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Abstract

Aim: To determine if robotic gait training for individuals with cerebral palsy is more effective 

than the standard of care for improving function.

Method: PubMed, Embase, Scopus, and Cochrane databases were searched from 1980–January, 

2022 for articles that investigated robotic gait training versus standard of care (i.e., physical 

therapy or standard gait training) for individuals with cerebral palsy. Articles were included 

if a randomized controlled trial design was used, and excluded if robotic gait training was 

combined with another neuromuscular intervention, such as functional electrical stimulation. A 

meta-analysis of outcomes measured in at least four studies was conducted.

Results: Eight citations met all criteria for full-text review and inclusion in the meta-analysis. 

A total of 188 individuals with cerebral palsy, ages four to 35, and Gross Motor Function 

Classification System levels I – IV were studied. Level of evidence ranged from 2b – 1b. All 

studies utilized a tethered, assistive device for robotic gait training. The overall effect was not 

significantly different between the robotic gait training and control interventions for six minute 

walk test performance (95% CI: −0.17, 0.73; P = 0.22), free walking speed (95% CI: −0.18, 0.57; 

P = 0.30), or Gross Motor Function Measures D (Standing) (95% CI: −0.29, 0.39; P = 0.77) and E 

(Walking, Running and Jumping) (95% CI: −0.11, 0.57; P = 0.19).

Conclusion: Tethered robotic devices that provide assistive gait training for individuals with 

cerebral palsy do not provide a greater benefit for improving mobility than the standard of care.
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Introduction

Walking is difficult for an overwhelming majority of individuals with cerebral palsy, the 

most common physical disability of childhood1. Most individuals with cerebral palsy will 

experience a decline in mobility as they age, with many requiring the use of a wheelchair 

by adulthood2. This unfortunate, yet typical progression in cerebral palsy has been a driving 

motivation for developing robotic gait training interventions, which have sought to address 

the current gaps in care for this population. These devices are developed on the premise that 

their technology can augment rehabilitative efforts beyond those possible with traditional 

treatments. For example, robotic gait training was found to significantly increase the odds of 

independent walking after a stroke compared to the standard of care alone3.

A systematic review of robotic gait training for individuals with cerebral palsy was 

previously conducted, which supported this intervention for improving walking speed, 

endurance, and gross motor function, despite a non-significant meta-analysis result4. In 

addition, at the time of the review, only two randomized controlled trials had been 

conducted, with the majority of supporting evidence coming from uncontrolled cohort 

studies. No comprehensive review has provided an update on the evidence from randomized 

controlled robotic gait training interventions in cerebral palsy. Without this information, it is 

unclear whether the current paradigms available for robotic gait training in this population 

are truly offering benefits beyond those of traditional treatments.

The goal of this systematic review was to compile all randomized controlled trials that have 

specifically studied robotic gait training for individuals with cerebral palsy, and conduct a 

meta-analysis of common outcome variables to evaluate the most recent evidence of this 

intervention’s effectiveness. Our specific research question was, “what is the effectiveness of 

robotic gait training for improving function in individuals with cerebral palsy relative to the 

standard of care as indicated by randomized controlled trials?”.

Methods

A systematic review, prospectively registered with PROSPERO (ID # CRD42021236195), 

was conducted by following PRISMA-P guidelines5. Using a date range of 1980 – January 

25, 2022, the databases PubMed, Embase, Scopus, and Cochrane were used to complete a 

search of the available literature. The detailed search strategy can be found in Appendix A.

Results of the database search were combined and duplicates were removed. The inclusion 

criteria for articles was: 1) study participants had a diagnosis of cerebral palsy, 2) robotic 

gait training was compared to either traditional gait training or functional exercises typical 

for a child with cerebral palsy receiving physical therapy, 3) a randomized controlled trial 

design was used; if a study used a randomized crossover design and met all other inclusion 

criteria, the pre-crossover data was used, 4) written in or translated to English language, and 

5) it was an original research article (although secondary sources, such as other systematic 

reviews, were utilized to locate additional articles). Articles were excluded if 1) robotic gait 

training was combined with another neuromuscular intervention (i.e., functional electrical 

stimulation), 2) greater than 30% of participants did not meet the inclusion criteria, 3) only 
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an abstract was written (i.e., conference presentations or papers), and 4) we were unable to 

access the full text.

