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G e W N

Abstract: Background: Motor, gait and balance disorders reduce functional capabilities for activities
of daily living in children with cerebral palsy (CP). Robot-assisted gait therapy (RAGT) is being used
to complement conventional therapy (CT) or treadmill therapy (TT) in CP rehabilitation. The aim of
this systematic review is to assess the effect of RAGT on gait, balance and functional independence
in CP children, in comparison to CT or TT. Methods: We have conducted a systematic review with
meta-analysis. A search in PubMed Medline, Web of Science, Scopus, CINAHL, PEDro and SciELO
has been conducted for articles published until October 2022. Controlled clinical trials (CCT), in which
RAGT was compared to TT or CT and assessed gait speed, step and stride length, width step, walking
distance, cadence, standing ability, walking, running and jumping ability, gross motor function
and functional independence in children with CP, have been included. Methodological quality was
assessed with the PEDro scale and the pooled effect was calculated with Cohen’s Standardized
Mean Difference (SMD) and its 95% Confidence Interval (95% CI). Results: A total of 15 CCTs have
been included, providing data from 413 participants, with an averaged methodological quality of
5.73 £ 1.1 points in PEDro. The main findings of this review are that RAGT shows better results than
CT in the post-intervention assessment for gait speed (SMD 0.56; 95% CI 0.03 to 1.1), walking distance
(SMD 2; 95% CI 0.36 to 3.65) and walking, running and jumping ability (SMD 0.63; 95% CI 0.12 to
1.14). Conclusions: This study shows that the effect of RAGT is superior to CT on gait speed, walking
distance and walking, running and jumping ability in post-intervention, although no differences
were found between RAGT and TT or CT for the remaining variables.

Keywords: cerebral palsy; robot-assisted gait training; conventional therapy; treadmill training; gait;

standing; movement abilities; functional independence; meta-analysis

1. Introduction

Cerebral palsy (CP) is defined as a group of permanent motor and posture disorders
that cause limitations in activity, resulting from non-progressive injuries that occurred in the
developing fetal or infant brain [1-3]. Currently, CP is the most frequent cause of physical
disability in childhood [4], reaching about 17 million cases in the world [5], which produces
a large socio-economic burden. In 2013, its prevalence was 2.1 cases per 1000 live births [6].
However medical advancements and socioeconomic development have reduced the preva-
lence by about 25% to 1.6 per 1000 live births [7], although the prevalence varies according

Sensors 2022, 22, 9910. https://doi.org/10.3390/5s22249910

https:/ /www.mdpi.com/journal /sensors


https://doi.org/10.3390/s22249910
https://doi.org/10.3390/s22249910
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-1876-1399
https://orcid.org/0000-0003-4822-5260
https://orcid.org/0000-0001-5301-9475
https://orcid.org/0000-0002-8430-5500
https://orcid.org/0000-0003-3160-7692
https://doi.org/10.3390/s22249910
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s22249910?type=check_update&version=1

Sensors 2022, 22,9910

2 of 28

to the country’s development level [5,8]. The prevalence in high-income countries is about
1.6 cases per 1000 live births, while for middle-income countries it is doubled, reaching
3 cases per 1000 live births [9]. The etiology of CP is multifactorial, it is essential to know
its specific origin for appropriate management, prognosis and rehabilitation [10]. Causes
or risk factors involved in CP can be antenatal and perinatal (prematurity, lower birth
weight, brain malformations, or brain hypoxia due to birth asphyxia) [11], or related to the
mother (maternal obesity, unhealthy habits and lifestyle or infection during pregnancy) [12],
prematurity and birth asphyxia being the most common causes [13]. Diagnosis is usually
carried out between 12 and 24 months of life, through a clinical evaluation, assessing
the presence of clinical risk factors and neuroimaging [14]. Latest advances in medical
technology have allowed making a diagnosis at 6 months [8]. Generally, CP is classified
according to its clinical symptoms as ataxic, hypotonic, dyskinectic and spastic, spastic CP
being the most common diagnostic (85%-91%) [8]. In addition, signs and symptoms can
appear unilaterally (monoparesis or hemiparesis), or bilaterally (diparesis, tripparesis and
tetraparesis) [15].

CP implies the presence of different impairments, such as motor, sensory, cognitive,
communicative, perceptual, behavioral, sleep or nutritional and digestive, among other
deficits [16-20]. Motor disorders are the most common symptoms in these patients and
are produced by damage in the motor brain cortex and the descending medullar path-
ways, particularly the corticospinal tract [21,22]. Muscle impairments due to spasticity or
hypertonia, stiffness, weakness or hypotonia, reduced strength or muscle pain are some
examples of these motor symptoms [23,24], which reduce joint range of motion, selective
motor control and gross motor skills [25], impairing the performance of activities of daily
living [26,27]. In addition, visual or vestibular disturbances produce gait [28] and balance
disorders [29], which increase the risk of falls. On the one hand, gait is a motor function
that makes possible mobility and exploration of the environment. It is closely linked to
children’s functional capacity and quality of life. Thus, its alteration will affect different
levels of child development [30]. Related to gait disorders, these patients present low gait
speed, large individual support, short step length and step width and reduced cadence of
gait, producing poor dynamic gait stability [31]. These gait impairments are compensated
with an increased number of strides and wider stride width [32]. On the other hand, chil-
dren with CP show important difficulties to maintain the balance while they are walking,
running or in standing up position. Regarding their sitting abilities, these patients develop
unsafe and inadequate posture due to the weakness of trunk muscles and poor back motor
control [33].

The scientific literature published to date indicates that the most appropriate treat-
ments to promote gross motor function in CP are based on functional therapy, which
characterizes by the execution of movements proper of motor skills included in activities
of daily living [34]. In the rehabilitation of gait and balance disorders in children with
CP, classical passive conventional therapy and locomotor training using treadmills are
the preferred therapies to restore gait and balance. However, in the last few years for the
rehabilitation of gait, balance and functional upper extremity movements in children with
CP, technological advances have introduced new devices such as virtual reality hardware
and software, sophisticated balance platforms or kinematic sensors, such as Leap Motion
Controller™ with valuable results [35-39]. Among these new technological approaches for
rehabilitation in adulthood and childhood is the use of robotic devices [40,41], especially
for gait training in patients with neurological deficits [42]. Robot-assisted gait therapy
(RAGT) devices use an orthosis anchored to the body through an adjustable harness, which
allows assisted walking on the treadmill [43]. These devices, as Lokomat® as an example
of one of the most used RAGT devices in these children, is provided by sensors in hips
and knees joint that measure the human-machine interaction forces [44], adapting the
movement and assisting the children in maintaining the gait trajectory [45]. This robotic
technology allows longer training at variable speeds, while maintaining the same constant
gait pattern [46]. Robotic devices allow and provide help to the leg movement during
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the gait cycle, and facilitate that brain receives sensory signals, which favors gait- and
balance-related neuroplasticity [47]. RAGT is based on sensorimotor learning principles
through intensive and repetitive simulation of different gait phases, along with visual
and auditive stimulation. It also permits adjustments and modifications of the exercise,
adapting the therapy to patient demands and needs [48], helping to reacquire a functional
gait. Currently, it has acquired good acceptance in the clinical field regarding different
neurological disorders such as spinal cord injury [49], stroke [50] or neurodegenerative
processes such as Parkinson’s syndrome [51] or multiple sclerosis [52].

In the last 15 years, several studies have assessed the usability and effects of RAGT in
children with CP, in comparison to CT or TT [53-55]. There is evidence from three previous
published reviews showing that RAGT may be a safe and useful therapy to be used in the
recovery of gait, balance and gross motor function disorders in these children. However,
these reviews do not report substantial variation between RAGT and other therapies, such
as CT or TT [56-58]. In 2021, Cumplido et al. conducted a systematic review that included
21 articles (only five were CP, mixed with spinal muscular atrophy, and not all of them were
designed to compare two groups) published until 2020, in which the year of publication
filter was included as well as the age of the participants [56]. Another study by Volpini
et al. conducted a meta-analysis in 2022 including seven studies that analyzed the effect
of RAGT on gross motor function and walking distance. This was the first meta-analysis
suggesting that RAGT could be effective in the management of CP [57]. Finally, in 2022,
Conner et al. published a meta-analysis including eight studies assessing the effectiveness
of RAGT on gross motor function, walking distance and gait speed. However, their results
did not find a significant difference across therapies (RAGT vs. others) [58]. However,
these three reviews have some limitations that must be considered: (1) The number of
studies published to date and the number of contributing participants was small, which
reduces the robustness of the results; and (2) additional gait parameters such as step and
stride length, width step or cadence have not been assessed to date. Taking into account
that new studies have been published recently and the small number of studies included
in the previous reviews, we have carried out a bibliographic search devoted to collecting
all the scientific evidence available to date in order to assess the effect of RAGT (alone
or combined with other therapies) on gait, balance, gross motor function and functional
independence in CP children, compared to CT or TT. Additionally, we also want to assess
the effect of RAGT according to different follow-up times (4-6 weeks and 2 and 3 months).

2. Materials and Methods
2.1. Study Design

This systematic review with meta-analysis has been carried out and reported fol-
lowing the recommendations of the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines [59] and the Cochrane Handbook for Systematic Reviews of
Interventions [60]. The methodology of this review was previously registered in the Inter-
national Prospective Register of Systematic Reviews (PROSPERO), under the following
number: CRD42022372589.

2.2. Source Data and Search Strategy

Two authors (I.C.-P. and H.G.-L.), independently, carried out a bibliographic search
in PubMed Medline, Web of Science (WOS), Scopus, CINAHL Complete, PEDro (Phys-
iotherapy Evidence Database) and SciELO up to October 2022. The retrieved full-text
reference lists and gray literature were screened. A third author (E.O.-G.) was in charge of
resolving discrepancies in this phase. For the search strategy, the PICOS tool proposed by
the Cochrane Library [60] was used, identifying those studies susceptible to be included
according to population (CP), intervention (RAGT), comparison (CT or TT), outcomes (gait,
balance, gross motor function and functional independence) and study design (randomized

and non-randomized controlled clinical trials (CCT)). The keywords “robotic”, “robotic gait
assisted training” and “cerebral palsy” were used in the search strategy. Boolean operators
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“AND/OR” and specific tags were employed to combine these keywords for each database.
No restrictions related to language, publication data and free-full text access were used.
Table 1 shows the search strategies used for each database.

Table 1. Search strategies in databases.

Database Search Strategy
(cerebral palsy [mh] OR cerebral palsy [tiab]) AND
PubMed Medline (robot [tiab] OR robotic [tiab] OR exoskeleton [tiab] OR

robotic gait assisted training [tiab])
TITLE-ABS-KEY (“cerebral palsy”) AND
SCOPUS TITLE-ABS-KEY (“robotic” OR “exoskeleton” OR “robot
gait assisted training”)
TOPIC: (*cerebral palsy*) AND TOPIC: (*robotic* OR

Web of Science *exoskeleton* OR *robot gait assisted training?*)
AB (cerebral palsy) AND AB (robotic OR exoskeleton
CINAHL Complete OR robot gait assisted training)
PEDro cerebral palsy AND robotic cerebral palsy AND robot
SciELO cerebral palsy AND robotic

2.3. Study Screening: Inclusion and Exclusion Criteria

Two blinded authors (I.C.-P. and H.G.-L.), independently, reviewed the titles and
abstracts of the records retrieved from databases. Doubts were resolved by a third author
(E.O.-G.). All the studies selected by at least one of the investigators according to their
title or abstract were then examined in detail for inclusion. Studies included in the review
met all the following inclusion criteria: (1) CCT, pilot CCT or crossover CCT before to
first crossover; (2) in which the effect of RAGT was analyzed; (3) compared to other
interventions, such as CT or TT; (4) on the outcomes of interest (see Section 2.5); (5) in
children with CP; and (6) providing quantitative data of the variables of interest after to
finish the intervention. Exclusion criteria were (1) Non CCT; and (2) studies in which the
sample included a range of neurological pathologies apart from CP and did not present
their results disaggregated by pathology.

2.4. Data Extraction

This phase was carried out by two authors (N.G.-G. and A.B.P-R.), who indepen-
dently, extracted data from studies and compiled it in a standardized Excel sheet form.
Disagreements were solved with the collaboration of a third author (E.O.-G.).

Data referred to: (1) the general characteristics of each study (authorship, study
design, country and date of publication); (2) characteristics of the participants (study
sample, number of groups, mean age, gender and type of CP); (3) characteristics of the
intervention and control groups (type of therapy, type of RAGT device used, duration
of the treatment in weeks, number of sessions per week and session duration); (4) post-
intervention quantitative data of the variables of interest (mean and standard deviation);
and (5) assessment time (post-intervention, follow-up 4-6 weeks and 2 and 3 months
after to end the therapy). When a study did not provide standard deviations, they were
calculated using standardized transformations through standard error, range, interquartile
range and median [60,61].

2.5. Variables

The main variables analyzed in this systematic review were gait, gross motor function
and functional independence. Related to gait, gait speed, step and stride length, width step,
walking distance and cadence were assessed. Regarding gross motor function, we assessed
the balance for standing position, walking, running and jumping and the total score of the
gross motor function.
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2.6. Methodological Quality and Quality of Evidence Assessment

The methodological quality of the included studies and the quality of evidence of their
main findings were assessed by two authors (F.A.N.-E. and N.G.-G.), independently, and
the doubts were consulted upon by a third author (H.G.-L.).

At first, the methodological quality of the included studies was assessed using the
PEDro scale [62]. The PEDro scale is an 11-item checklist that can be scored as “yes”
if the criterion is met and “no” otherwise. The total score can range from 0 (very low
methodological quality and high risk of bias) to 10 (excellent methodological quality and
very low risk of bias), while item 1 is not used to calculate the total score due to its
relationship to external validity [62]. The methodological quality of a study is considered
“excellent” if it reaches a score of 9 to 10 points; “good” for a score of 6 to 8 points; or “fair”
for a score between 4 and 5 points; and “low quality” for a score lower than 3 [63].

