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Objective: This study aims to assess the impact of integrating ATLAS 2030 into
the conventional therapy regimen for children with Cerebral Palsy (CP)
compared to conventional therapy alone regarding gross motor function,
range of motion (ROM) and spasticity.

Design: A non-randomized controlled trial conducted in outpatient rehabilitation
settings and special education schools, following the recommendations by the
Consolidated Standards of Reporting Trials (CONSORT) statement.

Participants: Thirty children with CP divided into intervention and control groups.
Intervention: The intervention group received three months of therapy (twice
per week) with the ATLAS 2030 device in addition to their standard therapy,
while the control group underwent standard therapy alone.

Main outcome measure: Gross motor function assessed using the Gross Motor
Function Measure of 88 items (GMFM-88).

Secondary outcomes: Spasticity, measured by the Modified Ashworth Scale
(MAS), and ROM of the lower limbs.

Results: Statistically significant differences were observed between groups, in
favour the intervention group, in both the GMFM-88 total score and
dimension A, B and D. Similar findings were noted for spasticity and ROM,
demonstrating significant improvements in the intervention group.
Conclusion: ATLAS 2030 proves to be a safe and valuable tool for the rehabilitation
of children with CP, showing improvements in motor function, spasticity and ROM.
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Introduction

Cerebral Palsy (CP) constitutes a collection of enduring movement and posture disorders,
engendering activity limitations due to non-progressive lesions in the developing brain (1).
The damage caused persists throughout life, giving rise to symptoms like spasticity (2),
joint contractures (3), incoordination (4), and compromised selective motor control or
weakness (5). All of this generates psychosocial and adaptation difficulties for the affected
child and their families (6). Presently, CP afflicts approximately 2 cases per 1,000 births in

Abbreviations

CI, confidence interval; CP, cerebral palsy; CPQLQ, cerebral palsy quality of life questionnaire; GMFCS,
gross motor function classification system; GMFM-88, gross motor function measure of 88 items; IQR,
interquartile range; MAS, modified ashworth scale; ROM, range of motion.
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Europe, standing as the principal cause of multifactorial motor
disability in childhood (7). Spasticity frequently causes pain, gait
disturbances, and mobility limitations. Over time, spasticity can
lead to additional complications such as muscle spasms, joint
contractures, difficulty moving in bed, trouble with transfers, poor
seating posture, and impaired ability to stand and walk.

Depending on the topography, CP can be unilateral or bilateral.
CP can be categorised also depending on the predominant motor
disorder, it is classified as spastic, dyskinetic-dystonic, ataxic or
mixed, being spastic CP the most frequent form (8). According to
the severity of the impairment, a distinction is made between mild,
moderate, severe or profound, or according to the functional level
of mobility in levels I to V according to the Gross Motor Function
Classification System (GMFCS) (9).

Existing evidence supports interventions grounded in
functional training and physical activity, prioritizing specific
exercises, and heightened active engagement as the most effective
treatments for addressing motor function in CP (5). Physical
activity in children with CP has been shown to enhance stability,
balance,

consequently diminishing the risk of depression and fostering

overall motor function, and aerobic capacity,
participation in daily activities. This includes diverse activities
such as yoga, pilates, martial arts, cycling or robot-assisted gait
training, depending on the possibilities of the user (10).

Despite the benefits conferred by such interventions, individuals
with more severe disability, classified in levels IV and V of the
GMECS, face impaired walking ability. Even in levels I, II, or III,
where walking ability is retained with or without technical aids,
abnormal movement patterns may contribute to the development of
secondary deformities. Hence, standing and gait training, along with
other physiotherapy techniques and a multidisciplinary approach,
emerge as crucial in the rehabilitation of this population (5).

Recent technological strides have ushered in robotic therapy
within the neuro-rehabilitation realm, with exoskeletons standing
out as a noteworthy engineering contribution to CP treatment.
These devices exhibit moderate evidence but promise effectiveness
with minimal adverse effects and ensured safety (11-15).