The title of each article was read as an initial screening. If an article’s title was clearly not 

within the scope of our research question, it was removed. Following this, two independent 

authors reviewed the abstracts of remaining articles against our inclusion and exclusion 

criteria to screen articles for full-text review. Disputes on article selection were settled by a 

third, independent author. If an article was removed during full review, the reason for doing 

so was noted in Table 1. Finally, during review, if a citation was discovered that was not 

included in the original search, but was related to the research question, it was considered for 

review.

Articles selected for full review were critically appraised using the Critical Review Form 

for Quantitative studies, which provides a numerical score based on the number of key 

components within an article, with a maximum score of 156 (Supp Table 1). The level of 

evidence of each article was also evaluated using the Oxford Centre for Evidence-Based 

Medicine Levels of Evidence7. Finally, demographics of study participants, details on the 

robotic device used, outcome measures, and results were extracted from each article. If 

results necessary for the meta-analysis (see below) were not available in the published 

article, respective corresponding authors were contacted for this data.

Pooled effect sizes of outcome measures used by at least four studies were calculated for the 

meta-analysis. To specifically calculate the effect sizes of changes with robotic gait training 

relative to a control intervention, we calculated Cohen’s d by the following equation8:

Coℎen′sd = ΔRGT − ΔControl
RGT baselineSD2 + ControlbaselineSD2

2

where ΔRGT is the change in outcome measure with robotic gait training, ΔControl is the 

change in outcome measure with the control intervention, RGT baseline SD is the baseline 

standard deviation of the outcome measure for the robotic gait training group, and Control 
baseline SD is the baseline standard deviation of the outcome measure for the control group.

Cochran’s RevMan software9 (v5.4.1; The Cochrane Collaboration, London, UK) was then 

used to calculate 95% confidence intervals of each effect size (standardized by mean 

difference), test for heterogeneity based on the I2 statistic (indicating low, moderate, or 

high heterogeneity with an I2 statistic of <25%, 25 – 75%, or >75%, respectively), and 

calculate the overall effect (Z-test) and 95% confidence interval. Forest plots for each 

outcome measure were generated to visually inspect results and heterogeneity. We used a 

random effects model to account for the expected differences in study protocols.

Results

A total of 114 articles were screened from the four databases after duplicates were removed, 

13 of which were fully reviewed against our inclusion and exclusion criteria. Of these 13 
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articles, five were removed for reasons outlined in Table 1. The resulting eight articles were 

used for both qualitative and quantitative synthesis (Fig.1; Table 2).

A total of 188 individuals with cerebral palsy were included across the eight randomized 

controlled trials, ranging in age from four to 35 and Gross Motor Function Classification 

System levels I – IV, with both spastic diplegia and triplegia. Robotic gait training ranged 

in duration from 400 – 1200 minutes of training, with control conditions comprised 

of traditional gait training with spotting from a physical therapist, or physical therapy. 

The physical therapy prescribed for the control condition was relatively homogenous 

across studies, with exercises aimed at improved range of motion, balance, and functional 

movement patterns. Critical appraisal scores ranged from 12 – 14, with the majority of 

studies lacking a sample size justification (i.e., prospective power analysis) or sufficient 

description of the exact robotic gait training parameters used (Supp. Table 1). Oxford Centre 

for Evidence-Based Medicine Level of Evidence was mainly 2b, indicating a lower quality 

randomized controlled trial design, which was a reflection of relatively small sample sizes 

and/or high dropout rates for the control group (Table 2). A summary of study characteristics 

can be found in Table 2.

The majority of studies16,18–22 utilized a Lokomat device (Figure 2b) for their robotic gait 

training. Briefly, the Lokomat is able to unload a user’s body weight while also providing 

assistive forces at the hips and knees. User-specific parameters can be set to control for 

things such as velocity and step length, and there is a visual display of performance for 

biofeedback23. One study15 used the Gait Trainer I (Figure 2a), which also provided body 

weight support and could be adapted to a user’s performance over time24. Another study17 

used a custom cable-driven robotic device (3DCaLT, Figure 2c), which assisted with leg 

swing and pelvic motion25. All devices were tethered, and provided assistive forces during 

training.