On the other hand, we used the Grading of Recommendations Assessment, Devel-
opment and Evaluation (GRADE) to assess the quality or level of evidence in the meta-
analysis [64]. To assess the quality of evidence we took into account five items: risk of
bias present in each study included, heterogeneity or inconsistency, indirect evidence,
inaccuracy and risk of publication bias in each meta-analysis. All these, except the risk
of bias in individual studies, were assessed using the GRADE checklist of Meader et al.
(2014) [65]. The level of heterogeneity in each meta-analysis was used to assess the incon-
sistency (see Section 2.7). The precision was estimated taking into account the number of
participants in each study (large > 300 participants, moderate 300-100 participants and
low < 100 participants) and the number of studies included (large > 10 studies, moderate
10-5 studies and low < 5 studies). Indirect evidence was considered in those articles in
which the results were indirectly measured [60]. Finally, the level of evidence can be: (1)
high, when findings were robust; (2) moderate, if results might change after including new
studies; (3) low, if the level of confidence in our original effect was very slight; and (4) very
low, when some items from Meader’s checklist were not present.

2.7. Statistical Analysis

The meta-analysis was performed by two authors (E.O.-G. and I1.C.-P.) using the soft-
ware Comprehensive Meta-Analysis version 3.0. (Biostat, Englewood, NJ, USA, EE. UU.) [66].
To perform the meta-analysis for a variable, at least, two comparisons from one or more
studies must be reported. The pooled effect was calculated using Cohen’s standardized
mean difference (SMD) [67] and its 95% confidence interval (95% CI) according to the guide-
lines established by Cooper et al. [68] in a random effect of DerSimonian and Laird [69].
The pooled effect can be interpreted as a four-level effect: no effect (SMD 0), small (SMD
0.2), medium (SMD 0.5) and large (SMD > 0.8) [70]. The findings of each meta-analysis were
displayed using the forest plots [71]. Red diamonds indicate the overall results of the meta-
analysis. The center of the diamond corresponds to the overall effect value and its width
represents the overall confidence interval. The difference between the intervention and
control groups can be considered statistically significant if the diamond is clearly positioned
to one side of the reference line, but if it overlaps or just touches the line, no conclusions can
be drawn. The p-value for the Egger’s test (p < 0.1 indicating risk of publication bias) [72],
the visualization of the funnel plot [73] (asymmetry indicates a possible risk of publication
bias), and the trim-and-fill estimation [74] was used to estimate the risk of publication
bias. When the trim-and-fill estimation reported a variation major than 10% with respect
to the original SMD, the level of evidence was downgraded by one level [75]. The level
of heterogeneity was calculated by using the Q-test and its p-value (p < 0.1 indicates the
existence of heterogeneity) and the degree of Inconsistency (I?) established by Higgins [76].
So, the level of heterogeneity can be rated as low (I> < 25%), moderate (I between 25-50%),
or large (I? > 50%) [77].

For each outcome, a meta-analysis was performed grouping the studies according
to specific comparisons: RAGT vs. TT, RAGT vs. CT and RAGT plus CT vs. TT. The
global effect including all the studies in the same group was not calculated due to the
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variability in the comparisons. Finally, subgroup analyses were performed for the follow-
up assessments (4—-6 weeks, 2 months and 3 months). Meta-regression was performed to
assess differences in the pooled effect according to different study designs (randomized or
non-randomized CCT).

3. Results
3.1. Search Results

The initial search identified 1806 potential articles (PubMed Medline n = 311; SCOPUS
n =774; WOS n = 560; CINAHL Complete n = 125; SciELO n = 1; PEDro n = 28; and other
sources n = 7). A total of 612 studies were screened by title and abstract and 433 were
excluded for not being relevant. Later, 164 studies that did not meet the inclusion criteria
were removed. Finally, 15 studies were included in the meta-analysis [78-92]. Figure 1
shows the PRISMA flow diagram corresponding to the study selection process.

Records identified through
= database searching (n = 1799)
2 PubMed n =311
.;. Scopus n =774
= Web of Science n = 560
k= CINAHL n =125 Additional records identified
g T
E SGELOn=1 through other sources
PEDro n = 28 (=7
v L 4
Records screened after
duplicates removed (n = 612)

=1 §
.5

=

7]

g ¥

7]

145]

Records screened > Records excluded for not
(n=612) being relevant (n = 433)
—

Puﬂ—;e;f re]ior_:js]itv Full-text articles excluded
= assesse _O?L;; SO ®|  for not meet the inclusion
Ea (ﬂ - ) criteria
B (n=164)

E Not CCTn=60
v Not exclusively CP n =41
Studies selected for Only one gl‘O‘I:.lp " 1?
quality appraisal Not robot-assisted gait
S (;1 -15) therapy n =48
=
7]
=1
= \d
-
o
E Studies included in the
meta-analysis (n = 15)
—

Figure 1. PRISMA Flow Diagram.

3.2. Characteristics of the Included Studies

The included studies were carried out in Italy [80,89,91], France [81,82], Poland [85,88],
Turkey [79,84], Slovakia [87], Switzerland [78], Australia, Saudi Arabia [92], Korea [86]
and the United States [83] during the period between 2011 and 2021. Fourteen CCTs were
randomized [78-83,85-92] and only one was non-randomized [84]. These studies provided
data from 413 participants with a mean age of 10.33 & 4.1 years old (185 girls and 228 boys).
All subjects were diagnosed with unilateral (hemiplegic) and bilateral (diplegic, triplegic
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or tetraplegic) spastic CP. According to the Gross Motor Function Classification System
(GMECS), we collected data from participants in GMFCS I, II, III, IV and V, most of the cases
being in GMFCS 1II, III and I (in this order). A total of 203 participants had been allocated to
the experimental intervention groups receiving RAGT; while 210 participants were allocated
to the control intervention group receiving CT or TT therapy. Table 2 shows, in detail, the
characteristics of the studies included in this review. In the intervention group, the RAGT
devices used were: Lokomat® [78,79,81,82,85,87,89,91,92], Walkbot-K [86], EksoGT [88],
RT600 [90], Gait Trainer GTI® [80], 3DCaLT® [83] and Innowalk Pro [84]. The duration of
the intervention for each study is detailed in Table 3. Regarding the assessment time, all
the studies reported data just at the end of the therapy (post-intervention), with 2 studies
performing an additional follow-up between 4 and 6 weeks, other 2 studies at 2 months and
3 at 3 months. Finally, six of the studies included in this meta-analysis received external
funding [78,86-88,90,92].

3.3. Methodological Quality of Included Studies

According to the PEDro scale, the mean score of the included studies was 5.73 £+ 1.1,
indicating a fair methodological quality. Thirteen studies included in this meta-analysis
showed fair methodological quality [78-81,83-89,91,92], one study showed low method-
ological quality [82], and one study showed high methodological quality in this scale [90].
No study met items 5 and 6, which implies a large risk in performance and detection,
respectively. Concealed allocation was not met in 11 studies, entailing a selection bias issue.
Table 4 shows the score for each item on the PEDro scale.

3.4. Quantitative Synthesis

Ten outcomes were assessed in the meta-analysis gait speed, step length, width step,
stride length, walking distance, cadence, standing up gross motor function, walking-
running and jumping gross motor function, total gross motor function and functional
independence. Table 5 shows the main findings of the meta-analysis.
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Table 2. Characteristics of the studies included in the systematic review and meta-analysis.

Study Funding N F/M CP Type TC GMECS Groups Age (Years) Evaluation Outcomes Test
Gait speed
Ammann-Reiffer, In=9 CGn=8 T: post- Gross motor 10MWTS
Cetal., 2020 Yes 16 3/13 Spastic Bilateral IMn=>5 EG n B 8 11.34+23 intelrx})ention function GMFM-88 D, E
(Switzerland) [78] IVn=2 - Walking 6MWT
distance
Gait speed 3D gait
Gross motor .
. . CGyn=10 . T post- function analysis
Aras, B et al., 2019 No 29 11/18 Spastic He.rmpl?glc n=9 IIn=24 CGyn=9 93423 intervention Stride length GMFEM-66 D, E
(Turkey) [79] Diplegic n =20 Min=5 _ T, Follow-up . m
EGn=10 Walking
(2 months) - 6MWT
distance Step /min
Cadence p
S Step length M
Druzbicki, M et al., . . . IIn=23 CGn=9 Tq post- t
2013 (Poland) [85] No 35 19/16 Spastic Diplegic Mn=12 EGn =26 10.6 £2.3 intervention Gait speed m/s
Step width m
. Spastic n =17 . N On=5 _
] ml(IIch:IrE;)a%é 62]020 Yes 20 7/13 Dyskinetien=1 | omPleBic =1 Mn=9 e 6.8 +22 PO Gait speed m/s
Mixed 7 = 2 plegicn = IVn=6 =
In=1
Klobuck3, S et al.
4 LN . . . In=7 GCn=26 T; post- Gross motor GMFM-88, D,
2020 (Slovakia) Yes 47 20/27 Spastic Diplegic Mln=21 GEn=21 212453 intervention function E and total
(871
IVn=18
Ty post- Gait speed m/s
Manikowska, F I-11 CGn=17 intervention Cadence Step,/min
etal., 2021 Yes 26 10/16 Spastic Bilateral n=17 _ 148 £1.9 T, post- . p
EGn=9 . . Step width m
(Poland) [88] M-IVvn=9 intervention Step leneth m
(6 weeks) pleng
: Gross motor GMFM-88 D, E
Peri, E et al., 2017 . . In=14 CGin=10 T post- X 4
(Italy) [89] No 44 22/22 Spastic Bilateral In=16 EG n=12 8.7+1.7 intervention funct}on and total
My =14 EG, 1= 10 T, post- Walking 6MWT
Iln=16 EGsn=12 intervention distance
(3 months) Gross motor GMFM-
Pool, D et al., 2021 Mn =16V =" g, -2 Ty post function 88 total
, o = - 1 - -
(Australia) [90] Yes 40 18/22 NR NR 10 EGn=20 5-12 (range) intervention Gait Sp ced 10MWTS
Vn=14 Functional WeeFIM

Independence
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Table 2. Cont.

Study Funding N FM CP Type TC GMEFCS Groups Age (Years) Evaluation Outcomes Test
; Gross motor GMFM-88D, E
Romei, M et al., . . In=6 CGn=10 Ty post- . ’
2012 (Italy) [91] No 19 11/8 Spastic Bilateral On=11 EGn=9 81+17 intervention &nﬁ?on and total
In=3 T, post- vatang 6MWT
intervention distance .
Sarhan, RSM et al., CCn=6 (3Tnpoths) Cadence step/min
2014 (Saudi Yes 12 5/7 Spastic Diplegic I-IV EG n - 6 42+07 int rv?r;ti 0 Gait speed m/s
Arabia) [92] - erventio Stride length m
Gait speed
In=6 T; post- Walking m/s
. L ~ intervention distance 6MWT
Smania, N et al., . Diplegic n =11 On=2 CGn=9 m .
2011 (Ttaly) [80] No 18 8/10 Spastic Tetraplegic 1 = 7 Mn=3 EGn=9 125+29 ~ Ty post- Cadlenceh step/min
Nne7 intervention Step lengt m
(1 month) Functional WeeFIM
Independence
Wallard, L et al., . . . CGn=16 Ty post- Gross Motor
2017 (France) [81] No 30 15/15 Spastic Diplegic 1T EGn=14 89+14 intervention Function GMFM-88 D, E
Gait speed m/s
Wallard, L et al,, . . . CGn=16 T; post- Cadence step/min
2018 (France) [82] No 30 15/15 Spastic Diplegic 1 EGn=14 89414 intervention Step length m
Step width m
Gait speed m/s
Wu, M et al., 2017 . Diplegicn =11 In=3 CGn=12 T post- Gross Motor GMFM 88 D,
(United States) [83] No 2 9/14 Spastic Triplegicn =1 IIn=9 EGn=11 10.9+32 intervention Function E, total
Tetraplegicn =7 In=8 T, post- Step length M
IVn=3 int ti i
n intervention Walkmg 6MWT
(2 months) distance
Gait speed
int£ ;fe%stti_on Gross Motor 10MWTS
Yazici, M et al., . . . CGn=12 FunctionWalk- GMFM 88 D,
2019 (Turkey) [84] No 24 12/12 Spastic Hemiplegic I-II EGn=12 8.5+ 8.5 . T post- ing distance E6MWT
intervention .
(3 months) Functional FAQ-WL
onths Independence

Abbreviations: CG, Control Group; CP, Cerebral Palsy; D, Dimension D (Standing); E, Dimension E (Walking, running and jumping); EG, Experimental Group; F, Females; GMFCS,
Gross Motor Function Classification System; GMFM, Gross Motor Function Measure; K, Number of Comparisons; m, Meters; M, Males; min, Minutes; N, Number of Participants; RTC,
Randomized Controlled Trial; TC, Topographical Classification; 10MWTS, Ten-meter walking test; 6MWT, Six minutes walking test; WeeFIM, Wee Functional Independence Measure;
FAQ-WL, Functional Assessment Questionnaire Walking Scale; NR, Not reported.
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Table 3. Characteristics of the studies included in the systematic review and meta-analysis.