Gait exoskeletons, specifically, provide the opportunity to stand
and walk safely, even to those patients with severe motor deficit,
thanks to its powered structure attached to the user’s body.
These devices offer a symmetrical and cyclical kinematic gait
pattern, thereby enhancing postural control and physical
functions. Furthermore, they have the potential to delay or
prevent associated organic, musculoskeletal, or psychosocial
complications. In addition, exoskeleton training is anticipated to
contribute not only to the improvement of physical variables but
also to psychosocial aspects such as self-esteem, sociability, and
integration, thereby enhancing quality of life (16, 17).

Whereas safety and feasibility of fixed and paediatric exoskeletons
have been proved in children with CP (12) research on its
effectiveness is still scarce, although recently published studies
suggest improvements in gross motor function, walking speed or
muscle activity. However, most of the published studies focused on
fixed exoskeletons that walk on a treadmill, while research on
overground devices is limited so far, with only a few published
studies with small sample sizes and without control group (18-20).
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Regarding dosage and frequency, most interventions are
biweekly and duration ranges between 4 and 10 weeks observing
good tolerance (18-20), although further research should be
conducted in order to determine whether longer or more
intensive interventions may provide larger improvements.

Therefore, given the lack of studies focusing on the efficacy of
overground exoskeletons in the paediatric population with large
sample sizes and control group comparisons (18), this study aims
to evaluate the effectiveness of incorporating the ATLAS 2030
exoskeleton into conventional therapy for children with CP,
comparing it to a group receiving only conventional therapy. The
primary objective is to assess changes in gross motor function
following a three-month intervention with the ATLAS 2030 in
addition to the conventional therapy, with the expectation of
improving gross motor function. Secondary objectives include
measuring changes in spasticity and the range of motion (ROM) of
the lower limbs, as improvements in these areas may lead to better
movement capabilities and, consequently, better gross motor function.

Methods
Study design

A prospective non-randomized multi-centre study distributed
in two parallel groups: a control group, in which participants
received their usual conventional therapy for 12 weeks; and an
intervention group in which participants followed also their usual
conventional therapy and in addition received gait training
sessions with the ATLAS 2030 exoskeleton (Figure 1) two times
per week during the same period. Since the intervention was
conducted in a small city, the access to a population of children
with CP was limited. Therefore, the control group had to be
recruited in a different city and in consequence, the study could
not be conducted in a randomised fashion, as described below.
Two equivalent groups in terms of pathology, demographics and
standard treatment were used. This study was conducted in
Spain from September 2022 to June 2023.

This study has been conducted in accordance with the
standards of good clinical practice (ICH-GCP) and with the
Declaration of Helsinki (21). It followed the recommendations
established by the Consolidated Standards of Reporting Trials
(CONSORT) statement (22, 23) for randomised controlled trials,
and approval was obtained by the Ethics Committee of the
Hospital to which the specialists who carried out the study
belong, and of the National Agency for Medicines and Health
Products of the country where the study was conducted
(reference 1012/22/EC-R). The protocol of this study has
previously been registered in clinicaltrials.gov (NCT05551364).

Participants

Participants for the intervention group were recruited from
ATADES, an education centre in Zaragoza, whereas the participants
recruited from two different

for the control group were
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FIGURE 1
ATLAS 2030 exoskeleton.

rehabilitation in Madrid: Bobath Foundation and
ATENPACE. All participants were recruited upon fulfilment of the
main selection criteria, that were: a) confirmed diagnosis of CP; b)

centres

age 3-14 years (due to device size limitation); ¢) medical clearance
for standing, gait training and weight bearing. The eligibility criteria
were also the specifics of device use which are described in the
study registered on clinicaltrials.gov with ID number NCT05551364
https://classic.clinicaltrials.gov/ct2/show/NCT05551364.

Participants were allocated to each group based on their
respective rehabilitation centres. Those recruited from the centre
with access to the ATLAS 2030 were assigned to the intervention
group, while participants from centres without access to the
device were assigned to the control group. In total, 30 children
participated in the study, with 15 in each group.

Families in the control group were informed at the time of
consent that they would have the opportunity to potentially
benefit from exoskeleton training in the event of statistically
significant benefits from the intervention, as indeed occurred.