Six minute walk test performance, free walking speed, Gross Motor Function Measure-D 

(Standing), and Gross Motor Function Measure-E (Walking, Running and Jumping) were 

assessed by four or more studies and therefore, included in the meta-analysis.

Four studies15,17,18,22, with no significant heterogeneity (P = 0.77, I2 = 0%) and comprising 

40 robotic gait training participants and 37 control participants, assessed change in six 

minute walk test performance. The overall effect was not significantly different between the 

robotic gait training and control intervention (95% CI: −0.17, 0.73; P = 0.22; Figure 3).

A total of five studies15–17,20,22, with no significant heterogeneity (P = 0.76, I2 = 0%) and 

comprising 68 robotic gait training participants and 52 control participants, assessed change 

in free walking speed. The overall effect was not significantly different between the robotic 

gait training and control intervention (95% CI: −0.18, 0.57; P = 0.30; Figure 4).

Five studies17–19,21,22, with no significant heterogeneity (Gross Motor Function Measure-D: 

P = 0.76, I2 = 0%; Gross Motor Function Measure-E: P = 0.83, I2 = 0%) and comprising 

65 robotic gait training participants and 70 control participants, assessed changes in Gross 

Motor Function Measure-D and -E scores. The overall effect was not significantly different 

between the robotic gait training and control intervention for both Gross Motor Function 
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Measure-D (95% CI: −0.29, 0.39; P = 0.77; Figure 5) and -E (95% CI: −0.11, 0.57; P = 0.19; 

Figure 6). Four of the five studies18,19,21,22 evaluating Gross Motor Function Measures-D 

and -E used a Lokomat device, and a Lokomat-specific pooled effect on these measures 

was also not significantly different from the control interventions tested (GMFM-D 95% CI: 

−0.25, 0.49; P = 0.52; GMFM-E 95% CI: −0.10, 0.65; P = 0.15; Appendix B).

Discussion

The purpose of this systematic review and meta-analysis was to determine if robotic gait 

training for individuals with cerebral palsy is effective beyond the standard of care (i.e., 

traditional gait training or functional exercises typically used in physical therapy). Based on 

the findings from this review, the devices and training protocols tested in these randomized 

controlled trials did not significantly improve six minute walk test performance, walking 

speed, or gross motor function compared to a dose-matched standard of care.

The findings here serve as an update to a previous review that incorporated data from 

uncontrolled cohort studies due to the low number of randomized controlled trials at the time 

of publication4. This former review concluded that robotic gait training could significantly 

improve walking speed and endurance for individuals with cerebral palsy based on the 

findings of individual studies, most of which were uncontrolled. However, the meta-analysis 

results from this former review for the overall effect of these parameters (i.e., walking 

endurance, walking speed, and gross motor function) were non-significant, which is in 

agreement with the findings of the present review. Additionally, the present review limited 

studies to those with a randomized controlled trial design, which allowed us to isolate the 

effect of robotic gait training and determine its true effectiveness beyond the standard of 

care.

The finding that the robotic gait training interventions in the reviewed studies are not more 

effective relative to non-robotic gait training interventions may be due to the inherent nature 

of the paradigms tested. A common feature of all of the robotic gait training devices and 

protocols was the assistive nature of the intervention. Through a combination of unloading 

a user’s body weight and robotically guiding the lower limbs, all studies utilized assistive 

mechanisms to train the gait of their participants with cerebral palsy. Specifically, six of 

the eight studies used a Lokomat device, which has gained popularity as a clinical gait 

training tool for individuals with cerebral palsy26 after demonstrating significant benefits on 

measures of mobility in uncontrolled studies27–29. As four of the studies reviewed here used 

a Lokomat device and assessed Gross Motor Function Measure-D and -E, we were able to 

calculate a Lokomat-specific pooled effect of these measures, which was not significantly 

different from the standard of care (Appendix B). This finding suggests that the significant 

cost of this gait training tool may not be justified by the current evidence of its benefit 

beyond standard of care treatments.