Study Intervention Type Robot Session Time (min) Nsue I;:;s;sf Fr(zg;l‘f;:)c Y Tr]e);;itell(:tn (?vfk) Qualitative Findings
No significant differences were
Ammann-Reiffer, CG UC (CT) Lokomat® 45 35 2/3/2 5/5/5 found after the RAGT period in
Cetal., 2020 [78] EG RAGT 25 3/2 5/5 dimensions E (p = 0.91), D
(p = 0.46) and gait speed.
No statistically significant
Aras. B et al CG; PBWSTE (TT) difference among the groups
201’9 [79] M CG, ATE (TT) Lokomat® 45 20 5 4 according to the GFMF-D,
EG RAGT GMFM-E and 6MinWT
(p > 0.05).
Improvement of both groups in
gait speed with no significant
—_ difference between groups
e?;?lzgécllél’[gg] E GC gAIEG(,lE:PIE Lokomat® 45 20 5 4 (p= 0.5?09). I?ecreas? irT range
of motion with no significant
difference between groups
(p = 0.8676).
. No significant differences were
IIIE’OIEI(;I[ZE?I" EG ISAGGC"I:"T+ CT Walkbot-K system® 30 gz 33é§ 3 }; found a.fter the RAGT period in
gait speed (p = 0.223).
Statistically significant
Klobucka, S et al., CGCT difference (p < 0.001) and large
2020 [87] EG RAGT Lokomat® 45 20 3 6 effect size if GMEM in favor of
the RAGT group.
. 10 Walking speed significantly
gaﬁ?}(;gglﬁ’; EG RCAGG(;T_'_ CT EksoGT® 30-60 30 5 (2 wk work + 2 wk improved (2 vs. t3, p = 0.02) for
break) group AS.
CG; TOP10 (CT) 4 10 No differences among the
. EG; RAGT 4 groups. Only RAGT and TOP
Peri, E. ggal., 2017 EG, RAGT + Lokomat® 45 40 2 4 2 18 %rouI;)s obta}i,ned significant
(891 TOP10EG3 RAGT + 4 N improvement in gross motor
+4 4 .
TOP4 function.
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Table 3. Cont.

. . . . Number of Frequency Duration of o N
Study Intervention Type Robot Session Time (min) Sessions (ss/wk) Treatment (wk) Qualitative Findings
Pool, D. et al., CGLT (TT) ® No significant differences
2021 [90] EG RAGT+LT RT600 60 18 3 6 between the groups.
Both groups improved GMFM
. scores with no statistically
Romei, M. et al., CG TOP (CT) ® 4 S .
Lokomat 30 40 10 significant differences. No
2012 [91] EGRAGT +TOP 2+2 improvement in their 6MinTW
scores.
EG significantly improves stride
Sarham, RSM CGCT Lokomat Pro Version 3040 30 3 10 length, cadence and gait speed
etal., 2014 [92] EG RAGT 4® (p < 0.001). CG does not show
significant improvement.
Comparison between the groups
shows statistically significant
Smania, N et al., CGCT . . ® 40 differences favoring the EG in
2011 [80] EG RAGT + CT Gait Trainer GT I 30 + 10 10 > 2 gait speed (p < 0.001), 6MinWT
(p = 0.015) and step length
(p = 0.004).
Statistically significant
Wallard, L. et al., CGCT ® differences favoring the EG in
2017 [81] EG RAGT Lokomat 40 20 5 4 dimension D (p = 0.048) and
dimension E (p = 0.026)
Significant differences were also
found for the intergroup
comparison in gait speed
Wauzzrfé [Léze]t al, Egigﬁ Lokomat® 40 20 5 4 (p = 0.031), cadence (p = 0.043),
step length (p = 0.042), step
width (p = 0.022) and step width
(p =0.029).
RT significantly increases
Wu, M. etal, CGTT ® walking speed (p = 0.03) and a
2017 [83] EG RAGT 3DCalT 30-40 18 3 6 greater increase in 6MinWT over

TT (p = 0.01).
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Table 3. Cont.

. . . . Number of Frequency Duration of o N
Study Intervention Type Robot Session Time (min) Sessions (ss/wk) Treatment (wk) Qualitative Findings

No between-group analysis is
performed but the within-group
analysis of the EG shows
- significant changes in GMFM-88
Yazici, M etal,, CGCT Innowalk Pro® 30 36 3 12 (p < 0.001), GMEM-D (p = 0.003)

201 [84] EG RAGT + CT and GMFM-E (p = 0.000) scores
in the short term, and the first

two are maintained in the long
term.

Abbreviations: CG, Control Group; EG, Experimental Group; ss, Sessions; wk, Weeks; CT, Conventional Therapy; RAGT, Robotic Assisted Gait Training; TT, Treadmill Training; UC,
Usual Care; PBWSTE, Partial Body Weight Supported Treadmill Exercise; ATE, Antigravity Treadmill Exercise; IE, individual exercise; TOP, Task-Oriented Physiotherapy.
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Table 4. Results of methodological quality and risk of bias on the PEDro scale.

Study 1 2 3 4 5 6 7 8 9 10 11 Total

Ammann-Reiffer, C. et al.,

2020 [78] Yes Yes No Yes No No No Yes Yes Yes Yes 6

Aras, B. et al., 2019 [79] Yes Yes Yes Yes No No No Yes No Yes Yes 6
Druzbicki, M. et al., 2013 [85] y Yes No Yes No No Yes No No Yes Yes 5
Jin, LH. et al., 2020 [86] Yes Yes No Yes No No Yes Yes No Yes Yes 6
Klobucka, S. et al., 2020 [87] No Yes No Yes No No No Yes Yes Yes Yes 6
Mamkowsk[z,;]:. etal, 2021 Yes Yes No Yes No No No Yes No Yes Yes 5
Peri, E. et al., 2017 [89] Yes Yes No Yes No No No Yes Yes Yes Yes 6
Pool, D. et al., 2021 [90] Yes Yes Yes Yes No No Yes Yes Yes Yes Yes 8
Romei, M. et al., 2012 [91] Yes Yes No Yes No No No Yes Yes Yes Yes 6
Sarham, RSM. et al., 2014 [92] Yes Yes No Yes No No No Yes Yes Yes Yes 6
Smania, N. et al., 2011 [80] Yes Yes Yes Yes No No Yes Yes No Yes Yes 7
Wallard, L. et al., 2017 [81] Yes Yes No Yes No No Yes No No Yes Yes 5
Wallard, L. et al., 2018 [82] Yes Yes No Yes No No No No No Yes No 3
Wu, M. et al., 2017 [83] Yes Yes Yes Yes No No No Yes No Yes Yes 6
Yazici, M. et al., 201 [84] Yes No No Yes No No No Yes Yes Yes Yes 5

Abbreviations: 1, Eligibility criteria; 2, Random allocation; 3, Concealed allocation; 4, Baseline comparability; 5,
Blind subjects; 6, Blind therapists; 7, Blind assessors, 8. Adequate follow-up; 9, Intention-to-treat analysis; 10,
Between-group comparisons; 11, Point estimates and variability. Note: Eligibility criteria item does not contribute
to total score.
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Table 5. Main findings in meta-analysis.
Findings Summary
Effect Size Heterogeneity Publication Bias
Variable Trim and Fill
(Post-Intervention Specific Comparison K N N, SMD 95% CI p Q (df) I (p) Egger p
Assessment) Adj SMD % var
Gait RAGT vs. TT 4 121 30.3 0.25 —0.15to 0.64 0.22 11.5 (4) 51.3% (0.02) 0.3 0.19 24%
Speed RAGT vs. CT 3 58 19.3 0.56 0.03to 1.1 0.04 2.52 (2) 20.6% (0.28) 0.65 0.56 0%
RAGT +CTvs. CT 5 123 24.6 —-0.1 —0.47 t0 0.29 0.63 2.12 (3) 0% (0.55) 0.05 —0.18 100%
Step RAGT vs. TT 3 81 27 0.1 —0.41t0 0.6 0.71 0.08 (2) 0% (0.96) 0.43 0.1 0%
Length RAGT +CTvs. CT 3 79 26.3 0.2 —0.28 to 0.67 0.43 0.27 (2) 0% (0.87) 0.52 0.2 0%
Step width RAGT + CT vs. CT 2 61 30.5 —0.28 —0.83t00.28 0.33 0.86 (1) 0% (0.35) NP NP NP
Stride length RAGT vs. TT 2 58 29 0.17 —0.46t0 0.8 0.6 0.27 (1) 0% (0.61) NP NP NP
RAGT vs. TT 3 81 27 0.1 —1to1.2 0.86 0.96 (2) 0% (0.62) 0.14 0.1 0%
Walking distance RAGT vs. CT 2 60 30 2 0.36 to 3.65 0.017 3.79 (1) 32.3% (0.05) NP NP NP
RAGT + CTvs. CT 5 149 29.8 0.35 —0.51to1.2 0.43 0.05 (2) 0% (0.97) 0.12 0.42 20%
RAGT vs. TT 2 58 29 0.09 —0.54 to 0.72 0.79 0.01 (1) 0% (0.92) NP NP NP
Cadence RAGT vs. CT 2 42 21 0.21 —0.4t0 0.82 0.5 0.01 (1) 0% (0.92) NP NP NP
RAGT + CT vs. CT 2 44 22 0.3 —031t00.92 033 0.3 (1) 0% (0.59) NP NP NP
RAGT vs. TT 3 81 27 —0.01 —0.52t0 0.5 0.96 0.11 (2) 0% (0.95) 0.27 —0.01 0%
Standing ability RAGT vs. CT 3 90 30 —0.12 —0.61t0 0.36 0.62 4.22 (2) 52% (0.12) 0.01 0.32 100%
RAGT + CTvs. CT 5 131 26.2 0.22 —0.13t0 0.56 0.21 0.19 (4) 0% (0.99) 0.88 0.22 0%
Walking, running and RAGT vs. TT 3 81 27 0.11 —0.49 t0 0.71 0.72 0.01 (2) 0% (0.99) 0.27 0.11 0%
. . bil RAGT vs. CT 3 90 30 0.7 0.09to 1.4 0.035 4.72 (2) 47% (0.05) 0.33 0.7 0%
jumping abilty RAGT +CT vs. CT 5 131 262 0.11 —0.31 to 0.54 0.61 0.48 (4) 0% (0.97) 0.09 0.22 100%
. RAGT vs. TT 2 63 31.5 0.15 —0.36 to 0.65 0.57 0.05 (1) 0% (0.82) NP NP NP
Gross motor function RAGT + CT vs. CT 4 154 38.5 0.18 —0.2 t0 0.56 0.36 0.42 (3) 0% (0.93) 0.2 0.23 22%
Funct. indep. RAGT + CT vs. CT 2 42 21 0.14 —0.46 t0 0.75 0.64 0.08 (1) 0% (0.77) NP NP NP

Abbreviations: K, Number of comparisons; N, Total sample size; Ns, Participants per study; SMD, Standardized Mean Difference; 95% CI, 95% Confidence Interval; p, p-value; Q, Q-test;
df, degree of freedom; 2, Degree of Inconsistency; Adj, Adjusted; % var, Percentage of variation; RAGT, Robotic-assisted gait training; TT, Treadmill Training; CT, Conventional Therapy;
Funct. Indep, Functional Independence; NP, Not possible to calculate.
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3.4.1. Gait Speed

Eleven studies [78-80,82-86,88,90,92] provided data to assess the effect of RAGT
on gait speed in the post-intervention assessment (just at the end of the intervention).
Three studies with four independent comparisons provided data to compare RAGT vs.
TT [79,83,90]; three studies with three independent comparisons compared RAGT vs.
CT [78,82,92]; and five studies with five independent comparisons compared RAGT plus
CT vs. CT [80,84-86,88]. Our findings showed statistically significant differences favoring
RAGT (SMD 0.56; 95% C10.03 to 1.1; p = 0.04) in comparison to CT (Table 5, Figure 2). Not
statistically significant differences were found between RAGT and TT (SMD 0.25; 95% CI
—0.15 to 0.64; p = 0.22) and between RAGT plus CT and CT (SMD —0.1; 95% CI —0.47 to
0.29; p = 0.63). Heterogeneity and risk of publication were not found when RAGT and CT
were compared (details in Table 5). Sensitivity analysis did not show substantial variations.
No differences were found in meta-regression in the comparison of RAGT plus CT vs. CT.

Group by Study name Statistics for each study Std diff in means and 95% CI
Comparison

Std diff Standard Lower  Upper

in means error Variance limit limit Z-Value p-Value
RAGT + CTvs CT Druzbicki et al., 2013 -0.111 0.387 0.150 -0.870 0.647 -0.287 0.774
RAGT + CTvs CT Jin et al., 2020 0.321 0.450 0.203 -0.561 1.203 0.713 0.476 E—
RAGT + CTvs CT Manikowska et al., 2021 0.103 0.412 0.170 -0.705 0.911 0.250 0.803
RAGT + CTvs CT Smania et al., 2011 -1.811 0.560 0313 -2.908 -0.714 -3.235 0.001  |Qie——
RAGT + CTvs CT Yazici et al., 2019 0.311 0.411 0.169  -0.494 1.116 0.756 0.449 —f—
RAGT + CTvs CT —-0.094 0.194 0.038 -0.473 0.286 -0.483 0.629
RAGT vs CT Ammann-Reiffer et al., 2020 0.100 0.500 0250 -0.881 1.081 0.200 0.842 4—
RAGT vs CT Sarhan et al., 2014 1.391 0.643 0.414 0.130 2653 2.163 0.031 e
RAGT vs CT Wallard et al., 2018 0.536 0.372 0.139 -0.194 1.266 1.439 0.150 -—.——
RAGT vs CT 0.560 0.271 0.073 0.029 1.091 2.066 0.039 --
RAGT vs TT Aras et al., 2019(1) -0.333 0.450 0203 -1.216 0.549 -0.740 0.459 B
RAGT vs TT Aras et al., 2019(2) 0.333 0.463 0214 -0.573 1.240 0.721 0.471 i
RAGT vs TT Pool et al., 2020 0.386 0.319 0.102  -0.240 1.012 1.209 0.226 et
RAGT vs TT Wu etal., 2017 0.462 0.443 0.196  -0.406 1.330 1.044 0.297 et
RAGT vs TT 0.247 0.202 0.041 -0.149 0.643 1.224 0.221 ’

-2.00 -1.00 0.00 1.00 2.00

Favours Control Favours RAGT

Figure 2. Forest Plot of Gait Speed (Post-Intervention Assessment) [78-80,82-86,88,90,92].

Subgroups analysis revealed that 4 or 6 weeks after the end of the intervention RAGT
plus CT is more effective (SMD —0.77; 95% CI —0.19 to 1.55; p = 0.067) than CT. Two months
later, no differences were found between RAGT and TT (SMD 0.26; 95% CI —0.25 to 0.77;
p =0.32).