Sample size

Based on the findings of Ko and Kim’s study (24), with the
GMFM-88 as the primary variable, sample size calculation was
conducted using G*Power software (version 3.1.9.6). The study
design dictated the following parameters: an effect size of 0.25, a
correlation of 0.5 between repeated measurements, and assumptions
of a 95% confidence interval and 80% power. Thus, a sample size
of 24 individuals was determined. To account for potential loss to
follow-up during the study, 25% of participants (N = 30) were added.
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Intervention

Intervention group

Over a 12-week period, the intervention group received their
standard conventional therapy, maintaining the prescribed
dosage and frequency throughout the study, and complemented
by two additional weekly sessions utilizing the ATLAS 2030
exoskeleton. Led by a therapist certified in exoskeleton usage,
each session lasted up to 60 min, primarily focusing on effective
gait training for approximately 45 min.

The ATLAS 2030, a paediatric exoskeleton, is designed to
children with
ambulation abilities. Classified as a class II-a medical device for

enhance mobility for limited independent
external use, it holds certifications from both the European
Community and the U.S. Food and Drug Administration (FDA).

This innovative exoskeleton facilitates both forward and backward
walking, providing customized assistance tailored to individual needs.
It operates in two modes: the automatic mode, which follows a
predetermined walking pattern derived from healthy subjects’
kinematics at a set speed, and the active-assisted mode, capable of
detecting the user’s movement intention and supplying necessary
residual force. Moreover, the active-assisted mode offers the
additional benefit of strengthening lower limb muscles.

All modes of the ATLAS 2030 (automatic and active-assisted)
were employed, with forward and backward walking tailored to
each child’s endurance level. Given its overground nature, the
ATLAS 2030 allows therapists to have their hands free, enabling
the incorporation of various games during sessions to address
different rehabilitation objectives based on each participant’s
needs. Furthermore, the selection of usage modes was adjusted

according to each participant’s capabilities (Figure 2).

Control group

Throughout the 12-week study period, participants in the
control group adhered to their regular conventional therapy
sessions, maintaining the prescribed dosage and frequency. The
therapy regimen for both groups followed
established clinical practice guidelines for CP (25, 26). This
therapy emphasized mobility treatments using a functional task-
based
management, stretching, strength training, standing, gait training,

conventional

approach, including physical activity, postural
and goal-oriented training. Additionally, activities targeting
cognition, sensory skills, and musculoskeletal development were
incorporated, always ensuring that treatment objectives were
pursued in a playful and motivating manner tailored to each child.

Both ATLAS 2030 and conventional therapy sessions were
in neuro-

conducted by physical specialized

rehabilitation with extensive experience in the field.

therapists

Outcomes measures
Descriptive variables

Demographic data, including sex, age, and the level on the
GMEFCS (9, 27) were systematically gathered.
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FIGURE 2
Children using ATLAS 2030 exoskeleton with rehabilitation specialists.

Measurements

Patients underwent evaluations at four distinct intervals: during
the initial (baseline) session, after the first and second months, and
upon completion of the intervention (at the third month).
In addition, for the intervention group, an extra assessment of
spasticity was conducted both before and after each device
session to capture immediate changes.

To ensure consistency and reliability, all measurements were
conducted by the same evaluator for each centre across all
participants and measurements.

Assessment lasted between 1 and 2h depending on the
capacity of each participant to perform the tasks required to
complete all tests.

Main outcome measures

The primary metric for assessment was gross motor function,
as evaluated by the GMFM-88 (28). Tailored for children with
CP aged between 5 months and 16 years, this observational scale
comprises 88 items scored on a 4-point (0-3) scale, reflecting the
child’s proficiency in a specific task. These items are categorized
into five dimensions, addressing distinct facets of motor skills:
(A) Lying and Rolling (17 items), (B) Sitting (20 items), (C)
Crawling and Kneeling (14 items), (D) Standing (13 items), and
(E) Walking, Jumping, and Running (24 items). Each dimension
is assessed on a scale of 0-100, with higher scores denoting
superior gross motor function. This tool is linguistically
translated and validated in Spanish (29), with a Cronbach’s alpha
of 0.936 obtained in this study.

