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Effect of robot-assisted gait training 2
on improving cardiopulmonary function
in stroke patients: a meta-analysis

Xiao Chen'", Lu Yin', Yangbo Hou®", Jie Wang?*, Yongyi Li*, Juntao Yan>", Jiming Tao'” and Shujie Ma*"

Abstract

Objective Understanding the characteristics related to cardiorespiratory fitness after stroke can provide reference
values for patients in clinical rehabilitation exercise. This meta- analysis aimed to investigate the effect of robot-
assisted gait training in improving cardiorespiratory fitness in post-stroke patients, compared to conventional
rehabilitation training.

Methods PubMed, EMBASE, Web of Science, Cochrane Database of Systematic Reviews, CBM, CNKI and Wanfang
databases were searched until March 18th, 2024. Randomized controlled trials (RCTs) comparing the effectiveness of
robot-assisted gait training versus control group were included. The main outcome variable was peak oxygen uptake.
6-minute walking test, peak heart rate, peak inspiratory expiratory ratio as our secondary indicators. RevMan 5.3
software was used for statistical analysis.

Results A total of 17 articles were included, involving 689 subjects. The results showed a significant effect for robot-
assisted gait training to improve VO, .y (MD=1.85;95% CI: -0.13 to 3.57; p=0.04) and 6WMT (MD =19.26; 95% ClI:
10.43 to 28.08; p <0.0001). However, no significant difference favouring robot-assisted gait training were found in

HR peak (MD=3.56; 95% Cl: -1.90 t0 9.02; p=0.20) and RER ., (MD = -0.01; 95% Cl: -0.04 t0 0.01; p=0.34).

Conclusion These results showed that robot-assisted gait training may have a beneficial effect in improving VO,
and 6WMT, with a moderate recommendation level according to the GRADE guidelines.
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Introduction

The motor dysfunction of stroke patients reduces their
aerobic exercise ability [1], while the significant decline in
cardiopulmonary function adaptability after stroke leads
to secondary cardiovascular problems in most patients,
which further affects their cardiopulmonary function
and glucose and lipid metabolism ability, resulting in a
vicious cycle of disability [2, 3]. Studies have found that
the peak oxygen uptake (VO2peak) of stroke patients
is only equivalent to 60% of the standard sedentary
value of healthy adults of the same age and sex [4], and
the exercise endurance and aerobic capacity are signifi-
cantly reduced, which is not enough to meet the needs
of independent living [5]. However, for about 75% of
stroke patients, this early and sustained decline in aero-
bic capacity delays or inhibits participation in therapeutic
exercise programs, leads to difficulties in the post-stroke
rehabilitation process and long-term care, and limits an
individual’s ability to perform functional activities inde-
pendently, so that stroke survivors are more likely to be
disabled by related heart disease than by the stroke itself
(6, 7].

Rehabilitation is an important part of stroke treatment.
Traditional rehabilitation strategies for stroke survivors
focus on primary nerve injury and aim to restore motor
function and reduce injury, including restoring muscle
strength and improving motor coordination and control.
Conventional rehabilitation therapy usually does not pay
enough attention to the improvement of aerobic capacity,
and the intensity and training time of physical or occu-
pational therapy activities are not enough to produce
cardiopulmonary training effects [8]. Studies have shown
that aerobic exercise can improve the VO,,,., and walk-
ing endurance of stroke patients with mild to moderate
injury at the early stage, and their balance ability, exercise
ability, cognition and emotion are positively correlated
with cardiopulmonary fitness (CRF), which affects the
survival rate after stroke [9, 10].

A meta-analysis by Stoller et al. [11] concluded that
cardiovascular exercise during the subacute phase of
stroke can significantly improve aerobic capacity, walk-
ing speed, and walking endurance. However, for patients
with early stroke who cannot walk, robot-assisted gait
training can partially or completely support the body
load, and high-intensity and complex gait cycle training
can be conducted for patients who cannot walk, reduc-
ing the workload of therapists and improving the accu-
racy of step length [12]. Recent studies [13—15] have
shown that robot-assisted gait training is superior to tra-
ditional rehabilitation therapy in improving cardiorespi-
ratory function in stroke patients. Therefore, this study
aims to comprehensively evaluate the effectiveness and
safety of robot-assisted gait training in improving the
cardiopulmonary function of stroke patients through a
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comprehensive quantitative evaluation and analysis of the
literature, and improve the efficacy of robot-assisted gait
training treatment and the quality of clinical research.