3.4.2. Step Length

Five studies [79,80,83,85,88] assessed the effect of RAGT on step length at post-
intervention time. Three studies with three independent comparisons compared RAGT
plus CT vs. CT [80,85,88] and two studies with three independent comparisons, compared
RAGT vs. TT [79,83]. No statistically significant differences were found between RAGT and
TT (SMD 0.1; 95% CI —0.41 to 0.6; p = 0.71), and between RAGT plus CT and CT (SMD 0.2;
95% CI —0.28 to 0.67; p = 0.43) (Table 5, Figure 3). No heterogeneity nor risk of publication
bias was found for any comparison (details in Table 5).

At 4-6 weeks, no differences were found between RAGT plus CT vs. CT (SMD 0.34;
95% CI —0.27 to 0.95; p = 0.28). However, at 2 months follow-up, subgroup analysis
reported statistically significant differences in favor of RAGT vs. TT (SMD 0.88; 95% CI
0.32 to 1.43; p = 0.002).
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Group by Study name Statistics for each study Std diff in means and 95% CI
Comparison
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
RAGT + CTvs CT Druzbicki et al.,2013 0.108 0.387 0.150 -0.650 0.867 0.279 0.780
RAGT + CTvs CT Manikowska et al., 2021 0.253 0.414 0171 0557  1.064 0613 0.540
RAGT + CTvs CT Smania et al., 2011 0.240 0.473 0224 -0.687 1.167 0.507 0.612 -
RAGT + CTvs CT 0.193 0.243 0.059 -0.283 0.668 0.795 0.427
RAGT vs TT Aras et al., 2019(1) 0.000 0.447 0.200 -0.877 0.877 0.000 1.000
RAGT vs TT Aras et al., 2019(2) 0.000 0.459 0.211 -0.901 0.901 0.000 1.000
RAGT vs TT Wu etal., 2017 0.279 0.439 0193 -0582  1.139 0.635 0.526 =
RAGT vs TT 0.097 0.259 0.067 -0.410 0.604 0.374 0.708

-2.00 -1.00 0.00 1.00 2.00
Favours Control Favours RAGT

Figure 3. Forest Plot of Step Length (Post-Intervention Assessment) [79,80,83,85,88].

3.4.3. Step Width

Two studies [85,88] with two independent comparisons provided data to assess the
effect of RAGT plus CT vs. CT in step width in the post-intervention assessment. No
statistically significant differences were found between both therapies (SMD —0.28; 95% CI
—0.83 to 0.28; p = 0.33) (Table 5, Figure 4). Heterogeneity was not present and the risk of
publication bias could not be calculated (details in Table 5).

Group by Study name Statistics for each study Std diff in means and 95% CI
Comparison
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
RAGT + CTvs CT  Druzbicki et al., 2013 -0.529 0.392 0.154  -1.297 0.239 -1.349 0.177
RAGT + CTvs CT  Manikowska et al., 2021 0.000 0.412 0.170 -0.808 0.808 0.000 1.000
RAGT + CTvs CT -0.278 0.284 0.081 -0.834 0.279 -0.978 0.328

-2.00 -100 0.00 1.00 2.00

Favours RAGT  Favours Control

Figure 4. Forest Plot of Step width (Post-Intervention Assessment) [85,88].

3.4.4. Stride Length

One study [79] with two independent comparisons assessed the effect of RAGT, in
comparison to TT, on stride length in the post-intervention assessment. Our findings did
not show statistically significant differences between therapies (SMD 0.17; 95% CI —0.46 to
0.8; p = 0.6) (Table 5, Figure 5). Heterogeneity was not present and the risk of publication
bias could not be calculated (details in Table 5).

Group by Study name Statistics for each study Std diff in means and 95% ClI
Comparison
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
RAGTvs TT  Aras etal., 2019(1) 0.000 0.459 0.211 -0.901 0.901 0.000 1.000
RAGTvs TT  Aras etal., 2019(2) 0.333 0.450 0.203 -0.549 1.216 0.740 0.459
RAGT vs TT 0.170 0.322 0.103 -0.460 0.800 0.529 0.597

-2.00 -1.00 0.00 1.00 2.00
Favours Control Favours RAGT

Figure 5. Forest Plot of Step width (Post-Intervention Assessment) [79].
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3.4.5. Walking Distance

Seven studies [78-80,83,84,89,91] provided data to assess the effect of RAGT in the post-
intervention assessment. Two studies with two independent comparisons provided data
from the RAGT vs. CT comparison [78,89]; other two with three independent comparisons
for RAGT vs. TT [79,83], and four studies with five independent comparisons for RAGT
plus CT vs. CT [80,84,89,91]. Our findings showed statistically significant differences (SMD
2;95% CI 0.36 to 3.65; p = 0.017) favoring RAGT in comparison to CT (Table 5, Figure 6).
However, no statistically significant differences were found between RAGT and TT (SMD
0.1;95% CI —1 to 1.2; p = 0.86), and RAGT plus CT vs. CT (SMD 0.35; 95% CI —0.51 to 1.2;
p = 0.43). Moderate heterogeneity was present in the RAGT vs. CT meta-analysis (details in
Table 5). Meta-regression did not report differences.

Group by Study name Statistics for each study Std diff in means and 95% CI
Comparison

Std diff Standard Lower  Upper

in means error Variance limit limit Z-Value p-Value
RAGT + CTvs CT Peri et al., 2017 (1) 0.100 0.447 0200 -0.777  0.977 0.223 0.823
RAGT + CTvs CT Peri et al., 2017 (2) -0.036 0.428 0.183 -0.875 0.804 -0.083 0.934
RAGT + CTvs CT Romei, M et al 2012 0.063 0.460 0211 -0.838 0.963 0.136 0.892
RAGT + CTvs CT Smania et al., 2011 1.135 0.508 0.258 0.139 2.130 2.234 0.025
RAGT + CTvs CT Yazici et al., 2019 0.512 0.415 0.172  -0.301 1.325 1.233 0.217
RAGT + CTvs CT 0.346 0.434 0.189  -0.506 1.197 0.796 0.426
RAGT vs CT Ammann-Reiffer et al.. 2020 8.000 1.500 2.250 5.060 10.940 5.333 0.000
RAGT vs CT Peri et al., 2017 (3) 0.148 0.429 0.184 -0.692 0.989 0.346 0.729
RAGT vs CT 2.001 0.840 0.706 0.355 3.648 2.383 0.017
RAGT vs TT Aras et al., 2019(1) 0.081 0.447 0200 -0.796 0.958 0.182 0.856
RAGT vs TT Aras et al., 2019(2) -0.050 0.460 0211 -0.951 0.851 -0.109 0.913
RAGT vs TT Wu et al., 2017 0.264 0.439 0.193  -0.596 1.124 0.602 0.547
RAGT vs TT 0.099 0.560 0.314  -0.998 1.197 0.178 0.859

-2.00 -1.00
Favours Control

0.00 1.00 2.00
Favours RAGT

Figure 6. Forest Plot of Walking Distance (Post-Intervention Assessment) [78-80,83,84,89,91].

Subgroup analyses revealed no statistically significant differences between RAGT
vs. TT (SMD 0.02; 95% CI —0.49 to 0.53; p = 0.941) at 2 months follow-up. At 3 months
follow-up, no statistically significant differences were found between RAGT plus CT and
CT (SMD 0.07; 95% CI —0.36 to 0.5; p = 0.75).

3.4.6. Cadence

Five studies [79,80,82,88,92] provided data to assess the effect of RAGT on cadence
post-intervention. Two studies with two independent comparisons provided data from
RAGT vs. CT [82,92]; only one study [79] with two independent comparisons for RAGT vs.
TT; and finally other two studies with two independent comparisons for RAGT plus CT
vs. CT [80,88]. No statistically significant differences were found for RAGT vs. CT (SMD
0.21;95% CI —0.4 to 0.82; p = 0.5), RAGT vs. TT (SMD 0.09; 95% CI —0.54 to 0.72; p = 0.79)
and RAGT plus CT vs. CT (SMD 0.3; 95% CI —0.31 to 0.92; p = 0.33) (Table 5, Figure 7).
Heterogeneity was not present (details in Table 5).

At 4-6 weeks follow-up, no statistically significant differences were found between
RAGT plus CT and CT (SMD —0.06; 95% CI —0.67 to 0.55; p = 0.85). At 2 months follow-up,
no differences were reported between RAGT and TT (SMD 0.11; 95% CI —0.52 to 0.74;
p=0.73).
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Group by Study name Statistics for each study Std diff in means and 95% CI
Comparison

Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
RAGT + CTvs CT Manikowska et al., 2021 0.157 0.413 0170 -0652 0966 0380  0.704
RAGT + CTvs CT Smania et al., 2011 0.503 0.479 0229 -0436  1.441 1.050  0.294 -
RAGT + CTvs CT 0.304 0.313 0098 -0308 0917 0974 0330
RAGT vs CT Sarhan et al., 2014 0.263 0.580 033 -0.873 1400 0454 0650 —
RAGT vs CT Wallard et al., 2018 0.190 0.367 0135 -0529 0909 0517 0605
RAGT vs CT 0211 0.310 0096 -0397 0818 0679 0497
RAGT vs TT Aras et al., 2019(1) 0.112 0.448 0200 -0766 0989 0249  0.803
RAGT vs TT Aras etal., 2019(2) 0.062 0.460 0211 -0.839 0963 0135 0892
RAGT vs TT 0.087 0.321 0103 -0541 0716 0273 0785
-2.00 -1.00 000 1.00 2.00
Favours Control Favours RAGT
Figure 7. Forest Plot of Cadence (Post-Intervention Assessment) [79,80,82,88,92].
3.4.7. Standing Ability (GMFM-D Dimension)
Eight studies [78,79,81,83,84,87,89,91] reported data to assess the effect of RAGT on
standing ability. Three studies with three independent comparisons provided data on
RAGT vs. CT [78,81,89]; two studies with other three independent comparisons regarding
RAGT vs. TT [79,83]; and finally four studies with five independent comparisons for RAGT
plus CT vs. CT [84,87,89,91]. No statistically significant differences were found between
RAGT and CT (SMD —0.12; 95% CI —0.61 to 0.36; p = 0.62) and TT (SMD —0.01; 95% CI
—0.52 to 0.5; p = 0.96), respectively; and between RAGT plus CT and CT (SMD 0.22; 95% CI
—0.13 to 0.56; p = 0.21) (Table 5, Figure 8). Heterogeneity and risk of publication bias were
only present in the RAGT vs. CT meta-analysis (details in Table 5). No differences were
reported in meta-regression.
Group by Study name Statistics for each study Std diff in means and 95% CI
Comparison Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
RAGT + CTvs CT Klobucka et al,, 2020 0.247 0.294 0087 -0330 0824 0838  0.402
RAGT + CTvs CT Peri et al,, 2017 (1) 0.353 0.451 0203 -0531 1236 0782  0.434 -
RAGT + CTvs CT Peri et al, 2017 (2) 0.152 0.429 0184 -0688 0993 0355  0.723
RAGT + CTvs CT Romei et al., 2012 0.221 0.461 0212 -0682 1125 0480  0.631 L
RAGT + CTvs CT Yazici et al., 2019 0.113 0.409 0167 -0688 0914 0276 0782
RAGT + CTvs CT 0.219 0.175 0031 -0125 0562 1249 0212
RAGT vs CT Ammann-Reiffer et al., 2020 -1.000 0530 0281 -2039 0039 -186 0059
RAGT vs CT Peri et al., 2017 (3) -0.152 0.429 0184 -0993 0688 -0355 0723
RAGT vs CT Wallard et al., 2018 0.325 0.368 0136 -0397 1047 0883 0377
RAGT vs CT -0.121 0.247 0061 -0606 0363 -0491 0624
RAGT vs TT Aras etal., 2019(1) -0.068 0.447 0200 -0945 0809 -0.152  0.880
RAGT vs TT Aras etal., 2019(2) 0.114 0.460 0211 -0787 1015 0247  0.805
RAGT vs TT Wu etal., 2017 -0.076 0.437 0191 -0933 0780 -0.175  0.861
RAGT vs TT -0.013 0.259 0067 -0520 0493 -0052 0959

-2.00

-1.00

0.00

1.00

2.00

Favours Control Favours RAGT

Figure 8. Forest Plot of Standing Ability (Post-Intervention Assessment) [78,79,81,83,84,87,89,91].

No statistically significant differences between RAGT and TT were found (SMD —0.01;
95% CI —0.52 to 0.49; p = 0.94) at 2 months follow-up; and between RAGT plus CT and CT
(SMD —0.15; 95% CI —0.28 to 0.57; p = 0.5) at 3 months follow-up.



Sensors 2022, 22,9910 19 of 28
3.4.8. Walking, Running and Jumping Ability (GMFM-E Dimension)

Eight studies [78,79,81,83,84,87,89,91] reported data to analyze the effect of RAGT
on walking, running and jumping abilities (assessed with the GMFM-E Dimension) at
post-intervention. Three studies with three independent comparisons provided data for
RAGT vs. CT [78,81,89]; two studies with three independent comparisons for RAGT vs.
TT [79,83]; and finally, four studies with five independent comparisons for RAGT plus CT
vs. CT [84,87,89,91]. Our findings showed a greater improvement following RAGT (SMD
0.63; 95% CI 0.12 to 1.14; p = 0.015) than CT (Table 5, Figure 9). No statistically significant
differences were found between RAGT and TT (SMD 0.11; 95% CI —0.4 to 0.62; p = 0.67) and
between RAGT plus CT and CT (SMD 0.13; 95% CI —0.21 to 0.47; p = 0.46). Heterogeneity
was only present in the comparison between RAGT and TT, and the risk of publication bias
was present in RAGT plus CT vs. CT (details in Table 5). Meta-regression did not show
differences in pooled effect.

