Library, and Google Scholar. The time frame was limited to studies published between 
January 2005 and March 2025, covering two decades of technological advancement and research development in 
functional electrical stimulation applications in neurorehabilitation. 

The following exact search pattern was used, with appropriate modifications per database syntax: ("functional 
electrical stimulation" OR "FES") AND ("cerebral palsy" OR "CP") AND ("lower limb" OR "gait" OR "motor function" 
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OR "rehabilitation" OR "spasticity"). Manual searches of reference lists from relevant systematic reviews and meta-
analyses were also performed to ensure comprehensive coverage. 

Justification for narrative synthesis 

A meta-analysis was not performed due to substantial heterogeneity in study designs, intervention protocols, 
participant characteristics, outcome measures, and follow-up durations among the five included studies. These 
methodological variations precluded meaningful quantitative pooling. Additionally, the studies used various 
functional electrical stimulation modalities (cycling vs. walking), targeted different functional outcomes (gross motor 
function, gait symmetry, satisfaction), and reported results using different metrics, often without consistent effect 
sizes or confidence intervals. Given these inconsistencies and the limited number of high-quality randomized 
controlled trials, a narrative synthesis was considered the most appropriate approach to analyze, compare, and 
interpret findings within the clinical context of cerebral palsy rehabilitation.  

Although a wide array of studies was initially identified, the final inclusion was restricted to randomized controlled 
or controlled clinical trials with measurable outcomes related specifically to lower limb functional electrical 
stimulation. Many excluded studies were observational, lacked comparison groups, focused on upper limbs, or did 
not provide usable outcome data, thus failing to meet the strict inclusion criteria necessary for methodological rigor. 

A total of 128 records were initially identified. After removing 31 duplicates, 97 studies remained for title and 
abstract screening. Of these, 37 full-text articles were assessed for eligibility. Following full-text review, 32 articles 
were excluded for various reasons, such as lack of control groups, non-use of functional electrical stimulation in lower 
limbs, or absence of outcome data relevant to gait or motor function. Five studies met all the inclusion criteria and 
were included in the final synthesis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 1. PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and registers only 
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Data extraction and coding 

The results were synthesized using a narrative qualitative approach, with outcomes coded and grouped into five 
key functional domains: (1) gait performance, (2) muscle activation and strength, (3) spasticity reduction, (4) gross 
motor function, and (5) long-term functional adaptation. These domains showed widely accepted rehabilitation 
goals in the therapy of cerebral palsy and allowed for structured comparison of results across heterogeneous studies. 
Data extraction and coding were conducted independently by two reviewers and validated by a third reviewer. 

Due to the heterogeneity of included studies such as differences in functional electrical stimulation protocols, 
stimulation parameters, treatment durations, patient age groups, and outcome measures a meta-analysis was not 
feasible.  

Assessment of bias  

The quality of the five included studies was evaluated using the Cochrane Risk of Bias Tool. Each study was 
assessed across the standard domains: random sequence generation, allocation concealment, blinding of 
participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and 
other sources of bias. The results are summarized in Table 1. 

Table 1. Cochrane risk of bias assessment 

Study Random 
Sequence 

Generation 

Allocation 
Concealment 

Blinding of 
Participants and 

Personnel 

Blinding of 
Outcome 

Assessment 

Incomplete 
Outcome Data 

Selective 
Reporting 

Other 
Bias 

El-Shamy et al., 
(2021) [44] 

Low risk Low risk High risk Low risk Low risk Low risk Low 
risk 

Wang et al. 
(2021) [53] 

Low risk Unclear risk High risk Low risk Low risk Low risk Low 
risk 

Pool et al. 
(2015) [16] 

Low risk Unclear risk High risk Low risk Low risk Low risk Low 
risk 

Armstrong et 
al. (2020) [11] 

Low risk Low risk High risk Low risk Low risk Low risk Low 
risk 

Moll et al. 
(2022) [10] 

Low risk Low risk High risk Low risk Low risk Low risk Low 
risk 

 

According to Table 2, risk of bias assessment showed that random sequence generation and outcome assessment 
blinding were generally of low risk across studies. However, high risk of bias was consistently observed for blinding 
of participants and personnel, defining the practical difficulties of blinding physical interventions like functional 
electrical stimulation. Allocation concealment was unclear in two studies. 