Methods

Protocol and registration

The meta-analysis was conducted according to the rec-
ommendations of the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis (PRISMA) guidelines
[16]. Article searches and data extraction were indepen-
dently performed by two investigators (CX and HYB),
and any discrepancies were resolved by discussion or
consensus with a third author (MS]). The protocol was
registered at the International Prospective Register of
Systematic Reviews (PROSPERO: CRD42022298786).

Information sources and search

All relevant studies in the PubMed, EMBASE, Web of
Science, Cochrane Database of Systematic Reviews,
CBM, CNKI and Wanfang databases were systematically
searched. Publication dates ranged from the database
inception to March 18th, 2024 to identify relevant stud-
ies. The PubMed, EMBASE, Web of Science, Cochrane
Database of Systematic Reviews draw up search strategies
based on the principles of population, intervention, con-
trol, outcome and study design (PICOS). For the other
electronic databases, the search approach was adjusted
as required. The detailed search strategy for the database
used will be provided in the appendix 1. No filters were
applied, and language was not restricted. Study selection
was based on an initial screening of identified abstracts
or titles and a second screening of full-text articles. The
reference lists of relevant review articles and meta-anal-
yses were examined to identify other potentially eligible
studies.

Eligibility criteria

Study screening was conducted according the PICOS
principle (P-population; I-intervention; C-comparison;
O-outcome and S-study design). All trials that met the
following criteria were included in this meta-analysis: ©®
Research design: Randomized controlled trial to explore
the effect of gait training on cardiopulmonary function
after stroke. @ Subjects: Stroke patients aged>18 years,
meeting the diagnostic criteria of any cerebrovascular
disease. ® Intervention measures: The control group was
given routine rehabilitation treatment or routine gait
training, and the experimental group was given robot-
assisted gait training of the lower limbs, not treadmill
gait training. @ Outcome indicators: The extracted out-
come indicators had to include complete outcome data
related to cardiopulmonary function after stroke, such as

VOZpeak} 6MWT, HRpeak’ etc.
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Data collection and extraction

The studies that met the search strategy were imported
into EndNote X9 for data management, and duplicate
articles were removed. Two investigators (CX and HYB)
independently preliminarily screened the articles by
reading the title and abstract according to the inclusion
criteria. Then, the full text was read to eliminate unquali-
fied studies, and finally, the relevant data of the studies
were extracted, including basic information (e.g., author-
ship, publication date, study design, country), participant
characteristics (e.g., mean age, sex, sample size, course of
disease, mean disease duration), intervention measures
(e.g., intervention time, intervention frequency, inter-
vention content, intervention duration), and outcome
indicators (e.g., VO,pe0 6MWT, HR oo RER,). The
primary authors were contacted when relevant data were
not reported. In case of disagreement, two investigators
discussed and asked the third researcher (MS]) for advice
and finally reached an agreement.

In this study, we used VO, as our primary outcome
measure and 6 WMT, HR,,, and RER,, as secondary
outcome measures. 6 WMT was to walk as much as pos-
sible within six minutes, during which you can rest. After
the time is up, the walk distance was measured. VO,
refereed to the maximum oxygen uptake of the body at
maximum exercise intensity. RER,, refereed to the ratio
of carbon dioxide emissions to oxygen consumption per
minute. During the exercise test, VO, HR and
RER,.., could be measured at maximal effort.

peak’

peak

Risk of bias

Two authors (CX and MS]J) used the Cochrane Risk of
Bias tool (RoB 2.0) to evaluate the methodological quality
of the included literature. Disagreements were discussed
or resolved by the third author (YL). Evaluation the risk
of bias across five domains [17]: ® randomization pro-
cess; @ deviations from intended interventions; ®@missing
outcome data; @ measurement of the outcome; ® selec-
tion of reported results. The low risk of bias, some con-
cerns and high risk of bias of each item in the study were
judged, and the quality of the studies was classified. If all
five domains were rated as low risk, the “overall risk” was
rated as “low risk of bias” If at least one domain was rated
as some concerns, it’s considered “some concerns” If at
least one domain was rated as high risk of bias, it’s con-
sidered “high risk of bias”