Group by Study name for each study Std diff in means and 95% CI
Comparison

Std diff Standard Lower  Upper

in means error Variance limit limit Z-Value p-Value
RAGT + CTvs CT Klobucké et al.,, 2020 0.201 0.205 0087 -0287 0869 098 0324
RAGT + CTvs CT Peri etal, 2017 (1) ~0.050 0.447 0200 -0926 0827 0411 0912
RAGT + CTvs CT Peri etal, 2017 (2) -0.090 0.428 0.184 -0930 0749 0210 0833
RAGT + CTvs CT Romei et al., 2012 0.09% 0.460 0211 0806 0997 0208 0835
RAGT + CTvs CT Yazici et al., 2019 0.197 0.409 0167 0605 0999 0481  0.630
RAGT + CTvs CT 0.130 0.175 0031 0213 0473 0741 0459
RAGT vs CT Ammann-Reiffer et al., 2020 2,600 0.679 0461 1260 3931 3828  0.000 —_—
RAGT vs CT Peri et al., 2017 (3) 0.004 0.428 0183 -0835 0843 0010 0992
RAGT vs CT Wallard et al., 2018 0512 0.372 0138 0217 1241 1377  0.169 o
RAGT vs CT 0.630 0.259 0067 0122 1139 2420 0015 <
RAGT vs TT Aras etal., 2019(1) 0.131 0.448 0200 -0746 1009 0293 0770
RAGT vs TT Aras etal., 2019(2) 0.065 0.460 0211 -0836 0965 0140 0888
RAGT vs TT Wu etal, 2017 0.136 0.437 0191 -0.721 0993 0311 0756
RAGTvs TT 0.112 0.259 0067 0395 0619 0432  0.666

200 -1.00 000 1.00 2.00
Favours Control Favours RAGT
Figure 9. Forest plot of walking, running and jumping ability (Post-Intervention

Assessment) [78,79,81,83,84,87,89,91].

Subgroup analysis reported that at 2 months follow-up, no statistically significant
differences were present between RAGT and TT (SMD 0.16; 95% CI —0.35 to 0.7; p = 0.53),
nor at 3 months follow-up between RAGT plus CT vs. CT (SMD 0.02; 95% CI —0.41 to 0.44;
p =0.92).

3.4.9. Gross Motor Function (Total Score)

Five studies [83,87,89-91] provided data to assess the effect of RAGT on total gross
motor function in the post-intervention assessment. Two studies with two independent
comparisons reported data for RAGT vs. TT [83,90], and three studies with four indepen-
dent comparisons for RAGT plus CT vs. CT [87,89,91]. The meta-analysis did not show
statistically significant differences between RAGT and TT (SMD 0.15; 95% CI —0.36 to
0.65; p = 0.57) and between RAGT plus CT and CT (SMD 0.18; 95% CI —0.25 to 0.56;
p = 0.36) (Table 5, Figure 10). Heterogeneity was not present and there is a potential risk of
publication bias in the RAGT plus CT vs. CT comparison (details in Table 5).

At 3 months follow-up, no statistically significant differences were found between
RAGT plus CT and CT (SMD —0.14; 95% CI —0.64 to 0.37; p = 0.6).
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Group by Study name Statistics for each study Std diff in means and 95% CI
Comparison Std diff Standard Lower  Upper
in means error Variance limit limit Z-Value p-Value
RAGT + CTvs CT Kiobucka et al., 2020 0277 0.295 0087 -0300 0855 0941 0347
RAGT + CTvs CT Peri et al., 2017 (1) 0.082 0.447 0200 -0794 0959 0184 0854
RAGT + CTvs CT Peri et al., 2017 (2) -0.022 0.428 0183 -082 0817 -0052 0958
RAGT + CTvs CT Romei et al,, 2012 0272 0.462 0213 -0633 1177 0589 0556 -
RAGT + CTvs CT 0178 0.194 0038 -0201 0558 0921 0357
RAGT vs TT Pool et al.,, 2020 0.188 0317 0100 -0433 0809 0592 0554
RAGT vs TT Wu etal, 2017 0.069 0.437 0191 -0788 0926 0158 0875
RAGT vs TT 0.147 0257 0066 -0356 0650 0572 0567
—2.00 -1.00 000 1.00 2.00
Favours Control Favours RAGT
Figure 10. Forest Plot of Total Gross Motor Function (Post-Intervention Assessment) [83,87,89-91].
3.4.10. Functional Independence
Two studies [80,84] with two independent comparisons assessed the effect of RAGT
plus CT vs. CT on functional independence in the post-intervention. No statistically
significant differences were found between therapies (SMD 0.14; 95% CI —0.46 to 0.75M
p = 0.64) (Table 5, Figure 11). Heterogeneity was not present and the risk of publication bias
could not be calculated (details in Table 5). No differences were found in meta-regression.
Group by Study name Statistics for each study Std diff in means and 95% CI
Comparison

RAGT + CTvs CT

RAGT + CTvs CT

RAGT + CTvs CT

Smania et al., 2011

Yazici et al., 2019

Std diff Standard Lower Upper

in means error Variance limit limit Z-Value p-Value
0.042 0.471 0222 -0.882 0.966 0.089 0.929
0.222 0.409 0.168  -0.581 1.024 0.541 0.588
0.144 0.309 0.096 -0.462 0.750 0.467 0.640

-2.00 -1.00
Favours Control

0.00 1.00 2.00
Favours RAGT

Figure 11. Forest Plot of Functional Independence (Post-Intervention Assessment) [80,84].

4. Discussion

Motor disabilities experienced by children with CP, such as muscle tone disorders,
stiffness, decreased joint range of motion and poor trunk motor control, among others,
cause a reduction of their functional mobility, quality of life and personal autonomy
or independence [93]. Three functions highly affected are gait ability, the capability to
maintain posture in seating and standing positions and gross motor skills [94-96]. Once
children receive a diagnosis of CP it is necessary to carry out an early care treatment
adapted to the characteristics of their pathology. This treatment will be provided by
clinicians, parents or professional caregivers during their lifetime [97]. Physiotherapy-
based conventional approaches and locomotor training using treadmills are the most
usual methods administered for the recovery of gait, balance, gross motor functional and
independence in these patients. Although these approaches have resulted in being effective
in these patients, they are passive techniques and sometimes patients report a lack of
motivation and monotony. In order to favor the active participation of the patient in
the therapy, some technological solutions have been used in the last years. One of these
advances relies on the use of robotic devices that assist patients in gait recovery or the
development of activities of daily living. Numerous original studies have assessed the
effect of RAGT in these patients, reporting a positive effect in gait and balance recovery.
However, there is no consensus on whether it is a better therapeutic option than CT or TT.
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Thus, the aim of this systematic review with meta-analysis was to retrieve all the scientific
evidence available to date to check if RAGT (used as isolated therapy or combined with CT
or TT) is more effective than CT or TT for improving gait ability, gross motor function and
functional independence in children with CP. In addition, we wanted to determine if the
effect of RAGT was maintained over time. After performing the meta-analysis, our findings
showed that RAGT can be better than CT for improving gait speed, walking distance and
walking-running and jumping ability in CP children.

To date, four recent systematic reviews have assessed the effect of RAGT on gait, gross
motor and functional disability in children with CP [56-58,98]. Carvalho and colleagues, in
2017, performed a meta-analysis with 10 studies (including observational and experimental
designs) to assess the effect of RAGT vs. other therapies, without reporting statistically
significant differences for gait speed, walking distance and gross motor function [98].
Cumplido and colleagues compiled 21 studies with different designs, such as case reports,
case series, quasi-experimental studies and RCT, which assessed the effect of RAGT in
children with CP and spinal muscular atrophy [56]. Regarding CP, RAGT seemed to be safe
and the qualitative analysis reported positive results. Later, Volpini and colleagues assessed
the effect of RAGT on gait speed, walking distance and the D and E dimensions of gross
motor function collecting data from 7 studies and 77 individuals [57]. However, they did
not perform specific comparisons, as has been done in the current review. They assessed
the improvement between pre- and post-RAGT, and in a long-term follow-up, showing
that RAGT can be useful to improve waking distance in the short-term, but they did not
inform if RAGT is more effective than other therapies. Finally, Conner and colleagues
compiled 8 RCTs providing data from 188 individuals with CP to assess if RAGT is more
effective than other therapies. These authors did not discriminate the type of control
therapy [58]. Their findings showed that RAGT was not better than control therapies
in improving walking distance, gait speed and the D and E dimensions of gross motor
function. It is not easy to compare our results with the previous reviews as our analysis has
considered specific control comparisons, the meta-analysis by Carvalho and Corner is the
most similar to our study. In addition, previous reviews have only considered variables
such as walking distance, gait speed or the D and E gross motor dimensions, neglecting
that gait is a complex ability and it is important to assess other parameters such as cadence,
step and stride length, width step or functional independence, variables that we have
assessed here. Therefore, our systematic review differentiates itself from previous reviews
and completes a gap of knowledge about the effect of RAGT in children with CP, compared
to the classical approaches (CT or TT). An additional strength of our review is that the
current meta-analysis has included the larger number of CCT published to date, a total of
15 studies including data from 403 participants, which shows the interest of the authors
to include all the existing studies and reduce the possibility of risk of publication bias in
the review.

Our meta-analysis has also assessed a larger number of gait-related parameters, such
as step and stride length, width step or cadence, apart from classical outcomes like gait
speed and walking distance. Compared to classical CT, our findings show a large effect
in favor of RAGT in improving gait speed, walking distance and walking-running and
jumping ability (E dimension of gross motor function) in patients with CP just at the end of
the therapy (post-intervention). These findings disagree with Carvalho (2017) and Conner
(2022), who did not obtain statistically significant differences between RAGT and other
therapies [58,98]. However, in our study, we did not find differences between RAGT and CT
in improving step and stride length, width step, cadence or standing ability (D dimension
of gross motor function). The improvements observed in gait speed, walking distance
and the E dimension of gross motor function, in comparison to CT, are clinically relevant
regarding the personal autonomy of CP children. The RAGT physical exercise approach
improves aerobic capacity and increases gait speed and walking distance [99], which allows
for performing more activities of daily living requiring movement without getting tired
and without needing so much assistance from relatives or caregivers. This meta-analysis
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provides relevant evidence regarding RAGT as the better therapeutic option, compared to
CT, for the recovery of the gait speed and dynamic balance associated with locomotion.

Regarding the comparison between RAGT and TT, our findings showed differences
between these therapies in favor of RAGT for step length at a two-month follow-up. No
differences were found at post-intervention time for any variable. Moreover, these findings
cannot be compared with previous reviews as this is the first one that has specifically
assessed the efficacy of RAGT vs. TT. Therefore, we suggest that the main effect of RAGT
with respect to classical TT appears at mid-term, although it is not possible to confirm if this
effect is maintained for more time because no studies have compared the effect of RAGT vs.
TT after two months. Nevertheless, these findings must be considered with caution due to
the small number of studies included in the review, which reduces the accuracy and quality
of the evidence. The current findings can be explained by the similarity between RAGT
and TT therapies. Both require the active participation of the patients and, in both cases,
they receive external support, either from the robot or from a suspended load. The only
difference between them is that RAGT helps to perform the movement, whereas, in TT, it is
the subject who starts and stops the movement, increasing fatigue and reducing efficacy.

One interesting finding of this review is that it suggests that the use of RAGT combined
with CT is not superior to CT alone in improving gait, gross motor function and functional
independence. Sometimes, the combination of two or more therapies in patients with large
disabilities can increase muscle fatigue, making it difficult to carry out the therapy, creating
a feeling of frustration in these patients, a consequence of not achieving any improvement
in the trained skills. However, it is necessary to point out that these results present low
levels of evidence and precision, especially regarding the functional independence variable,
due to the small number of comparisons per meta-analysis and the risk of publication bias
that could underestimate the results against RAGT.

A possible explanation for the lack or reduced difference among the analyzed therapies
is the heterogeneity of treatment protocols, as there is uniformity in the number of sessions
and time per session. This made difficult the comparison among studies, and subgroup
analysis according to the treatment dose was considered. However, in some cases, the
number of comparisons by meta-analysis was only one, which would not provide further
evidence than the particular study, with very low-quality evidence. Finally, most of the
published literature included Lokomat® as the gait assistant robot device, as do most of
the studies included in the present review. Therefore, this device can be considered the
most effective robot assistance device to be used in the gait rehabilitation of CP children.
Lokomat® is a suitable and safe robot device used in pediatric patients, made by a treadmill,
a patient suspension system and lower extremity orthoses electronically controlled by a
specific software that synchronizes the treadmill gait, the body weight support and the
movement of lower limb orthoses according to the characteristics of each patient, which
permits the personalization of the therapy [100].

The improvements produced by RAGT can be due to different reasons. Firstly, RAGT
facilitates patients’ alternate step movements, which would reproduce patterns of physi-
ological muscle activation [101] and increase motor learning as a result of a task-specific
repetitive approach [102]. A recent study, published in November 2022 by Perpetuini and
colleagues, showed that RAGT produces modifications in the motor and pre-frontal brain
cortex, improving motor control and attention during RAGT in children with CP [103],
showing that neuroplasticity is essential in the recovery of these patients. For motor control
improvements, RAGT produced bilateral changes in cortical areas BA 1, 6, 9, 11 and 46,
which are involved in motor coordination and complex movements (BA 6 and 9), proprio-
ceptive control (BA 1), spatial memory (BA 9) and in attention, self-control and working
memory (BA 9 and 46). It could result in higher scores in gross motor function measurement
and its sub-dimensions related to gait and balance. Secondly, RAGT requires active and
total participation of children in the therapy and can be used in combination with other
activities of daily living that need standing balance training. Moreover, active participation
involves attention and engagement in the therapy, which would involve an increase of
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activity in the pre-frontal cortex [103]. RAGT seems to improve cardiopulmonary function,
allowing patients to perform activities for more time without experiencing fatigue or tired-
ness [104]. Finally, one of the future objectives is to reduce the energy expenditure when
these patients walk with disabilities or train their gait using RAGT. In this line, recent stud-
ies estimate the gait expenditure during RAGT by collecting data from different reliable,
ergonomic and validity body sensors, such as heart rate and inertial wearable sensors [105].
Combining reliable sensors with new RAGT devices could increase the effectiveness of this
therapy in these children.