Table 2. Strength of evidence of included studies 

Study Design Type Sample 
Size 

Blinding Consistency of 
Results 

Risk of 
Bias 

Evidence 
Strength 

El-Shamy & El-Kafy (2021)  
[44] 

RCT 30 Outcome 
only 

High Low Moderate 

Wang et al. (2021) [53] Meta-analysis of 
RCTs 

513 Mixed Moderate Moderate Moderate–
Strong 

Pool et al. (2015) [16] RCT 32 Outcome 
only 

High Moderate Moderate 

Armstrong et al. (2020) [11] RCT 40 Outcome 
only 

Moderate Low Moderate 

Moll et al. (2022) [10] Crossover RCT 25 Outcome 
only 

Moderate–High Low Moderate 
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The strength of evidence for the studies included is rated as moderate generally. All studies used randomized 
controlled trial designs or meta-analyses, which offer a relatively high level of methodological rigor. However, 
blinding of participants and personnel was not practicable due to the nature of physical interventions like functional 
electrical stimulation, which introduces a consistent source of performance bias across included studies. Sample 
sizes ranged from small (n = 25) to large (n = 513), with greater confidence they afforded to results from larger 
datasets. Despite low-to-moderate risk of bias in most domains, the heterogeneity in intervention types, outcome 
measures, and study protocols reduces the ability to make strong, pooled inferences. As a result, evidence strength 
is considered moderate, supporting the effects of functional electrical stimulation for improving gait, motor function, 
and postural control in cerebral palsy, but with a need for further high-quality, standardized research to confirm 
these results across broader populations and environments. 

Research Results  

This systematic review synthesized data from over 65 peer-reviewed publications exploring the effects of 
functional electrical stimulation on the rehabilitation of lower limb in individuals with cerebral palsy. While only five 
high-quality controlled studies met the strict inclusion criteria for final narrative synthesis, the wider literature was 
analyzed and grouped thematically to identify broad patterns, variations, and appearing trends across clinical and 
research contexts. Results are presented in structured domains corresponding to common functional rehabilitation 
outcomes. 

Gait performance improvements 

Gait improvements were the most frequently studied outcome in the literature for functional electrical stimulation. 
Various studies consistently showed that functional electrical stimulation improves stride length, gait symmetry, 
walking speed, and cadence in children and adults with cerebral palsy. Some of the included studies reported 
significant gains (stride length increase by ~15%) in participants with unilateral spastic cerebral palsy following 8–12 
weeks of functional electrical stimulation-assisted walking [15, 16]. One research found functional electrical 
stimulation to be comparable to ankle-foot orthoses in stabilizing gait, while additionally improving muscle activation 
[12]. Meta-analyses further support these findings, indicating moderate-to-large effect sizes for gait-related 
parameters [17, 18]. Some research papers focused on improvements during dual-task and real-world walking 
conditions [19, 20], and some studies reported that gains in cadence and kinematic symmetry may vary by the 
subtype of cerebral palsy and stimulation phase (stance versus swing) [21, 22]. Functional electrical stimulation 
applications combining sensor feedback, adaptive timing, or robot-assisted walking also showed gait 
improvements, although technological and cost barriers were noted in comparison to simpler functional electrical 
stimulation units [23, 24]. 

Muscle strength and neuromuscular activation 

This rehabilitation modality is widely recognized for improving muscle strength and motor unit recruitment. In a 
randomized placebo-controlled trial with patients recovering from cardiac surgery, functional electrical stimulation 
applied to the quadriceps twice per week over eight weeks showed improvement in lower limb muscle strength (by 
7.2 kg) and muscle endurance (by 2.2 additional sit-to-stand repetitions), compared to a placebo group (95% CIs: 
0.2–14.2 kg and 1.0–3.4 reps) [25]. These results found the direct effect of functional electrical stimulation on 
neuromuscular performance and suggest its applicability across clinical populations [26]. Electromyographic 
evidence showed voluntary contraction and improved motor recruitment following neuromuscular stimulation 
protocols [27, 28]. 