Frontiers in Pediatrics

Secondary outcome measures

To assess range of motion (ROM), three specific movements—
hip extension, knee extension, and ankle dorsiflexion—were
scrutinized, as these often exhibit limitations in children with CP.
These limitations in ROM may result in mobility restrictions
and, consequently, reduced independence in daily activities. A
specialized physiotherapist utilized a manual goniometer,
following the guidelines outlined by Norkin and White (30).

The Modified Ashworth Scale (MAS) (31) was employed to assess
spasticity in the lower limbs. This scale, ranging from 0 to 4, indicates
no spasticity at 0 and fixed joints at 4. Assessors evaluated spasticity in
the hip flexors, knee extensors, and ankle plantarflexors, as these
muscle groups are commonly affected in this population.

Statistical methods

Clinical effectiveness was assessed using statistical analysis by
protocol, since there was only one lost. First, the sample
distribution was analysed, obtaining Shapiro-Wilk statistic values
that were lower than 0.05 for all the variables, however, non-
parametric statistics were used. A descriptive analysis of all the
variables was carried out, using frequencies and percentages for
categorical variables and median and interquartile range but also
means and standard deviation for continuous variables. An initial
comparison was made between both groups, examining key
variables to establish the groups’ baseline comparability. The
differences between both groups related to clinical variables at
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baseline, three months and the improvements in each variable were
calculated using Chi-squared tests for qualitative variables, such as
sex and GMFCS, and Mann-Whitney U for the rest of the variables.
Finally, in order to analyse the variables associated with
effectiveness, a linear regression was performed considering the
difference in the score at 3 months and at baseline for the main
variable, it means, the improvements in GMFM-88 and their five
dimensions. The independent variables were added into the
regression model, and a final model was obtained. Linear regression
was used since the residuals of the model had a finite mean,
constant variance, and normal distribution. However, bootstrapping
analysis with 2,000 samples was also conducted. The dependent
variable was the improvement in the GMFM-88 (total score and
dimensions). The independent variables were the treatment group
(intervention group or control group), age and GMFCS.

Results
Participant flow and compliance

Figure 3 illustrates the participant flow throughout the trial. Post-
treatment assessments were completed by 14 (93.33%) children in the
intervention group and all 15 (100%) children in the control group.
The sole dropout in the intervention group resulted from a non-
CP-related illness. Due to the minimal dropout rate, further analysis
of predictors for dropout was deemed unnecessary.

Group baseline characteristics and groups
comparison

Table 1 delineates the baseline characteristics of the entire
sample and provides a comparison of both groups. The cohort
consisted of 30 children, with 11 girls and 19 boys, and a median
age of 6.12 (IQR 3.54). Half of the children were classified at
level V on the GMFCS, showing spasticity assessed by the MAS
with values between 1 and 2 in hips, knees and ankles. In terms
of the GMFM-88 score, the participating children had higher
scores in the dimensions Lying and Balancing, and Sitting, with
a subsequent decrease in scores in the Crawling and Kneeling,
Standing, and Walking, Jumping and Running dimensions.

Statistically significant differences between groups are observed in
the measurement of knee flexion spasticity and the ROM related to
hip extension (both right and left), being higher the ROM in hip
extension in the intervention group but also the knee flexion spasticity.

Main and secondary outcome measures

Table 2 presents comparative analysis, including means and
standard deviations, as well as medians and interquartile ranges
(IQRs). Significance measures, such as p-values and confidence
intervals, are provided for basal, post-treatment, and
improvement values in each variable. Children undergoing

conventional therapy and ATLAS 2030 exhibited noteworthy
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improvements compared to the control group in the GMFM-88
total score and the dimensions of Lying and Rolling, Sitting, and
Standing. The intervention group demonstrated significant
enhancements in all ROM measurements (hip extension, knee
extension, and ankle dorsiflexion for both legs) and in most of
spasticity evaluations (hip flexion and extension, knee flexion and
extension, and ankle dorsiflexion). Figure 4 shows the
progression of each group across each evaluation.