Lastly, although the results reported in this systematic review are of interest in terms
of clinical practice, some limitations must be commented on. First, it is necessary to
highlight the small number of studies included in each meta-analysis, which reduces the
generalizability of our findings. Second, the impossibility of blinding participants and
assessors could have distorted the true effect of the therapy and reduced the accuracy
of our findings. Third, the risk of publication bias in some meta-analyses, above 10% in
Trim-and-fill estimation, could have underestimated the original effect. Another limitation
is that the follow-up assessment was performed in just a few studies, and it is necessary
to assess the effect of RAGT over time. Future research must be performed to assess the
effect of RAGT on gait, balance, gross motor function and functional independence in these
children, with the aim of gaining findings more robust and generalizable.

5. Conclusions

This is the first meta-analysis that analyzes and provides evidence about the efficacy
of RAGT in comparison to CT or TT. Our results did not show a clear superiority for RAGT
(alone or combined with CT) with regard to CT or TT. This meta-analysis has shown that
RAGT is more effective than CT in improving gait speed, walking distance and walking-
running and jumping abilities (E dimension of gross motor function), just at the end of
the therapy (post-intervention). RAGT only seems to be superior to TT in improving step
length at the 2-month follow-up. RAGT was not superior to CT or TT at post-intervention
regarding step and stride length, width step, cadence, standing ability, global gross motor
function and functional independence. However, these results must be considered with
caution independently of their statistical significance, due to the small number of studies
and comparisons included in the meta-analysis, with the level of evidence being low. In
future research, it is necessary to carry out new RCTs that compare the efficacy of these
therapies. This will increase the level of evidence of these results, reducing, as much as
possible, performance, detection and selection biases observed in the studies included here.

Author Contributions: Conceptualization, I.C.-P., N.G.-G., A.B.P-R., FAN.-E,, E.O.-G. and H.G.-L,;
methodology, E.O.-G., .C.-P. and H.G.-L,; software, E.O.-G. and 1.C.-P; validation, E.O.-G., H.G.-L.
and FEAN.-E; formal analysis, E.O.-G. and I.C.-P,; investigation, I.C.-P,, N.G.-G., A.B.P-R,, FAN.-E.,
E.O.-G. and H.G.-L.; data curation, N.G.-G. and A.B.P.-R.; writing—original draft preparation, I.C.-P.
and H.G.-L.; writing—review and editing, E.O.-G., N.G.-G., A.B.P-R. and FA.N.-E ; visualization,
I.C.-P,N.G.-G., AB.P-R,, EANN.-E,, E.O.-G. and H.G.-L.; supervision, E.O.-G.; project administration,
H.G.-L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Carr, L.J. Definition and classification of cerebral palsy. Dev. Med. Child Neurol. 2007, 47, 508. [CrossRef]
2. Rosenbaum, P; Paneth, N.; Leviton, A.; Goldstein, M.; Bax, M. A report: The definition and classification of cerebral palsy April
2006. Dev. Med. Child Neurol. 2007, 49, 8-14.


http://doi.org/10.1111/j.1469-8749.2005.tb01183.x

Sensors 2022, 22,9910 24 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Michael-Asalu, A.; Taylor, G.; Campbell, H.; Lelea, L.L.; Kirby, R.S. Cerebral Palsy: Diagnosis, Epidemiology, Genetics, and
Clinical Update. Adv. Pediatr. 2019, 66, 189-208. [CrossRef] [PubMed]

Byrne, R.; Noritz, G.; Maitre, N.L. Implementation of Early Diagnosis and Intervention Guidelines for Cerebral Palsy in a
High-Risk Infant Follow-Up Clinic. Pediatr. Neurol. 2017, 76, 66-71. [CrossRef]

Shih, S.T.F,; Tonmukayakul, U.; Imms, C.; Reddihough, D.; Graham, H.K.; Cox, L.; Carter, R. Economic evaluation and cost of
interventions for cerebral palsy: A systematic review. Dev. Med. Child Neurol. 2018, 60, 543-558. [CrossRef]

Oskoui, M.; Coutinho, F.; Dykeman, J.; Jetté, N.; Pringsheim, T. An update on the prevalence of cerebral palsy: A systematic
review and meta-analysis. Dev. Med. Child Neurol. 2013, 55, 509-519. [CrossRef]

Mclntyre, S.; Goldsmith, S.; Webb, A.; Ehlinger, V.; Hollung, S.J.; McConnell, K.; Arnaud, C.; Smithers-Sheedy, H.; Oskoui, M.;
Khandaker, G.; et al. Global prevalence of cerebral palsy: A systematic analysis. Dev. Med. Child Neurol. 2022, 64, 1494-1506.
[CrossRef]

Novak, I.; Morgan, C.; Adde, L.; Blackman, J.; Boyd, R.N.; Brunstrom-Hernandez, J.; Cioni, G.; Damiano, D.; Darrah, J.; Eliasson,
A.C,; et al. Early, Accurate Diagnosis and Early Intervention in Cerebral Palsy: Advances in Diagnosis and Treatment. JAMA
Pediatr. 2017, 171, 897-907. [CrossRef]

Paneth, N.; Yeargin-Allsopp, M. Thinking about differences in the worldwide prevalence of cerebral palsy. Dev. Med. Child Neurol.
2022, 64, 1436-1437. [CrossRef]

Khan, S.A ; Talat, S.; Malik, MLL. Risk factors, types, and neuroimaging findings in Children with Cerebral Palsy. Pak. J. Med. Sci.
2022, 38, 1738-1742. [CrossRef]

Ellenberg, J.H.; Nelson, K.B. The association of cerebral palsy with birth asphyxia: A definitional quagmire. Dev. Med. Child
Neurol. 2013, 55, 210-216. [CrossRef] [PubMed]

Forthun, I.; Wilcox, A.].; Strandberg-Larsen, K.; Moster, D.; Nohr, E.A ; Lie, R.T.; Surén, P; Tollanes, M.C. Maternal Prepregnancy
BMI and Risk of Cerebral Palsy in Offspring. Pediatrics 2016, 138, €20160874. [CrossRef] [PubMed]

Linsell, L.; Malouf, R.; Morris, J.; Kurinczuk, J.J.; Marlow, N. Prognostic factors for cerebral palsy and motor impairment in
children born very preterm or very low birthweight: A systematic review. Dev. Med. Child Neurol. 2016, 58, 554-569. [CrossRef]
Morgan, C.; Fetters, L.; Adde, L.; Badawi, N.; Bancale, A.; Boyd, R.N.; Chorna, O.; Cioni, G.; Damiano, D.L.; Darrah, J.; et al. Early
Intervention for Children Aged 0 to 2 Years with or at High Risk of Cerebral Palsy: International Clinical Practice Guideline
Based on Systematic Reviews. JAMA Pediatr. 2021, 175, 846-858. [CrossRef] [PubMed]

Paulson, A.; Vargus-Adams, J. Overview of Four Functional Classification Systems Commonly Used in Cerebral Palsy. Children
2017, 4, 30. [CrossRef] [PubMed]

Sewell, M.D.; Eastwood, D.M.; Wimalasundera, N. Managing common symptoms of cerebral palsy in children. BM] 2014,
349, g5474. [CrossRef]

Asano, D.; Takeda, M.; Nobusako, S.; Morioka, S. Self-Rated Depressive Symptoms in Children and Youth with and without
Cerebral Palsy: A Pilot Study. Behav. Sci. 2020, 10, 167. [CrossRef] [PubMed]

Pizzighello, S.; Uliana, M.; Michielotto, M.; Pellegri, A.; Vascello, M.G.FE,; Piccoli, S.; Martinuzzi, M.; Martinuzzi, A. Psychiatric
symptoms in adult patients with cerebral palsy: A cohort study. Front. Neurol. 2022, 13, 998922. [CrossRef]

Caramico-Favero, D.C.O.; Guedes, Z.C.E; de Morais, M.B. Food intake, nutritional status and gastrointestinal symptoms in
children with cerebral palsy. Arq. Gastroenterol. 2018, 55, 352-357. [CrossRef]

van Gorp, M.; Dallmeijer, A.J.; van Wely, L.; de Groot, V.; Terwee, C.B.; Flens, G.; Stam, H.]J.; van der Slot, W.; Roebroeck, M.E. Pain,
fatigue, depressive symptoms and sleep disturbance in young adults with cerebral palsy. Disabil. Rehabil. 2021, 43, 2164-2171.
[CrossRef]

Johnston, M.V.; Hoon, A.H. Cerebral Palsy. NeuroMolecular Med. 2006, 8, 435-450. [CrossRef] [PubMed]

Nemanich, S.T.; Mueller, B.A.; Gillick, B.T. Neurite orientation dispersion and density imaging quantifies corticospinal tract
microstructural organization in children with unilateral cerebral palsy. Hum. Brain Mapp. 2019, 40, 4888—4900. [CrossRef]
[PubMed]

Russo, R.N.; Skuza, P.P; Sandelance, M.; Flett, P. Upper limb impairments, process skills, and outcome in children with unilateral
cerebral palsy. Dev. Med. Child Neurol. 2019, 61, 1080-1086. [CrossRef] [PubMed]

Straathof, E.J.M.; Hamer, E.G.; Hensens, K.J.; La Bastide-van Gemert, S.; Heineman, K.R.; Hadders-Algra, M. Development of
muscle tone impairments in high-risk infants: Associations with cerebral palsy and cystic periventricular leukomalacia. Eur. J.
Paediatr. Neurol. 2022, 37, 12-18. [CrossRef] [PubMed]

MacWilliams, B.A.; Prasad, S.; Shuckra, A.L.; Schwartz, M.H. Causal factors affecting gross motor function in children diagnosed
with cerebral palsy. PLoS ONE 2022, 17, €0270121. [CrossRef]

Ouyang, R.-G,; Yang, C.-N.; Qu, Y.-L.; Koduri, M.P; Chien, C.-W. Effectiveness of hand-arm bimanual intensive training on upper
extremity function in children with cerebral palsy: A systematic review. Eur. J. Paediatr. Neurol. 2020, 25, 17-28. [CrossRef]
O’Shea, T.M. Diagnosis, Treatment, and Prevention of Cerebral Palsy in Near-Term/Term Infants. Clin. Obstet. Gynecol. 2008,
51, 816. [CrossRef]

Belizén-Bravo, N.; Romero-Galisteo, R.P.; Cano-Bravo, F.; Gonzalez-Medina, G.; Pinero-Pinto, E.; Luque-Moreno, C. Effects of
Dynamic Suit Orthoses on the Spatio-Temporal Gait Parameters in Children with Cerebral Palsy: A Systematic Review. Children
2021, 8, 1016. [CrossRef]


http://doi.org/10.1016/j.yapd.2019.04.002
http://www.ncbi.nlm.nih.gov/pubmed/31230694
http://doi.org/10.1016/j.pediatrneurol.2017.08.002
http://doi.org/10.1111/dmcn.13653
http://doi.org/10.1111/dmcn.12080
http://doi.org/10.1111/dmcn.15346
http://doi.org/10.1001/jamapediatrics.2017.1689
http://doi.org/10.1111/dmcn.15361
http://doi.org/10.12669/pjms.38.7.6175
http://doi.org/10.1111/dmcn.12016
http://www.ncbi.nlm.nih.gov/pubmed/23121164
http://doi.org/10.1542/peds.2016-0874
http://www.ncbi.nlm.nih.gov/pubmed/27609826
http://doi.org/10.1111/dmcn.12972
http://doi.org/10.1001/jamapediatrics.2021.0878
http://www.ncbi.nlm.nih.gov/pubmed/33999106
http://doi.org/10.3390/children4040030
http://www.ncbi.nlm.nih.gov/pubmed/28441773
http://doi.org/10.1136/bmj.g5474
http://doi.org/10.3390/bs10110167
http://www.ncbi.nlm.nih.gov/pubmed/33139599
http://doi.org/10.3389/fneur.2022.998922
http://doi.org/10.1590/s0004-2803.201800000-78
http://doi.org/10.1080/09638288.2019.1694998
http://doi.org/10.1385/NMM:8:4:435
http://www.ncbi.nlm.nih.gov/pubmed/17028368
http://doi.org/10.1002/hbm.24744
http://www.ncbi.nlm.nih.gov/pubmed/31355991
http://doi.org/10.1111/dmcn.14185
http://www.ncbi.nlm.nih.gov/pubmed/30775778
http://doi.org/10.1016/j.ejpn.2021.12.015
http://www.ncbi.nlm.nih.gov/pubmed/35007848
http://doi.org/10.1371/journal.pone.0270121
http://doi.org/10.1016/j.ejpn.2019.12.017
http://doi.org/10.1097/GRF.0b013e3181870ba7
http://doi.org/10.3390/children8111016

Sensors 2022, 22,9910 25 of 28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Barreira, C.C.; Forner-Cordero, A.; Grangeiro, PM.; Moura, R.T. Kinect v2 based system for gait assessment of children with
cerebral palsy in rehabilitation settings. J. Med. Eng. Technol. 2020, 44, 198-202. [CrossRef]

Booth, A.T.C.; Buizer, A.I; Meyns, P.; Oude Lansink, I.L.B.; Steenbrink, F.; van der Krogt, M.M. The efficacy of functional gait
training in children and young adults with cerebral palsy: A systematic review and meta-analysis. Dev. Med. Child Neurol. 2018,
60, 866-883. [CrossRef]

Dimakopoulos, R.; Syrogiannopoulos, G.; Grivea, I.; Dailiana, Z.; Youroukos, S.; Spinou, A. Kinematic and Temporospatial
Changes in Children with Cerebral Palsy during the Initial Stages of Gait Development. Dev. Neurorehabilit. 2022, 25, 10-18.
[CrossRef]

Chakraborty, S.; Nandy, A.; Kesar, T.M. Gait deficits and dynamic stability in children and adolescents with cerebral palsy: A
systematic review and meta-analysis. Clin. Biomech. 2020, 71, 11-23. [CrossRef] [PubMed]