Some studies also reported that strength gains were most notable when functional electrical stimulation was 
applied during functional activities such as walking or climbing stairs, with focus on the importance of task-specific 
stimulation [29, 30], and other studies noted that children with more severe motor impairments required higher 
frequencies and longer durations for similar strength outcomes, suggesting the need for individualized intensity 
adjustment [31, 32]. 

Reduction of spasticity and tone regulation 

Reduction in spasticity, commonly measured by the Modified Ashworth Scale was frequently cited across studies. 
One systematic review and meta-analysis on functional electrical stimulation-cycling training and found a significant 
reduction in spasticity among persons with spinal cord injury, with a 95% confidence interval of −1.538 to −0.182 (p 
= 0.013), and the effect was evident only after at least 20 training sessions, supporting the dose-dependent efficacy 
of functional electrical stimulation-cycling for reducing muscle tone [33]. Another review indicated decreased lower 
limb hypertonicity and smoother gait transitions [34]. Systematic reviews concluded that functional electrical 
stimulation, especially at 20–40 Hz frequencies resulted in clinically significant tone normalization [35, 36]. However, 
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variability in spasticity response was seen in cases of fluctuating muscle tone highlighting the need for better 
electrode placement protocols and actual feedback systems [37, 38]. 

Spasticity reduction was commonly reported as a secondary benefit of functional electrical stimulation [39]. One 
systematic review and meta-analysis of non-invasive electrical stimulation methods with functional electrical 
stimulation, transcutaneous electrical nerve stimulation, and other found that these modalities were effective at 
reducing spasticity, especially as measured by Modified Ashworth Scale scores, with statistically significant effects 
reported in both RCTs (p = 0.01–0.002) and non-RCTs. The reduction in spasticity occurred even without direct 
muscle contraction, suggesting the importance of afferent fiber activation in modulating muscle tone [40]. Some 
studies observed reduced muscle tone, particularly in hamstrings and gastrocnemius muscles [41, 42]. However, 
spasticity outcomes were less predictable, often influenced by session length, stimulation parameters, and electrode 
placement. Nonetheless, consensus exists that high-frequency, moderate-intensity functional electrical stimulation 
tends to reduce hypertonicity more effectively than low-frequency protocols [43]. 

 Gross motor function and postural control 

Functional improvements measured by tools like Gross Motor Function Measurement-66/88, Canadian 
Occupational Performance Measure, and Biodex Balance System were reported across numerous studies. One study 
showed an 18% improvement in postural stability indices in children receiving functional electrical stimulation plus 
traditional therapy [44]. Similarly, one study reported that task-oriented functional electrical stimulation combined 
with grasp training improved fine motor control and goal-directed hand function in a patient with chronic Guillain-
Barré syndrome, with these functional gains being sustained at a 6-month follow-up, even after cessation of 
stimulation [45]. Studies indicating that task-oriented functional electrical stimulation protocols improve motor 
planning and postural adjustments, especially in children with bilateral cerebral palsy [46]. However, improvements 
were often greater in children with milder functional limitations [47]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Distribution of functional electrical stimulation outcomes in walking improvement, balance/postural 
control, satisfaction/participation, and spasticity reduction 

 

Figure 2 shows the distribution of standardized outcomes among four rehabilitation domains. Walking 
improvements showed the greatest variability but also the highest median benefits. Balance and postural control 
outcomes showed moderate consistency, while satisfaction and/or participation scores were uniformly high across 
studies, indicating that subjective experiences of functional electrical stimulation were consistently positive. 
Spasticity reduction also showed strong but variable effects, suggesting that while muscle tone regulation was 
beneficial, individual differences remained on point. 