The differences between means and medians, that are shown in
Table 2, would imply that there are distinct profiles of children that
have experienced varying degrees of improvement in the study. In the
conducted multivariate analysis developed to analyze this profile,
(Table 3), significant models were derived concerning the main
variable, the GMFM-88 total score (p <0.001), and subcategories
incdluding Lying and Rolling (p=0.005), Sitting (p=0.001),
Crawling and Kneeling (p=0.008), and Walking, Running, and
Jumping (p=0.039). The model associated with the Standing
category yielded a p-value of 0.080. R-squares in these models
ranged from 0.527 to 0.233. As detailed in Table 3, the analysis
revealed that being part of the intervention group and older age
were identified as significant factors associated with improvements
in the total score, as well as the domains of Lying and Rolling,
Sitting, and Crawling and Kneeling. Additionally, the GMFCS
variable was associated with an improvement in the dimensions of

Sitting and Walking, Running, and Jumping.

Discussion

The results of this study indicate significant improvements in
physical function in children with CP following the integration
of the ATLAS 2030 training program with conventional therapy,
as evidenced by the increase in the total Gross Motor Function
Measure-88 (GMFM-88) score, the primary outcome of this
research. Despite participants maintaining consistent dosage and
type of conventional therapy throughout the study, variability in
dosage and techniques cannot be entirely excluded. Nevertheless,
ATLAS 2030
demonstrated greater improvements compared to those who
This
improvement may be attributed to the increased stimulation
provided by the ATLAS 2030, particularly for children with
higher levels of impairment. The device supports proper body

participants who received the intervention

continued with standard treatment alone. enhanced

alignment, including trunk and head positioning, and ensures
safety, enabling therapists to work directly in front of the child
while allowing the children to use their hands for various
activities. Consequently, the device facilitates simultaneous
targeting of multiple treatment goals. Future research is required
to evaluate the impact of exclusively using ATLAS 2030 or its
combination with specific dosages and treatment regimens.

These positive effects extend to specific dimensions of the
GMFM-88, including Lying and Rolling, Sitting, and Standing,
and are shown even in children with severe disability. Studies
GMECS levels II and III
demonstrated advancements in more intricate motor dimensions

(D and E), possibly due to the participants’ ability to walk

focusing on participants at
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ENROLLMENT N=40

Eligible for screening

Enrolled

(N=30)

Excluded (N=8)

- Did not meet inclusion criteria (N=8)

<

Intervention group

FIGURE 3
Flow chart of participants during the trial
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-

Control group

independently. Notably, no studies were found reporting results for
participants categorized as levels IV and V according to the
GMEFCS. This absence may be attributed to the current lack of
above-ground paediatric exoskeletons suitable for individuals
severely affected at a motor level within this population (18).

As stated in the introduction, physical activity has shown to be
beneficial for children with CP (10). Nevertheless, children classified
at higher levels (IV-V) on the GMFCS face substantial limitations in
their ability to engage in conventional physical activities. Exercising
for these individuals entails considerable demands and additional
efforts. In this regard, ATLAS 2030 emerges as a valuable

Frontiers in Pediatrics

rehabilitation tool, providing this population with the opportunity to
engage in physical exercise concurrently with walking and playing.
Moreover, this physical activity can be seamlessly incorporated into
the environment, thereby aligning with recommendations in the
scientific literature to enhance motor performance (5, 26, 32).

It is essential to underscore that an increase in the GMFM-88
score not only indicates improvements in motor functions but also
suggests potential positive impacts on overall functionality and
quality of life. This progress could translate into heightened
engagement in daily activities, a reduction in functional limitations,
and can contribute to bolstering self-esteem and psychological well-
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TABLE 1 Description of the baseline characteristics of the total sample and contrast of the intervention and control group.