Inamdar, K.; Molinini, R.M.; Panibatla, S.T.; Chow, J.C.; Dusing, S.C. Physical therapy interventions to improve sitting ability in
children with or at-risk for cerebral palsy: A systematic review and meta-analysis. Dev. Med. Child Neurol. 2021, 63, 396-406.
[CrossRef] [PubMed]

Christy, ].B.; Chapman, C.G.; Murphy, P. The effect of intense physical therapy for children with cerebral palsy. J. Pediatr. Rehabil.
Med. 2012, 5, 159-170. [CrossRef]

Montoro-Céardenas, D.; Cortés-Pérez, I.; Zagalaz-Anula, N.; Osuna-Pérez, M.C.; Obrero-Gaitdn, E.; Lomas-Vega, R. Nintendo Wii
Balance Board therapy for postural control in children with cerebral palsy: A systematic review and meta-analysis. Dev. Med.
Child Neurol. 2021, 63, 1262-1275. [CrossRef] [PubMed]

Montoro-Cardenas, D.; Cortés-Pérez, I.; Ibancos-Losada, M.d.R.; Zagalaz-Anula, N.; Obrero-Gaitan, E.; Osuna-Pérez, M.C.
Nintendo®Wii Therapy Improves Upper Extremity Motor Function in Children with Cerebral Palsy: A Systematic Review with
Meta-Analysis. Int. ]. Environ. Res. Public Health 2022, 19, 12343. [CrossRef]

Dominguez-Romero, ].G.; Molina-Aroca, A.; Moral-Munoz, ].A.; Luque-Moreno, C.; Lucena-Anton, D. Effectiveness of Mechanical
Horse-Riding Simulators on Postural Balance in Neurological Rehabilitation: Systematic Review and Meta-Analysis. Int. ].
Environ. Res. Public Health 2019, 17, 165. [CrossRef] [PubMed]

Cortés-Pérez, I.; Zagalaz-Anula, N.; Montoro-Céardenas, D.; Lomas-Vega, R.; Obrero-Gaitan, E.; Osuna-Pérez, M.C. Leap Motion
Controller Video Game-Based Therapy for Upper Extremity Motor Recovery in Patients with Central Nervous System Diseases.
A Systematic Review with Meta-Analysis. Sensors 2021, 21, 2065. [CrossRef]

Yang, L.; Chen, J.; Zhu, W. Dynamic Hand Gesture Recognition Based on a Leap Motion Controller and Two-Layer Bidirectional
Recurrent Neural Network. Sensors 2020, 20, 2106. [CrossRef]

Labruyeére, R. Robot-assisted gait training: More randomized controlled trials are needed! Or maybe not? J. Neuroeng. Rehabil.
2022, 19, 58. [CrossRef]

Scheidig, A.; Schiitz, B.; Trinh, T.Q.; Vorndran, A.; Mayfarth, A.; Sternitzke, C.; Rohner, E.; Gross, H.-M. Robot-Assisted Gait
Self-Training: Assessing the Level Achieved. Sensors 2021, 21, 6213. [CrossRef] [PubMed]

Calabro, R.S.; Cacciola, A.; Berte, F; Manuli, A.; Leo, A.; Bramanti, A.; Naro, A.; Milardi, D.; Bramanti, P. Robotic gait rehabilitation
and substitution devices in neurological disorders: Where are we now? Neurol. Sci. 2016, 37, 503-514. [CrossRef] [PubMed]
Beretta, E.; Storm, F.A.; Strazzer, S.; Frascarelli, F; Petrarca, M.; Colazza, A.; Cordone, G.; Biffi, E.; Morganti, R.; Maghini, C.;
et al. Effect of Robot-Assisted Gait Training in a Large Population of Children with Motor Impairment Due to Cerebral Palsy or
Acquired Brain Injury. Arch. Phys. Med. Rehabil. 2020, 101, 106-112. [CrossRef] [PubMed]

Briitsch, K.; Schuler, T.; Koenig, A.; Zimmerli, L.; (-Koeneke), S.M.; Liinenburger, L.; Riener, R.; Jancke, L.; Meyer-Heim, A.
Influence of virtual reality soccer game on walking performance in robotic assisted gait training for children. J. Neuroeng. Rehabil.
2010, 7, 15. [CrossRef]

Banz, R.; Bolliger, M.; Colombo, G.; Dietz, V.; Linenburger, L. Computerized Visual Feedback: An Adjunct to Robotic-Assisted
Gait Training. Phys. Ther. 2008, 88, 1135-1145. [CrossRef]

Jamwal, PXK.; Hussain, S.; Ghayesh, M.H. Robotic orthoses for gait rehabilitation: An overview of mechanical design and control
strategies. Proc. Inst. Mech. Eng. Part H |. Eng. Med. 2020, 234, 444-457. [CrossRef]

Neckel, N.; Wisman, W.; Hidler, J. Limb Alignment and Kinematics Inside a Lokomat Robotic Orthosis. In Proceedings of
the 2006 International Conference of the IEEE Engineering in Medicine and Biology Society, New York, NY, USA, 30 August—
3 September 2006; pp. 2698-2701.

Chen, G.; Chan, C.K; Guo, Z; Yu, H. A Review of Lower Extremity Assistive Robotic Exoskeletons in Rehabilitation Therapy.
Crit. Rev. Biomed. Eng. 2013, 41, 343-363. [CrossRef]

Kuwahara, W.; Sasaki, S.; Yamamoto, R.; Kawakami, M.; Kaneko, F. The effects of robot-assisted gait training combined with
non-invasive brain stimulation on lower limb function in patients with stroke and spinal cord injury: A systematic review and
meta-analysis. Front. Hum. Neurosci. 2022, 16. [CrossRef]

Son, S.; Lim, K.-B.; Kim, J.; Lee, C.; Cho, S.I; Yoo, J. Comparing the Effects of Exoskeletal-Type Robot-Assisted Gait Training on
Patients with Ataxic or Hemiplegic Stroke. Brain Sci. 2022, 12, 1261. [CrossRef]

Picelli, A.; Capecci, M.; Filippetti, M.; Varalta, V.; Fonte, C.; Di Censo, R.; Zadra, A.; Chignola, I.; Scarpa, S.; Amico, A.P; et al.
Effects of robot-assisted gait training on postural instability in Parkinson’s disease: A systematic review. Eur. ]. Phys. Rehabil. Med.
2021, 57,472-477. [CrossRef]


http://doi.org/10.1080/03091902.2020.1759709
http://doi.org/10.1111/dmcn.13708
http://doi.org/10.1080/17518423.2021.1914763
http://doi.org/10.1016/j.clinbiomech.2019.09.005
http://www.ncbi.nlm.nih.gov/pubmed/31677546
http://doi.org/10.1111/dmcn.14772
http://www.ncbi.nlm.nih.gov/pubmed/33319378
http://doi.org/10.3233/PRM-2012-0208
http://doi.org/10.1111/dmcn.14947
http://www.ncbi.nlm.nih.gov/pubmed/34105150
http://doi.org/10.3390/ijerph191912343
http://doi.org/10.3390/ijerph17010165
http://www.ncbi.nlm.nih.gov/pubmed/31881693
http://doi.org/10.3390/s21062065
http://doi.org/10.3390/s20072106
http://doi.org/10.1186/s12984-022-01037-z
http://doi.org/10.3390/s21186213
http://www.ncbi.nlm.nih.gov/pubmed/34577417
http://doi.org/10.1007/s10072-016-2474-4
http://www.ncbi.nlm.nih.gov/pubmed/26781943
http://doi.org/10.1016/j.apmr.2019.08.479
http://www.ncbi.nlm.nih.gov/pubmed/31562873
http://doi.org/10.1186/1743-0003-7-15
http://doi.org/10.2522/ptj.20070203
http://doi.org/10.1177/0954411919898293
http://doi.org/10.1615/CritRevBiomedEng.2014010453
http://doi.org/10.3389/fnhum.2022.969036
http://doi.org/10.3390/brainsci12091261
http://doi.org/10.23736/S1973-9087.21.06939-2

Sensors 2022, 22,9910 26 of 28

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.
70.
71.
72.
73.
74.

75.
76.

77.

78.

79.

Pérez-De la Cruz, S. Use of Robotic Devices for Gait Training in Patients Diagnosed with Multiple Sclerosis: Current State of the
Art. Sensors 2022, 22, 2580. [CrossRef] [PubMed]

Sucuoglu, H. Effects of robot-assisted gait training alongside conventional therapy on the development of walking in children
with cerebral palsy. . Pediatr. Rehabil. Med. 2020, 13, 127-135. [CrossRef] [PubMed]

Zarkovic, D.; Sorfova, M.; Tufano, J.; Kutilek, P; Viteckova, S.; Ravnik, D.; Groleger-srsen, K.; Cikajlo, I.; Otdhal, J. Gait Changes
Following Robot-Assisted Gait Training in Children with Cerebral Palsy. Physiol. Res. 2021, 70 (Suppl. 3), S397-5408. [CrossRef]
Bayon, C.; Martin-Lorenzo, T.; Moral-Saiz, B.; Ramirez, O.; Pérez-Somarriba, A.; Lerma-Lara, S.; Martinez, L; Rocon, E. A
robot-based gait training therapy for pediatric population with cerebral palsy: Goal setting, proposal and preliminary clinical
implementation. J. Neuroeng. Rehabil. 2018, 15, 69. [CrossRef]

Cumplido, C.; Delgado, E.; Ramos, J.; Puyuelo, G.; Garcés, E.; Destarac, M.A; Plaza, A.; Hernandez, M.; Gutiérrez, A.; Garcia, E.
Gait-assisted exoskeletons for children with cerebral palsy or spinal muscular atrophy: A systematic review. NeuroRehabilitation
2021, 49, 333-348. [CrossRef]

Volpini, M.; Aquino, M.; Holanda, A.C.; Emygdio, E.; Polese, J. Clinical effects of assisted robotic gait training in walking
distance, speed, and functionality are maintained over the long term in individuals with cerebral palsy: A systematic review and
meta-analysis. Disabil. Rehabil. 2022, 44, 5418-5428. [CrossRef]

Conner, B.C.; Remec, N.M.; Lerner, Z.F. Is robotic gait training effective for individuals with cerebral palsy? A systematic review
and meta-analysis of randomized controlled trials. Clin. Rehabil. 2022, 36, 873-882. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM]J 2021, 372, n71.
[CrossRef]

Higgins, J.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.].; Welch, V.A. Cochrane Handbook for Systematic Reviews of
Interventions 6.1; John Wiley & Sons: Hoboken, NJ, USA, 2020; Volume 1, p. 728.

Hozo, S.P,; Djulbegovic, B.; Hozo, I. Estimating the mean and variance from the median, range, and the size of a sample. BMC
Med. Res. Methodol. 2005, 5, 13. [CrossRef]

Mabher, C.G.; Sherrington, C.; Herbert, R.D.; Moseley, A.M.; Elkins, M. Reliability of the PEDro scale for rating quality of
randomized controlled trials. Phys. Ther. 2003, 83, 713-721. [CrossRef]

Cashin, A.G.; McAuley, ].H. Clinimetrics: Physiotherapy Evidence Database (PEDro) Scale. J. Physiother. 2020, 66, 59. [CrossRef]
[PubMed]

Atkins, D.; Best, D.; Briss, P.A.; Eccles, M.; Falck-Ytter, Y.; Flottorp, S.; Guyatt, G.H.; Harbour, R.T. Grading quality of evidence
and strength of recommendations. BM]J 2004, 328, 1490. [CrossRef] [PubMed]

Meader, N.; King, K.; Llewellyn, A.; Norman, G.; Brown, ].; Rodgers, M.; Moe-Byrne, T.; Higgins, ].P.; Sowden, A.; Stewart, G. A
checklist designed to aid consistency and reproducibility of GRADE assessments: Development and pilot validation. Syst. Rev.
2014, 3, 82. [CrossRef] [PubMed]

Borenstein, M.; Hedges, L.; Higgins, J.; Rothstein, H. Comprehensive Meta-Analysis Software, Version 3; Biostat Inc.: Englewood, NJ,
USA, 2020.

Cobhen, ]. Statistical Power Analysis for the Behavioral Sciences; Academic Press: New York, NY, USA, 1977.

Cooper, H.; Hedges, L.V.; Valentine, J.C. The Handbook of Research Synthesis and Meta-Analysis, 2nd ed.; Russell Sage Foundation:
New York, NY, USA, 2009.

DerSimonian, R.; Laird, N. Meta-analysis in clinical trials. Control Clin. Trials 1986, 7, 177-188. [CrossRef] [PubMed]

Faraone, S.V. Interpreting estimates of treatment effects: Implications for managed care. Pharm. Ther. 2008, 33, 700-711.