Long-term outcomes and home use of functional electrical stimulation 

Long-term effects of functional electrical stimulation were less consistently reported but indicated partial retention 
of benefits post-intervention. One study observed that in patients with adrenomyeloneuropathy, functional electrical 
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stimulation maintained walking speed over a two-year period and produced a sustained orthotic effect (11%–19% 
improvement when the device was active), with increases in walking satisfaction scores from 2.5 to 7.7 in the first 
year and from 2.1 to 6.1 in the second, highlighting its long-term use in managing spastic gait impairments [48], 
while another study reported regression in gross motor scores without continued cycling-based stimulation [49]. 
Other studies on home-based functional electrical stimulation focus on the feasibility of daily sessions using portable 
or app-connected devices [50, 51]. These innovations were associated with improved treatment adherence and 
functional integration into daily activities, especially in resource-limited environments [52]. 

Overview of included studies and stimulation protocols 

Five studies met the inclusion criteria, involving a total of 615 participants with cerebral palsy [44, 53, 16, 11, 15]. 
Two research papers used functional electrical stimulation applied during walking activities [16, 15], one research 
paper implemented functional electrical stimulation-powered cycling combined with goal-directed exercises [11], 
and one study applied functional electrical stimulation as a supplement to conventional physical therapy [44]. 

 
Table 3. Key characteristics of the included studies 

Study Population Intervention Control Duration Main Outcomes 
El-Shamy & El-

Kafy (2021) [44] 
30 children, 

hemiplegic CP, 8–
12 years 

WalkAide FES + traditional 
therapy 

Traditional 
therapy only 

3 months Postural stability (Biodex 
Balance System) 

Wang et al. 
(2021) [53] 

513 children, 
cerebral palsy, 
meta-analysis 

Functional electrical 
stimulation interventions 

Conventional 
rehabilitation 

Variable Gross motor function 
(GMFM-88), MAS, gait 

parameters 
Pool et al. 
(2015) [16] 

32 children, 
unilateral spastic 

cerebral palsy 

Daily functional electrical 
stimulation during walking 

Usual treatments 8 weeks (+6 
weeks follow-

up) 

COPM performance and 
satisfaction 

Armstrong et al. 
(2020) [11] 

40 children, 
cerebral palsy 
GMFCS II–IV 

Functional electrical 
stimulation-powered cycling + 

goal-directed exercises 

Waitlist control 8 weeks GMFM-88, COPM, 
cycling performance 

Moll et al. 
(2022) [10] 

25 children, 
unilateral spastic 

cerebral palsy 

FES during walking 
(WalkAide) 

Conventional 
(AFO) 

12 weeks each 
phase (cross-

over) 

GAS goal achievement, 
gait analysis 

 

Based on Table 3, the included studies focused on children with different types of cerebral palsy, mostly Gross 
Motor Function Classification System levels I-IV. Interventions varied between functional electrical stimulation during 
walking, functional electrical stimulation cycling, and combined protocols. Outcomes focused mainly on functional 
improvements, mobility, postural control, and patient satisfaction. 

Table 4. Comparison of different study protocols 
Study Type of FES Parameters Mode of Use Frequency/Duration Specific Focus 

El-& El-Kafy 
(2021) 

Functional electrical 
stimulation via Walk Aide 

Pulse width 300 
μs, 33 Hz 

Static and dynamic 
activities 

2 h/day, 3 days/week, 
3 months 

Postural control 
improvement 

Wang et al. 
(2021) [53] 

Mixed functional 
electrical stimulation 

protocols 

Various across 
studies 

Variable Variable Lower limb and trunk 
function improvements 

Pool et al. 
(2015) [16] 

Functional electrical 
stimulation during 

walking 

Targeted 
dorsiflexors 

Daily walking 
activities 

4+ h/day, 6 days/week, 
8 weeks 

Functional mobility 
satisfaction 

Armstrong et 
al. (2020) [11] 

Functional electrical 
stimulation-powered 

cycling 

Timed electrical 
bursts during 

cycling 

Combined cycling 
+ exercises 

2 sessions/week, home 
cycling 

Gross motor function, 
cycling 

Moll et al. 
(2023) [15] 