Certainty of evidence

To assess the quality of evidence, the Grades of Recom-
mendation Assessment, Development, and Evaluation
(GRADE) system was used [18].
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Data synthesis and analysis
All analyses were performed using RevMan software
(version 5.3; Cochrane Collaboration, Oxford, UK). For
continuous data, the mean difference (MD) and confi-
dence interval (CI) were calculated between pre- and
post-treatment, and the effect size was evaluated using
a Z test. Meta-analysis of at least two studies was con-
ducted for each outcome indicator to investigate the
efficacy of gait training on cardiopulmonary function
after stroke. A separate analysis was performed by using
the changes evaluated by the scores of the items, which
included the VO,,,;o 6MWT, HR,, 1, and RER .
Heterogeneity of the integrated results was assessed by
the Chi-squared test and I? index, and p<0.05 was con-
sidered an indication of a significant difference. Following
Niering M et al. [19], heterogeneity can be interpreted
as trivial (0<40%), moderate (30<60%), substantial
(50<90%), or considerable (75<100%). If heterogeneity
below 50%, a fixed effects model was used. otherwise, a
random effects model was used [20]. Sensitivity analy-
sis was used to assess heterogeneity and was carried out
by the removal of one study at a time. Subgroup analysis
and publication bias assessment were conducted when
necessary.

Results

Study selection and characteristics

A total of 962 studies were obtained by searching 7 elec-
tronic databases, and 15 supplementary studies were
manually tracked, totaling 977 studies. A total of 283
studies remained after duplicates were removed. After
preliminary screening by reading the title and abstract,
33 studies remained. After further reading the full text,
we had a total of 17 articles that were finally included in
the meta-analysis. The study screening process is shown
in Fig. 1.

A total of 17 studies were published from 2012 to 2023.
A total of 689 study samples were included: 350 in the
experimental group and 339 in the control group. The
gait training groups all adopted robot-assisted gait train-
ing. One study only included male participants [21]. In
the control group, one study used treadmill training [22],
while routine gait training was reported in another eight
studies [23—-30], Other studies used routine rehabilitation
therapy [13, 14, 21, 31-35]. Most of the subjects were
in the subacute phase (two weeks to six months). Four
studies involved investigations after six months of stroke
[21, 22, 27, 28] and another study involved investigating
patients with acute stroke (within 48 h after stroke) [14].
The intervention time ranged from 20 min to 60 min,
most of which lasted for 30 min. The intervention fre-
quency of two studies was twice a day [25, 32] and that of
other studies was once a day [13, 14, 21-24, 26-30, 33—
35]. The intervention period ranged from 2 to 6.5 weeks,
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Records 1dentified through
database searching
n=962
Pubmed 61 EMBASE 48
Web of science 291
Cochrane 449 CNKI 22
wangfang 82 CBM 9

Identification
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Additional records identified
through other scource
n=15

Records after duplicates removed

<) n=694
=
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Records after titles and
abstracts assessed
n=233
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Full-text articles assessed
for eligibility
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»

quantitative synthesis
meta-analysis
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Fig. 1 Flow diagram of the eligible study selection process

and two of the studies were followed up for 8—12 weeks
[14, 22]. The details of the main outcome indicators are
reflected in the characteristics in Tables 1 and 2 of the
appendix 2.

Study outcomes of peak oxygen uptake

This meta-analysis included two studies [31, 35] that
compared the VO,peak of 93 patients after interven-
tion. The combined results showed that there was no
heterogeneity between the studies (I*>=0%, p=0.57), and
the fixed effect model was used for analysis. The results
showed that after intervention, the VO, of patients
in the experimental group was higher than that in the
control group, the difference was statistically significant
(MD=1.85, 95% CI: 0.13 to 3.57, p=0.04) (Fig. 2A). The
quality of the evidence for this outcome according to the
GRADE guidelines was moderate, considering impreci-
sion as a factor that rating down.