Riicker, G.; Schwarzer, G. Beyond the forest plot: The drapery plot. Res. Synth. Methods 2020, 12, 13-19. [CrossRef]

Egger, M.; Smith, G.D.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test measures of funnel
plot asymmetry. BMJ 1997, 315, 629-634. [CrossRef]

Sterne, ].A.C.; Egger, M. Funnel plots for detecting bias in meta-analysis: Guidelines on choice of axis. J. Clin. Epidemiol. 2001, 54,
1046-1055. [CrossRef]

Duval, S.; Tweedie, R. Trim and fill: A simple funnel-plot-based method of testing and adjusting for publication bias in
meta-analysis. Biometrics 2000, 56, 455—-463. [CrossRef]

Rothman, K.; Greenland, S.; Lash, T. Modern Epidemiology; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2008.
Higgins, ].P.T.; Thompson, S.G.; Deeks, ].J.; Altman, D.G. Measuring inconsistency in meta-analyses. BMJ 2003, 327, 557-560.
[CrossRef]

Higgins, J.; Thompson, S.; Deeks, J.; Altman, D. Statistical heterogeneity in systematic reviews of clinical trials: A critical appraisal
of guidelines and practice. J. Health Serv. Res. Policy 2002, 7, 51-61. [CrossRef] [PubMed]

Ammann-Reiffer, C.; Bastiaenen, C.H.G.; Meyer-Heim, A.D.; Van Hedel, H.J.A. Lessons learned from conducting a pragmatic,
randomized, crossover trial on robot-assisted gait training in children with cerebral palsy (PeLoGAIT). J. Pediatr. Rehabil. Med.
2020, 13, 137. [CrossRef] [PubMed]

Aras, B.; Yasar, E.; Kesikburun, S.; Tiirker, D.; Tok, E; Yilmaz, B. Comparison of the effectiveness of partial body weight-supported
treadmill exercises, robotic-assisted treadmill exercises, and anti-gravity treadmill exercises in spastic cerebral palsy. Turk. J. Phys.
Med. Rehabil. 2019, 65, 361. [CrossRef]


http://doi.org/10.3390/s22072580
http://www.ncbi.nlm.nih.gov/pubmed/35408195
http://doi.org/10.3233/PRM-180541
http://www.ncbi.nlm.nih.gov/pubmed/32444570
http://doi.org/10.33549/physiolres.934840
http://doi.org/10.1186/s12984-018-0412-9
http://doi.org/10.3233/NRE-210135
http://doi.org/10.1080/09638288.2021.1942242
http://doi.org/10.1177/02692155221087084
http://doi.org/10.1136/bmj.n71
http://doi.org/10.1186/1471-2288-5-13
http://doi.org/10.1093/ptj/83.8.713
http://doi.org/10.1016/j.jphys.2019.08.005
http://www.ncbi.nlm.nih.gov/pubmed/31521549
http://doi.org/10.1136/bmj.328.7454.1490
http://www.ncbi.nlm.nih.gov/pubmed/15205295
http://doi.org/10.1186/2046-4053-3-82
http://www.ncbi.nlm.nih.gov/pubmed/25056145
http://doi.org/10.1016/0197-2456(86)90046-2
http://www.ncbi.nlm.nih.gov/pubmed/3802833
http://doi.org/10.1002/jrsm.1410
http://doi.org/10.1136/bmj.315.7109.629
http://doi.org/10.1016/S0895-4356(01)00377-8
http://doi.org/10.1111/j.0006-341X.2000.00455.x
http://doi.org/10.1136/bmj.327.7414.557
http://doi.org/10.1258/1355819021927674
http://www.ncbi.nlm.nih.gov/pubmed/11822262
http://doi.org/10.3233/PRM-190614
http://www.ncbi.nlm.nih.gov/pubmed/32444573
http://doi.org/10.5606/tftrd.2019.3078

Sensors 2022, 22,9910 27 of 28

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Smania, N.; Bonetti, P.; Gandolfi, M.; Cosentino, A.; Waldner, A.; Hesse, S.; Werner, C.; Bisoffi, G.; Geroin, C.; Munari, D. Improved
gait after repetitive locomotor training in children with cerebral palsy. Am. J. Phys. Med. Rehabil. 2011, 90, 137-149. [CrossRef]
[PubMed]

Wallard, L.; Dietrich, G.; Kerlirzin, Y.; Bredin, ]. Robotic-assisted gait training improves walking abilities in diplegic children with
cerebral palsy. Eur. ]. Paediatr. Neurol. 2017, 21, 557-564. [CrossRef] [PubMed]

Wallard, L.; Dietrich, G.; Kerlirzin, Y.; Bredin, J. Effect of robotic-assisted gait rehabilitation on dynamic equilibrium control in the
gait of children with cerebral palsy. Gait Posture 2018, 60, 55-60. [CrossRef] [PubMed]

Wu, M.; Kim, J.; Arora, P.; Gaebler-Spira, D.J.; Zhang, Y. The effects of the integration of dynamic weight shifting training into
treadmill training on walking function of children with cerebral palsy— a randomized controlled study. Am. J. Phys. Med. Rehabil.
2017, 96, 765. [CrossRef]

Yazici, M,; Livanelioglu, A.; Giiciiyener, K.; Tekin, L.; Stimer, E.; Yakut, Y. Effects of robotic rehabilitation on walking and balance
in pediatric patients with hemiparetic cerebral palsy. Gait Posture 2019, 70, 397-402. [CrossRef]

Druzbicki, M.; Rusek, W.; Snela, S.; Dudek, J.; Szczepanik, M.; Zak, E.; Durmala, J.; Czernuszenko, A.; Bonikowski, M.; Sobota,
G. Functional effects of robotic-assisted locomotor treadmill thearapy in children with cerebral palsy. J. Rehabil. Med. 2013, 45,
358-363. [CrossRef]

Jin, L.H,; Yang, S.S.; Choi, J.Y.; Sohn, M.K. The Effect of Robot-Assisted Gait Training on Locomotor Function and Functional
Capability for Daily Activities in Children with Cerebral Palsy: A Single-Blinded, Randomized Cross-Over Trial. Brain Sci. 2020,
10, 801. [CrossRef]

Klobucka, S.; Klobucky, R.; Kollar, B. Effect of robot-assisted gait training on motor functions in adolescent and young adult
patients with bilateral spastic cerebral palsy: A randomized controlled trial. NeuroRehabilitation 2020, 47, 495-508. [CrossRef]
[PubMed]

Manikowska, F.; Brazevic, S.; Krzyzanska, A.; Jozwiak, M. Effects of Robot-Assisted Therapy on Gait Parameters in Pediatric
Patients with Spastic Cerebral Palsy. Front. Neurol. 2021, 12, 724009. [CrossRef] [PubMed]

Peri, E.; Turconi, A.C.; Biffi, E.; Maghini, C.; Panzeri, D.; Morganti, R.; Pedrocchi, A.; Gagliardi, C. Effects of dose and duration
of Robot-Assisted Gait Training on walking ability of children affected by cerebral palsy. Technol. Health Care 2017, 25, 671-681.
[CrossRef] [PubMed]

Pool, D.; Valentine, J.; Taylor, N.E; Bear, N.; Elliott, C. Locomotor and robotic assistive gait training for children with cerebral
palsy. Dev. Med. Child Neurol. 2021, 63, 328-335. [CrossRef] [PubMed]

Romei, M.; Montinaro, A.; Piccinini, L.; Maghini, C.; Germiniasi, C.; Bo, I.; Molteni, F.; Turconi, A.C. Efficacy of robotic-assisted
gait training compared with intensive task-oriented physiotherapy for children with Cerebral Palsy. In Proceedings of the 2012
4th IEEE RAS & EMBS International Conference on Biomedical Robotics and Biomechatronics (BioRob), Rome, Italy, 24-27 June
2012; pp. 1890-1894. [CrossRef]

Sarhan, R.S.M.; Chevidikunnan, M.F.; Gaowgzeh, R.A.M. Locomotor treadmill training program using driven gait orthosis versus
manual treadmill therapy on motor output in spastic diplegic cerebral palsy children. J. Health Allied Sci. NU 2014, 04, 010-017.
[CrossRef]

Opheim, A; Jahnsen, R.; Olsson, E.; Stanghelle, ] K. Walking function, pain, and fatigue in adults with cerebral palsy: A 7-year
follow-up study. Dev. Med. Child Neurol. 2009, 51, 381-388. [CrossRef]

Raposo, M.R.; Ricardo, D.; Teles, J.; Veloso, A.P; Joao, F. Gait Analysis in Children with Cerebral Palsy: Are Plantar Pressure
Insoles a Reliable Tool? Sensors 2022, 22, 5234. [CrossRef]

Jung, Y.G.; Chang, H.J.; Jo, E.S.; Kim, D.H. The Effect of a Horse-Riding Simulator with Virtual Reality on Gross Motor Function
and Body Composition of Children with Cerebral Palsy: Preliminary Study. Sensors 2022, 22, 2903. [CrossRef]

Lee, K.; Oh, H,; Lee, G. Fully Immersive Virtual Reality Game-Based Training for an Adolescent with Spastic Diplegic Cerebral
Palsy: A Case Report. Children 2022, 9, 1512. [CrossRef]

Palomo-Carrién, R.; Romay-Barrero, H.; Pinero-Pinto, E.; Romero-Galisteo, R.-P.; Lopez-Mufioz, P.; Martinez-Galan, 1. Early
Intervention in Unilateral Cerebral Palsy: Let’s Listen to the Families! What Are Their Desires and Perspectives? A Preliminary
Family-Researcher Co-Design Study. Children 2021, 8, 750. [CrossRef]

Carvalho, I.; Pinto, S.M.; Chagas, D.d.V.; Praxedes dos Santos, J.L.; de Sousa Oliveira, T.; Batista, L.A. Robotic Gait Training
for Individuals with Cerebral Palsy: A Systematic Review and Meta-Analysis. Arch. Phys. Med. Rehabil. 2017, 98, 2332-2344.
[CrossRef] [PubMed]

Faulkner, J.; Martinelli, L.; Cook, K.; Stoner, L.; Ryan-Stewart, H.; Paine, E.; Hobbs, H.; Lambrick, D. Effects of robotic-assisted gait
training on the central vascular health of individuals with spinal cord injury: A pilot study. J. Spinal Cord Med. 2021, 44, 299-305.
[CrossRef]

Warken, B.; Graser, J.; Ulrich, T.; Borggraefe, I.; Heinen, F.; Meyer-Heim, A.; van Hedel, H.; Schroeder, A. Practical Recommenda-
tions for Robot-Assisted Treadmill Therapy (Lokomat) in Children with Cerebral Palsy: Indications, Goal Setting, and Clinical
Implementation within the WHO-ICF Framework. Neuropediatrics 2015, 46, 248-260. [CrossRef] [PubMed]

Lin, Y.-N.; Huang, S.-W.; Kuan, Y.-C.; Chen, H.-C; Jian, W.-S,; Lin, L.-F. Hybrid robot-assisted gait training for motor function in
subacute stroke: A single-blind randomized controlled trial. J. Neuroeng. Rehabil. 2022, 19, 99. [CrossRef]

Krakauer, ].W. Motor learning: Its relevance to stroke recovery and neurorehabilitation. Curr. Opin. Neurol. 2006, 19, 84-90.
[CrossRef] [PubMed]


http://doi.org/10.1097/PHM.0b013e318201741e
http://www.ncbi.nlm.nih.gov/pubmed/21217461
http://doi.org/10.1016/j.ejpn.2017.01.012
http://www.ncbi.nlm.nih.gov/pubmed/28188024
http://doi.org/10.1016/j.gaitpost.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29156378
http://doi.org/10.1097/PHM.0000000000000776
http://doi.org/10.1016/j.gaitpost.2019.03.017
http://doi.org/10.2340/16501977-1114
http://doi.org/10.3390/brainsci10110801
http://doi.org/10.3233/NRE-203102
http://www.ncbi.nlm.nih.gov/pubmed/33136072
http://doi.org/10.3389/fneur.2021.724009
http://www.ncbi.nlm.nih.gov/pubmed/35002911
http://doi.org/10.3233/THC-160668
http://www.ncbi.nlm.nih.gov/pubmed/28436398
http://doi.org/10.1111/dmcn.14746
http://www.ncbi.nlm.nih.gov/pubmed/33225442
http://doi.org/10.1109/BIOROB.2012.6290748
http://doi.org/10.1055/s-0040-1703824
http://doi.org/10.1111/j.1469-8749.2008.03250.x
http://doi.org/10.3390/s22145234
http://doi.org/10.3390/s22082903
http://doi.org/10.3390/children9101512
http://doi.org/10.3390/children8090750
http://doi.org/10.1016/j.apmr.2017.06.018
http://www.ncbi.nlm.nih.gov/pubmed/28751254
http://doi.org/10.1080/10790268.2019.1656849
http://doi.org/10.1055/s-0035-1550150
http://www.ncbi.nlm.nih.gov/pubmed/26011438
http://doi.org/10.1186/s12984-022-01076-6
http://doi.org/10.1097/01.wco.0000200544.29915.cc
http://www.ncbi.nlm.nih.gov/pubmed/16415682

Sensors 2022, 22,9910 28 of 28

103. Perpetuini, D.; Russo, E.F; Cardone, D.; Palmieri, R.; Filippini, C.; Tritto, M.; Pellicano, F,; De Santis, G.P,; Calabro, R.S.; Merla, A ;
et al. Identification of Functional Cortical Plasticity in Children with Cerebral Palsy Associated to Robotic-Assisted Gait Training:

An fNIRS Study. J. Clin. Med. 2022, 11, 6790. [CrossRef] [PubMed]

Billinger, S.A.; Arena, R.; Bernhardyt, J.; Eng, ].].; Franklin, B.A.; Johnson, C.M.; MacKay-Lyons, M.; Macko, R.F;; Mead, G.E.; Roth,

E.J.; et al. Physical Activity and Exercise Recommendations for Stroke Survivors. Stroke 2014, 45, 2532-2553. [CrossRef]

105. Lopes, ].M.; Figueiredo, J.; Fonseca, P.; Cerqueira, ].J.; Vilas-Boas, J.P.; Santos, C.P. Deep Learning-Based Energy Expenditure

Estimation in Assisted and Non-Assisted Gait Using Inertial, EMG, and Heart Rate Wearable Sensors. Sensors 2022, 22, 7913.
[CrossRef]

104.


http://doi.org/10.3390/jcm11226790
http://www.ncbi.nlm.nih.gov/pubmed/36431267
http://doi.org/10.1161/STR.0000000000000022
http://doi.org/10.3390/s22207913

	Introduction 
	Materials and Methods 
	Study Design 
	Source Data and Search Strategy 
	Study Screening: Inclusion and Exclusion Criteria 
	Data Extraction 
	Variables 
	Methodological Quality and Quality of Evidence Assessment 
	Statistical Analysis 

	Results 
	Search Results 
	Characteristics of the Included Studies 
	Methodological Quality of Included Studies 
	Quantitative Synthesis 
	Gait Speed 
	Step Length 
	Step Width 
	Stride Length 
	Walking Distance 
	Cadence 
	Standing Ability (GMFM-D Dimension) 
	Walking, Running and Jumping Ability (GMFM-E Dimension) 
	Gross Motor Function (Total Score) 
	Functional Independence 


	Discussion 
	Conclusions 
	References