Functional electrical 
stimulation peroneal 

nerve (WalkAide) 

Swing phase 
activation 

Daily walking 
replacement for 

AFO 

Daily for 12 weeks 
(cross-over) 

Gait quality, 
participation goals 

 

Among the research papers included, functional electrical stimulation during walking was associated with 
improvement in gait speed ranging from 12% to 20% and an approximately 15% increase in stride length compared 
to control groups [53, 15]. Functional electrical stimulation cycling interventions led to an 8% increase in gross motor 
function scores (GMFM-66, p = 0.041) and improvements in muscle power output during cycling activities [11]. The 
combination of functional electrical stimulation with traditional therapy caused approximately 18% improvement in 
postural stability indices, as measured by the Biodex Balance System (p < 0.05), indicating improved balance results 
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[44]. Outcomes varied depending on the subtype of cerebral palsy. Participants with unilateral spastic cerebral palsy 
showed greater improvements in gait symmetry and functional participation compared to those with diplegic forms 
[15]. Younger participants (under 10 years old) showed faster adaptation and higher satisfaction rates with the use 
of functional electrical stimulation, suggesting some age differences in neuroplastic responsiveness [11]. 

Treatment response variability was evident among all the studies. For example, one study found that children who 
consistently used the WalkAide device daily achieved up to 20% higher performance satisfaction scores than those 
with inconsistent use [16]. Another study observed that moderate functional improvements were achieved 
predominantly among participants showing high adherence to the functional electrical stimulation intervention, 
while those with low adherence showed minimal gains, defining the role of user compliance in the rehabilitation 
results [11]. 

Different study protocols 

Long-term follow-up data showed partial maintenance of the benefits after functional electrical stimulation 
cessation. One of the included studies observed that gains in functional participation and self-reported satisfaction 
were sustained at six weeks after the intervention without continued usage of functional electrical stimulation [16], 
and another study found a gradual decline in muscle strength and gross motor function scores after stopping 
functional electrical stimulation-powered cycling, addressing the importance of ongoing stimulation or activity-
based rehabilitation to maintain functional gains [11]. Functional electrical stimulation protocols in cerebral palsy 
involve the application of low-level electrical currents for stimulating key muscle groups responsible for gait and 
lower limb function [54]. Surface electrodes are placed over muscles such as the m. tibialis anterior for dorsiflexion 
during gait or the m. gastrocnemius for plantarflexion [55, 56]. Standard stimulation parameters include pulse widths 
of 200-400 microseconds, frequencies between 20-40 Hz, and session durations ranging from 30 to 60 minutes, 
typically administered 3-5 times per week [57, 58]]. Intensity is individually adjusted to achieve visible but 
comfortable muscle contractions without inducing fatigue [59]. Protocols often include functional electrical 
stimulation during specific activities (walking, cycling, or functional standing) with aim to strengthen the voluntary 
motor patterns and encourage neuromuscular reeducation [44, 11]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Mechanism of functional electrical stimulation in lower limb rehabilitation for cerebral palsy 

Based on Figure 3, surface electrodes are placed over the m. tibialis anterior and m. gastrocnemius to stimulate 
dorsiflexion and plantarflexion. A portable stimulation device delivers low electrical currents that activate muscle 
contraction during the gait cycle, supporting neuromuscular reeducation and functional movement. 

Barriers to implementation and accessibility of functional electrical stimulation 

While functional electrical stimulation shows promising therapeutic effects, cost and accessibility remain 
important barriers for general clinical implementation [60, 61]. Commercial functional electrical stimulation devices 
like WalkAide or Bioness systems can cost between $2,000 and $5,000, which limits availability for many families 
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without insurance coverage [62]. The device maintenance, clinician training requirements, and the need for support 
from caregivers can restrict the usage, especially in environments with low resources [63].  

Potential side effects and contraindications of functional electrical stimulation 

Functional electrical stimulation is generally tolerated but is not free from risks [64]. Common side effects include 
skin irritation under the electrodes, mild muscle soreness, and transient fatigue [65]. Contraindications for functional 
electrical stimulation are persons with cardiac pacemakers or implanted defibrillators, uncontrolled epilepsy, open 
skin lesions at electrode sites, and severe cognitive impairments that prevent following safety instructions [66, 67].  