Total sample Intervention group Control group p-value (Cl)

N=30 N=15 N=15

33.33% F (5), 66.66 M (10) 0.705
7.30 (2.60)/7.23 (4.81) 0.106 (—3.40; 0.23)

Gender (%, 1) 36.6 F (11), 63.3 M (19)
Age (mean SD; median IQR) 6.49 (2.41)/6.12 (3.54)

GMFCS (n %)

40% F (6), 60% M (9)
5.67 (1.95)/5.57 (2.87)

Level 1 0 (0) 0 (0) 0 (0) 0.751
Level 2 4 (13.3) 2 (13.3) 2 (13.3)
Level 3 4 (13.3) 1(67) 3 (20.0)
Level 4 7 (23.3) 4 (26.7) 3 (20.0)
Level 5 15 (50.0) 8 (53.3) 7 (46.7)

GMFM-88 (mean SD; median IQR)
A: Lying and Rolling

71.37 (27.48)/79.41 (39.7) 69.28 (32.11)/82.35 (37.25) 73.46 (22.88)/76.47 (41.17) 0.967 (—17.64;19.60)

B: Sitting 5322 (34.44)/65 (72.51) 50.55 (33.74)/61.66 (68.33) 55.88 (36.10)/70.00 (71.67) 0.539 (=26.66; 21.66)
C: Crawling and Kneeling 38.09 (31.83)/38.09 (62.5) 38.25 (31.87)/35.71 (59.52) 37.93 (32.91)/42.85 (64.28) 1.00 (—26.19;28.57)
D: Standing, 20.17 (24.75)/8.97 (26.28) 16.23 (22.69)/7.69 (23.07) 24.10 (26.88)/15.38 (46.16) 0.389 (~17.94; 5.12)
E: Walking Jumping and Running 15.0 (21.41)/4.86 (18.05) 10.46 (20.47)/0.00 (16.66) 19.53 (22.06)/12.50 (40.27) 0.089 (—13.88;0.01)
Total score 39.58 (25.31)/39.11 (44.53) 36.95 (24.97)/36.67 (42.47) 4221 (26.23)/46.57 (46.70) 0.595 (—24.53;14.72)

ROM (mean SD; median IQR)

Hip extension

8.19 (9.71)/8.25 (12.25)

11.75 (10.03)/14.25 (13.12)

4.64 (8.25)/5 (8.12)

0.044 (0.5;14)*

Knee extension

—1.78 (5.07)/0 (7.25)

—1.75 (6.05)/—1 (11.5)

—1.82 (4.10)/0 (0.75)

0.874 (=5; 4.5)

Ankle dorsiflexion

—2.15 (13.64)/0 (15.5)

—1.33 (14.72)/=5 (22.5)

—3.03 (12.86)/0 (4.37)

0.813 (=9;11)

MAS (mean SD; median IQR)

Hip flexion

1.12 (0.89)/1.25 (1.75)

1.28 (0.84)/1.25 (1.5)

0.96 (0.93)/1.00 (1.5)

0.354 (~0.50; 1.00)

Hip extension

0.94 (0.79)/1.00 (1.5)

1.14 (0.94)/1.25 (1.81)

0.76 (0.59)/1.00 (1)

0.217 (0.00; 1.00)

Knee flexion

1.05 (0.91)/1.00 (1.62)

1.42 (0.79)/1.50 (1)

0.70 (0.90)/0.00 (1.5)

0.018 (0.00; 1.50)*

Knee extension

0.78 (0.85)/1.00 (1.12)

1.05 (1.00)/1.00 (1.56)

0.53 (0.61)/0.00 (1)

0.186 (0.00;1.00)

1.30 (1.37)/1.18 (2.25)
1.41 (1.37)/1.15 (2.62)

1.11 (1.02)/1.50 (1.5)
1.01 (0.85)/1.00 (1.5)

0.621 (~0.75;1.25)
0.400 (=0.50;1.50)

(

(
Ankle flexion 1.20 (1.08)/1.50 (1.75)

(

Ankle extension 1.20 (1.01)/1.00 (1.75)

GMEFCS, gross motor function classification system; GMFM-88, gross motor function measure of 88 items; ROM, range of motion; MAS, modified ashworth scale; Cl,
confidence interval.

Statistics used: Except of the gender and GMFCS which are show in frequency and percentage, all the rest of the variables are shown in mean SD/median IQR. Chi-square
and Mann-Whitney U for comparison. Confidence interval: Hodges-Lehman median difference for independent samples.