Records excluded after titles
and abstracts assessed
n =661

Articles excluded
n=16
Protocol n =4
No control group n=6
No cardiopulmonary function

assessment indicators n =3
No full text available n =1

data unavailable n =2

Study outcomes of 6-minute walking test

Overall, fourteen studies [13, 21-30, 32—-34] evaluated
baseline data and post-treatment results of the 6MWT
in 582 patients. The heterogeneity between the studies
was low (I*=0%, p=0.70), and the fixed effect model was
used. The results showed that the MD of gait training was
19.26 (95% CI: 10.43 to 28.08), which was superior to that
of the control group (z=4.28, p<0.0001) (Fig. 2B). The
funnel map analysis of 14 articles with the outcome index
of 6MWT [13, 21-30, 32-34] showed that most of the
studies were at the top and that the funnel map was not
very symmetrical on both sides, so there may be some
risk of bias (Fig. 3). The quality of the evidence for this
outcome according to the GRADE guidelines was moder-
ate, considering risk of bias as a factor that rating down.
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Fig. 2 (A) Forest plots of meta-analysis to evaluate the effects of robot-assisted gait training on VO, (B) Forest plots of meta-analysis to evaluate the
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0 SEMD) -
/o: \\\
7 :o\\
i s %
’ : \
207 4 %
Jo 1o N\
/! 10 0 N\
’ ! o
/’I |b \\\
0t ® O
’ 1 \
4 : \\\
y'd 1 \
’ 1 (&)} \
// O : O \
60T ¥ i
// : \\
’ | \
/ | N
’ ! \
’ 1 \
’ 1 N
80T / t N
’ \
/ ! \
’ I \
o 1 \
/ : N
el o @ . . . D
-200 -100 0 100 200

Fig. 3 Funnel plot from studies included in the 6MWT



Chen et al. Journal of NeuroEngineering and Rehabilitation

Study outcomes of peak heart rate

A total of 3 included studies [14, 31, 35] including 107
patients used HR,,, as an outcome measure. There was
no obvious heterogeneity between the studies (I°=0%,
p=0.68), and the fixed effect model was used for analy-
sis. The results showed that the HR,; of patients in the
experimental group was higher than that in the control
group after intervention, but the difference was not sta-
tistically significant (MD=3.56, 95% CI: -1.90 to 9.02,
p=0.20) (Fig. 4A). The quality of the evidence for this
outcome according to the GRADE guidelines was low,
considering risk of bias and imprecision as factors that
rating down.

Study outcomes of peak inspiratory expiratory ratio

Only 2 studies [31, 35] compared the improvement in
RER,, in 93 patients. Heterogeneity among studies was
high (?=0%, p=0.77), and a fixed effect model was used.
The results showed that there was no statistically signifi-
cant difference between the experimental group and the
control group in the improvement of RER, in stroke
patients (MD = -0.01, 95% CI: -0.04 to 0.01, p=0.34)
(Fig. 4B). The quality of the evidence for this outcome
according to the GRADE guidelines was moderate, con-
sidering imprecision as a factor that rating down.

Risk of bias

The literature quality of the 17 included studies were
evaluated in the systematic review and meta-analysis.
The two investigators who assessed the risk of bias (CX
and MSJ) agreed on 88% of the domains. The results of
9 studies were rated as low risk of bias [13, 21, 23, 25, 26,
30, 31, 34, 35], 4 studies were rated as some concerns [27,
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28, 32, 33], and the remaining four were rated as high risk
of bias [14, 22, 24, 29] (Fig. 5).