Differences in functional electrical stimulation application across different ages 

Age considerations are very important in the application of functional electrical stimulation for cerebral palsy. 
Younger children, especially those under 10 years old tend to show faster neuroplastic adaptation and greater 
functional gains caused by the increased plasticity of the developing brain [68]. Adolescents may benefit similarly 
but require higher motivation and adherence monitoring [69]. 

Integrating functional electrical stimulation with conventional rehabilitation methods 

Integrating functional electrical stimulation with conventional rehabilitation modalities like physical therapy, 
occupational therapy, and task-specific gait training gives synergistic benefits [70]. Studies showed that combined 
approaches achieve superior improvements in gait parameters, postural stability, and functional participation 
compared to functional electrical stimulation or traditional therapy alone [71, 72].  

Functional electrical stimulation applications at home 

Home use of functional electrical stimulation provides an opportunity to increase treatment intensity, support daily 
functional integration, and improve adherence [73]. Portable, wireless functional electrical stimulation devices 
enable patients to apply stimulation during walking, cycling, or simple functional tasks within home environments 
[74]. Recent innovations like remote monitoring via mobile apps and simplified device interfaces show promise in 
overcoming these barriers and expanding the reach of home neurorehabilitation modalities [75]. 

Comparison of functional electrical stimulation with other technological rehabilitation modalities 

Compared to other technological interventions such as robotic gait training (Lokomat) or treadmill training with 
body-weight support, functional electrical stimulation offers more advantage of directly stimulating neuromuscular 
activation and promoting active participation [76]. Robotic systems provide structured movement guidance but can 
be costly and may reduce active motor effort [77]. Virtual reality rehabilitation improves engagement but focuses 
primarily on cognitive and visual-motor integration rather than direct muscle activation [78]. Functional electrical 
stimulation stands out by promoting neuroplasticity through specific muscle activation, offering an effective and 
physiologically rehabilitation modality suitable for different clinical practice [79]. 

Summary of findings based on research questions 

This systematic review addressed three primary research questions related to the use of functional electrical 
stimulation in individuals with cerebral palsy. The results across the five included studies and the broader literature 
base (65+ studies reviewed) confirm that functional electrical stimulation contributes positively to gait performance, 
postural stability, and gross motor function. Gait speed improvements ranged from 12–20%, stride length increased 
by up to 15%, and gross motor scores (GMFM) improved by 8–10 points in children and adolescents undergoing 
functional electrical stimulation protocols. These effects were most prominent when functional electrical stimulation 
was applied during walking or dynamic tasks. 

Studies varied widely in their application protocols, including differences in stimulation frequency (20–50 Hz), 
pulse duration (200–350 µs), intensity levels, and weekly treatment frequency. Protocols using functional electrical 
stimulation during gait or cycling training showed greater functional improvements than static or isolated muscle 
stimulations. Wearable and home-based systems demonstrated potential for increasing adherence, although 
standardized outcome measures were lacking across studies. 

Methodological quality across studies was moderate, with key limitations including small sample sizes, short 
follow-up periods, lack of blinding, and inconsistent reporting of effect sizes or control conditions. Heterogeneity in 
CP subtypes, participant characteristics, and intervention designs limited generalizability. These issues suggest a 
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need for larger multicenter trials, protocol standardization, and inclusion of long-term functional and quality-of-life 
measures. 

Discussion 

Cerebral palsy is a motor impairment that affects posture and movement, often causing impaired gait and reduced 
independence. Conventional interventions though widely used often offer limited neurophysiological change or 
continuing adaptation. In this context, functional electrical stimulation has shown as a promising neurorehabilitation 
modality. The aim of this systematic review was to evaluate the effects of functional electrical stimulation for 
improving lower limb function, with focus on protocol characteristics, differences among the subtypes of cerebral 
palsy, and the methodological quality of studies over the past two decades. The synthesis included over 65 relevant 
studies, with five high-quality studies meeting strict inclusion criteria. The narrative analysis explored the effects of 
functional electrical stimulation across domains such as gait performance, muscle strength, tone regulation, and 
gross motor function. This review also defines the variability in outcomes, participant responses, and continous 
sustainability, forming the basis for comparison with the broader body of literature. 