*p-value < 0.05.

TABLE 2 Outcome variables at basal, post-treatment and improvements between intervention and control groups.

Intervention group Control group p-value (Cl)
N=14 N=15
GMFM-88 (mean SD; median IQR)
A: Lying and rolling
Baseline 69.28 (32.11)/82.35 (37.25) 73.46 (22.88)/76.47 (41.17) 0.967 (—17.64;19.60)
Post-treatment 83.05 (31.29)/95.09 (14.71) 72.02 (23.38)/74.50 (25.49) 0.026 (1.96;29.41)*
Improvement 10.78 (11.40)/7.84 (15.70) —1.43 (10.77)/0.00 (13.72) 0.016 (1.96;19.60)*
B: Sitting
Baseline 50.55 (33.74)/61.66 (68.33) 55.88 (36.10)/70.00 (71.67) 0.539 (—26.66; 21.66)
Post-treatment 70.11 (31.86)/77.50 (57.92) 60.88 (35.48)/60.00 (73.33) 0.505 (—13.33;40.00)
Improvement 16.54 (12.06)/12.50 (15.42) 5.00 (16.99)/3.33 (11.66) 0.008 (3.33;15.00)**
C: Crawling and kneeling
Baseline 38.25 (31.87)/35.71 (59.52) 37.93 (32.91)/42.85 (64.28) 1.00 (—26.19;28.57)
Post-treatment 50.17 (53.57)/34.83 (62.5) 42.53 (40.13)/57.14 (80.95) 0.652 (—16.66;45.23)
Improvement 9.52 (9.05)/7.14 (14.88) 42.53 (40.13)/57.14 (16.66) 0.102 (—2.38;14.28)
D: Standing
Baseline 16.23 (22.69)/7.69 (23.07) 24.10 (26.88)/15.38 (46.16) 0.389 (—17.94; 5.12)
Post-treatment 27.47 (30.19)/17.94 (41.67) 26.32 (31.09)/15.38 (64.10) 0.652 (—17.94;17.94)
Improvement 10.07 (17.25)/6.41 (10.89) 2.22 (8.04)/—-2.56 (12.81) 0.057 (0.00;10.25)*
E: Walking jumping and running
Baseline 10.46 (20.47)/0.00 (16.66) 19.53 (22.06)/12.50 (40.27) 0.089 (—13.88;0.01)
Post-treatment 15.77 (22.62)/1.38 (28.81) 23.98 (27.52)/13.88 (61.12) 0.310 (—19.44; 5.55)
Improvement 4.56 (8.12)/0.00 (10.06) 4.44 (8.13)/0.00 (8.3) 0.914 (—4.16;4.16)
(Continued)
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TABLE 2 Continued

Total score

Intervention group
N=14

Control group
N=15

10.3389/fped.2024.1398044

p-value (Cl)

Baseline

36.95 (24.97)/36.67 (42.47)

42.21 (26.23)/46.57 (46.70)

0.595 (—24.53;14.72)

Post-treatment

49.31 (26.63)/49.23 (42.14)

45.15 (29.28)/40.57 (61.63)

0.715 (—16.92;29.65)

Improvement

10.29 (6.89)/9.55 (7.56)

2.93 (7.65)/2.47 (7.78)

0.012 (1.93;11.43)**

ROM (mean SD; median

IQR)

Hip extension

Baseline

11.75 (10.03)/14.25 (13.12)

4.64 (8.25)/5 (8.12)

0.044 (0.5;14)*

Post-treatment

19.67 (7.21)/20.5 (9.12)

5 (6.57)/5 (8.12)

<0.001 (10;20)**

Improvement

6.11 (7.70)/3.5 (12.75)

0.35 (2.16)/0 (0)

0.048 (0;12.5)*

Knee extension

Baseline

—1.75 (6.05)/—-1 (11.5)

—1.82 (4.10)/0 (0.75)

0.874 (—5; 4.5)

Post-treatment

1.85 (6.97)/3.75 (12.87)

—2 (4.51)/0 (0.75)