While the utility of assistive robotic gait training is understandable and likely effective for 

re-training the spinal pathways necessary for locomotion, explaining the success of these 

interventions for those with spinal cord injury30, it may not be efficacious for disorders due 

to brain injury like cerebral palsy, where motor learning and cortical reorganization rely 
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on active neuromuscular engagement31,32. Alternatively, interventions that incorporate more 

volitional engagement and result in increased supraspinal drive may be more beneficial for 

improving mobility in individuals with cerebral palsy33. This is supported by the finding 

that resistive robotic gait training, necessitating active motor input, was more effective for 

improving locomotor function in children with cerebral palsy when compared to assistive 

robotic gait training in a randomized controlled trial34. In addition, recent pilot studies35,36 

utilizing devices that increase neuromuscular activity during walking in children with 

cerebral palsy have had promising findings for improving mobility-related outcomes in this 

population. Another consideration is the tethered nature of the devices investigated, which 

may lack the ecological validity for translation to real-world performance, supporting future 

work in untethered, mobile devices.

It is important to note a few limitations of this review and meta-analysis. First, the meta-

analysis was limited to outcome measures that were assessed in at least four studies, and it 

is possible that assistive robotic gait training is effective for improving an outcome measure 

that was not included here. Second, cerebral palsy has a highly heterogenous phenotype, 

and the studies reviewed here encompassed a relatively small number of individuals (n = 

188), all of whom had a similar diagnosis (spastic diplegia/triplegia). For this reason, the 

finding that assistive robotic gait training does not improve the outcomes reviewed may not 

be applicable to all individuals with cerebral palsy and a small benefit may still be possible. 

Third, some assistive robotic gait trainers have biofeedback and virtual reality features, and 

several of the studies reviewed did not provide exact details on how these features were 

utilized when training their participants. Virtual reality37 and biofeedback38 have shown 

promise for improving motor function in individuals with cerebral palsy, so it is possible that 

greater incorporation of these modalities with assistive robotic gait training could improve 

outcomes. Finally, not all studies used the same robotic device or protocol for training. 

However, there was no significant heterogeneity between studies, supporting the overall 

findings from this review.

In conclusion, to date, assistive robotic gait training interventions do not appear to be 

effective for improving walking endurance, walking speed, or gross motor function in 

individuals with cerebral palsy. This likely stems from the passivity involved with assistive 

training, and basic need for active engagement to promote motor learning. These findings 

provide support for future studies to focus on resistive robotic gait training for individuals 

with cerebral palsy, which have already shown some promise, but need randomized 

controlled trial-level investigations to move forward with true clinical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical messages

• Assistive robotic gait training has not proven to be effective for improving 

mobility in individuals with cerebral palsy beyond the standard of care.

• Early evidence hints that resistive robotic gait training may be more 

efficacious than assistive robotic gait training for driving the motor learning 

necessary for improved mobility in this population.
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Figure 1. 
Article screening and selection flowchart
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Figure 2. 
Robotic gait training devices utilized in each study, including a) the Gait Trainer I, b) the 

Lokomat, and c) the 3DCaLT.
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Figure 3. 
Meta-analysis outcomes and forest plot; six minute walk test; RGT: robotic gait training.
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Figure 4. 
Meta-analysis outcomes and forest plot; free walking speed; RGT: robotic gait training.
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Figure 5. 
Meta-analysis outcomes and forest plot; Gross Motor Function Measure-D (Standing); RGT: 

robotic gait training.
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Figure 6. 
Meta-analysis outcomes and forest plot; Gross Motor Function Measure-E (Walking, 

Running and Jumping); RGT: robotic gait training.
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Table 1.

Rationale for removal of articles considered for full-text review

Study Reason

Wu 201710 Control group was not a standard of care

Yazici 201911 Non-RCT study design

Kawasaki 202012 Only 5 minutes with device (not considered training)

Sucuoglu 202013 Non-RCT study design

Pool 202114 Robotic gait training was combined with functional electrical stimulation

RCT: Randomized controlled trial
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