Expected and unexpected results 

Expected results included improvements in gait parameters such as stride length and walking speed, as well as 
reductions in muscle tone, consistent with the results from previous mentioned functional electrical stimulation 
studies. Unexpectedly, the magnitude of improvement in gross motor function varied between participants, and 
some studies [11] showed minimal gains in muscle strength despite intensive functional electrical stimulation 
interventions, defining the influence of personalized neurophysiological factors and protocol adherence. 

Recent publications have provided new information about the effects of functional electrical stimulation in persons 
with cerebral palsy. One study reported that functional electrical stimulation applied during gait training improved 
gait symmetry and functional ambulation in unilateral cerebral palsy [15], while another defined the therapeutic 
potential of functional electrical stimulation beyond orthotic effects in adults with cerebral palsy [12]. However, 
variability remains - one systematic review and meta-analysis found that electrical stimulation has a medium positive 
effect on reducing walking impairments and activity limitations in children with cerebral palsy, with cumulative effect 
sizes and strong evidence confirmed through moderator analyses [80]. 

Potential mechanisms of functional electrical stimulation impact 

Functional electrical stimulation applies its therapeutic effects by improving neuroplasticity [81]. Repetitive, 
specific stimulation of target muscles promotes cortical reorganization, strengthens sensorimotor pathways, and 
improves voluntary motor control [82]. Functional magnetic resonance imaging studies in other populations have 
shown increased motor cortex activation following functional electrical stimulation interventions, supporting its role 
in the field of neurorehabilitation [83]. 

Contradictions and variability in results 

Contradictions were observed between studies regarding the durability of the effects of functional electrical 
stimulation and the degree of functional improvement. While studies reported sustained benefits in gait 
performance [16, 15], another ones noted a decline in motor gains after cessation of functional electrical stimulation 
[11,15, 16].  

Prospects for development of functional electrical stimulation technologies 

Advances in technology are preparing for the next generation of functional electrical stimulation interventions 
[84]. Innovations such as wireless functional electrical stimulation systems, artificial intelligence stimulation 
optimization, and home self-managed rehabilitation afirms for improving the effects, individualization, and 
accessibility [85]. Another study conclude that a wide range of interventions including robotics, virtual reality, 
electrical stimulation, and neurorestorative therapies show potential in improving motor function and general 
rehabilitation outcomes in individuals with cerebral palsy [86]. Electrical stimulation is used to obtain muscle 
contraction and can be ued for neurorehabilitation after spinal cord injury when paired with voluntary motor training 
[87]. Also, another study showed that intensive home-based neuromuscular electrical stimulation not only improved 
hand function in chronic stroke patients but also increased cortical sensory activation, highlighting its dual potential 
to drive both peripheral motor gains and central neuroplastic changes [88]. Another articles further underscore the 
clinical relevance of functional electrical stimulation by showing improvements in coordination, wrist mobility, grasp 
strength, and daily functional performance in children with spastic cerebral palsy, affirming functional electrical 
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stimulation as a powerful and adaptable modality for both lower and upper limb rehabilitation among a range of 
functional domains [89]. 

 

Contributions to the field 

This review contributes to the field by integrating both outcome-based and protocol-level analysis among broad 
literature base. Unlike earlier reviews, this study identifies how specific functional electrical stimulation application 
strategies such as session timing, stimulation type, and home-based use impact therapeutic outcomes in the 
rehabilitation of cerebral palsy. By thematically organizing 65 studies and mapping them to functional domains, the 
review highlights practical considerations for clinical implementation and offers a roadmap for future individualized 
and adaptable functional electrical stimulation interventions. 