Discussion
A total of 17 recent moderate and high-quality ran-
domized controlled trials were included, extracting the
intervention parameters (treatment type, training time,
weekly frequency, training period), conducting data syn-
thesis and analysis of primary outcome, mainly including
VO2peak, 6 MWT, HRpeak and RERpeak. The results
showed that robot-assisted gait training had significant
positive effects on both 6MWT and VO,,,,. There was
no significant difference between treatment and control
groups in HR, and RER,. This study showed that
robot-assisted gait training is beneficial for early cardio-
vascular function after stroke with high safety, providing
reference for future related research and clinical practice.
As an objective indicator to assess cardiopulmonary
health, VO, reflects the maximum oxygen uptake
achieved by the participants through maximum efforts.
The measurement of VO, using CPET is generally
considered as the gold standard of cardiopulmonary
capacity [36]. Only 2 articles [31, 35] in the current meta-
analysis evaluated the short-term effects of robot-assisted
gait training on VO2peak in stroke patients. The com-
bined data showed that MD increased by 1.85 between
treatment and control groups, which was statistically
significant and achieved a minimum clinically important
difference (MCID) value of 1 mL/kg/min [37]. Although
the improved oxygen uptake after cardiovascular training
appeared to be small, a slight increase in aerobic capac-
ity may mean the difference between dependence and
independence in all activities of daily living, given that
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Fig. 4 (A) Forest plots of meta-analysis to evaluate the effects of robot-assisted gait training on HR
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stroke patients require higher aerobic capacity to main-
tain basic ADL function due to limb dysfunction [38,
39]. Of the included studies, fourteen [13, 21-30, 32—34]
were available for quantitative assessment of the short-
term effect of robot-assisted gait training on 6MWT in
stroke patients. There was statistically significant effect
between the treatment and control groups, with an over-
all MD difference of 19.26. It shows that robot-assisted
gait training can improve the 6 min walking distance of
stroke patients, and the improvement of walking abil-
ity suggests the enhancement of aerobic exercise ability,
which may help to increase the training participation of
stroke patients and enhance activities of daily living. But
the changes induced during a 6-minute walk were not
enough to achieve the smallest clinically significant dif-
ference of 34.4 m, so more studies are needed to con-
firm this positive effect [40]. However, according to the
GRADE guideline, the evidence quality of VO2peak and
6MWT is medium, and the results of the combined anal-
ysis may be altered.

HRpeak is useful for estimating cardiovascular relative
stress response during exercise [41]. Three studies [14,
31, 35] using HRpeak were selected for data synthesis
analysis. Although the difference between the groups was
not statistically significant, there was a significant clini-
cal improvement in the robot-assisted gait training group
compared to the minimum clinically significant differ-
ence of 1.46 beats/min [14]. However, for respiratory
exchange ratio (RERpeak) assessment of aerobic capacity,
the synthetic analysis of the two results [31, 35] showed
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that there was no significant overall difference between
the treatment group and the control group, suggesting
that robot-assisted gait training is of uncertain effective-
ness in improving RERpeak in patients with stroke. Most
of the studies included in this meta-analysis selected par-
ticipants in the subacute and convalescent phase 2 weeks
after the onset of stroke. All studies had strict exclusion
criteria and did not consider stroke patients with severe
heart disease. None of the studies reported major adverse
events directly attributable to cardiovascular training. It
is suggested that early cardiovascular rehabilitation train-
ing after stroke is relatively safe. It also raises the possi-
bility of starting cardiopulmonary exercise training and
testing in the early stage after stroke.

There are several limitations to our meta-analysis. First
of all, the results of this study are not applicable to the
general stroke population, given that except for one study
[13] that included stroke patients within 48 h of the onset
of the disease, all the other studies included patients in
the subacute stage and recovery stage of stroke. Future
studies need to develop reliable methods to assess aero-
bic capacity in individuals with severe disabilities and in
the acute post-stroke period. Secondly, components of
stroke rehabilitation program include frequency, inten-
sity, time and type, which are known as FITT principles,
and these components play a decisive role in the influ-
ence of exercise on CRF and walking ability [42].

Previous studies have shown that the most common
exercise regimen is 30 to 40 min per exercise 3 times per
week for 8 to 12 weeks [34], while this study included a
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relatively short intervention duration (2w —6w). And
due to the small number of studies included in the meta-
analysis and limited data available for quantitative analy-
sis, the fact that these studies can only be combined with
short-term effects may be considered a limitation. Future
studies need to continue to focus on the long-term effects
of early stroke training interventions and the relationship
between CRF improvement and daily living function in
conjunction with more sensitive measures. Finally, the
quality of these studies varies, assignment concealment,
blinding of subjects and assessors were not explicitly
stated or absent in the method, which interfered with the
reliability of the research results.

Conclusion

This meta-analysis demonstrates robot-assisted gait
training may have a beneficial effect in improving
VO2peak and 6WMT, with a moderate recommendation
level according to the GRADE guidelines. Robot-assisted
gait training as a new intervention measure for cardio-
pulmonary rehabilitation after stroke may be safe and
feasible. Further research is needed to explore the effec-
tiveness of early robotics in patients with different stages
and degrees of stroke and to evaluate the long-term
effects of robotics on aerobic capacity, physical function,
and quality of life.
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