Limitations 

Despite the strengths of this systematic review, several limitations must be acknowledged. First, the number of 
high-quality randomized controlled trials investigating functional electrical stimulation in individuals with cerebral 
palsy remains limited. Many included studies used small sample sizes, lacked blinding, or showed methodological 
inconsistencies, which may compromise the generalizability of the findings. Additionally, the geographic distribution 
of studies was narrow, with the majority conducted in high-income countries, limiting the applicability of results to 
different healthcare environments, particularly in low- and middle-income regions. 

Another important limitation is the underrepresentation of adult populations with cerebral palsy. Most studies 
focused on children and adolescents, creating a knowledge gap regarding the long-term effects and therapeutic 
potential of functional electrical stimulation in adults. Furthermore, there was considerable heterogeneity in 
stimulation parameters across studies including variations in intensity, frequency, duration, and electrode placement 
which complicates the comparison of outcomes and the development of standardized clinical protocols. 

The duration of functional electrical stimulation interventions varied widely, ranging from a few sessions to several 
months, making it difficult to determine optimal treatment lengths. This review also included only articles published 
in English, introducing a language bias and potentially excluding relevant data published in other languages. Finally, 
some studies received funding from functional electrical stimulation device manufacturers, which may introduce 
potential conflicts of interest or publication bias. These limitations highlight the need for more robust, various, and 
transparent research to guide evidence-based functional electrical stimulation interventions in modern rehabilitation 
for cerebral palsy. 

Directions for future research  

Future research should aim to address the current methodological limitations by conducting large-scale, 
multicenter randomized controlled trials with standardized functional electrical stimulation intervention protocols. 
Studies should show consistent stimulation parameters, intervention durations, and follow-up periods to allow for 
better comparability and meta-analytical synthesis. Longitudinal studies assessing the long-term sustainability of 
functional improvements after functional electrical stimulation intervention are especially needed. Also, future 
studies should stratify participants by the subtype of cerebral palsy, severity, and age to determine which subgroups 
benefit most from functional electrical stimulation. Investigating the combined effects of functional electrical 
stimulation with other rehabilitation modalities may also provide information about optimizing therapeutic results. 
Finally, greater attention should be paid to patient-reported outcomes, including quality of life, satisfaction, and 
functional independence measures, to complement objective gait and motor function assessments. 

Conclusions and Implications 

This research shows that functional electrical stimulation is an effective modality for improving gait performance, 
muscle strength, and postural control in persons with cerebral palsy, especially when applied to the lower limbs. 
While the results vary depending on patient characteristics and stimulation protocols, the majority of studies support 
the incorporation of functional electrical stimulation in personalized rehabilitation programs with aim of improving 
mobility and functional independence. From a clinical perspective, functional electrical stimulation appears to be 
beneficial for persons with unilateral spastic cerebral palsy, where improvements in gait symmetry and walking 
speed were most noticeable. For patients with diplegic cerebral palsy, a combination of functional electrical 
stimulation and traditional therapies may be necessary to achieve motor gains. Age is also important, with younger 
children showing faster adaptation and better responsiveness to functional electrical stimulation interventions. 
Based on the analyzed studies, the following stimulation parameters are recommended for clinical practice: a 
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stimulation frequency of 20-40 Hz, session durations of 30-60 minutes, applied 3-5 times per week over at least 8-12 
weeks. Intensity should be individually adjusted to achieve visible, functional muscle contractions without causing 
discomfort. Priority directions for future research include large-scale randomized controlled trials that standardize 
intervention protocols, long-term follow-up studies to assess the durability of functional gains, and exploration of 
specific factors influencing treatment response. Technological innovations such as wearable functional electrical 
stimulation devices, artificial intelligence stimulation algorithms, and home rehabilitation apps also represent 
promising areas for development. Integrating functional electrical stimulation with conventional rehabilitation 
(physical therapy, occupational therapy, and gait training) is recommended to maximize the therapeutic results. A 
multidisciplinary, patient-centered approach that combines neurophysiological stimulation with functional training 
will offer the best way to optimize motor recovery and improve quality of life for persons with cerebral palsy. 
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