0.227 (—3;8.5)

Improvement

3.84 (4.72)/5 (4.25)

—0.17 (0.66)/0 (0)

0.005 (2.5;5)*

Ankle dorsiflexion

Baseline

—1.33 (14.72)/-5 (22.5)

—3.03 (12.86)/0 (4.37)

0.813 (—9;11)

Post-treatment

7.35 (5.99)/7.5 (8.87)

—5.35 (11.47)/0 (10.62)

<0.001 (5;15.5)**

Improvement

8.42 (15.07)/4 (22.5)

—2.32 (7.36)/0 (0)

0.027 (1;18.5)*

MAS (mean SD; median IQR)

Hip flexion

Baseline

1.28 (0.84)/1.25 (1.5)

0.96 (0.93)/1.00 (1.5)

0.354 (~0.50; 1)

Post-treatment

0.32 (0.51)/0 (1)

1.10 (1.10)/1 (2)

0.072 (~1.5:0)

Improvement

—0.85 (0.63)/—0.87 (1.12)

0.13 (0.44)/0 (0)

<0.001(—1.5;0-.5)**

Hip extension

Baseline

1.14 (0.94)/1.25 (1.81)

0.76 (0.59)/1.00 (1)

0.217 (0; 1)

Post-treatment

0.28 (0.47)/0 (0.75)

1.03 (0.91)/1 (1.5)

0.029 (-1.5;0)*

Improvement

—0.81 (0.73)/-0.75 (1.68)

0.26 (0.62)/0 (0.5)

0.001 (=1.75;—0.5)**

Knee flexion

Baseline

1.42 (0.79)/1.50 (1)

0.70 (0.90)/0.00 (1.5)

0.018 (0; 1.5)*

Post-treatment

0.21 (0.43)/0 (0.25)

0.86 (1.10)/0 (1.5)

0.170 (=1;0)

Improvement

—1.18 (0.71)/-1.25 (0.87)

0.16 (0.55)/0 (0)

<0.001 (=1.75;—1)**

Knee extension

Baseline

1.05 (1.00)/1.00 (1.56)

0.53 (0.61)/0.00 (1)

0.186 (0;1)

Post-treatment

0.50 (0.54)/0.5 (1)

0.83 (0.93)/1 (1.5)

0.440 (—1;0)

Improvement

—0.50 (0.73)/-0.25 (0.17)

0.30 (0.59)/0 (0.5)

0.012 (=1;0)**

Ankle dorsiflexion

Baseline

1.30 (1.37)/1.18 (2.25)

1.11 (1.02)/1.50 (1.5)

0.621 (—0.75;1.25)

Post-treatment

0.15 (0.37)/0 (0)

1.15 (1.17)/1 (2)

0.022 (—1.5;0.)*

Improvement

—1.16 (1.17)/-1.12 (2)

0.03 (0.51)/0 (0)

0.010 (=2;0)**

Ankle plantar flexion

Baseline

1.41 (1.37)/1.15 (2.62)

1.01 (0.85)/1.00 (1.5)

0.400 (—0.5;1.5)

Post-treatment

1.51 (0.34)/1.50 (0.62)

1.13 (1.04)/1 (2)

0.170 (=0.25;1.25)

Improvement

0.08 (0.25)/1.26 (2.18)

0.11 (0.64)/0 (0)

0.943 (~151)

GMECS, gross motor function classification system; GMFM-88, gross motor function measure of 88 items; CPQLQ, cerebral palsy quality of life questionnaire; Weefim
scale: Functional Independence Measure for Children; ROM, range of motion; MAS, modified Ashworth scale; Cl, confidence interval. Statistics used: mean (SD)/
median (IQR). Mann-Whitney U for comparison. Confidence interval: Hodges-Lehman median difference for independent samples.

*p-value < 0.05; **p-value <0.01.

being for both patients and their families. Consequently,
advancements in these areas represent not only strides in motor
skills but also wield substantial influence on the overall quality of
life, daily participation, and emotional well-being of children with
CP (10, 33). This influence on and quality of life should be measured
and analysed in further studies conducted with overground
exoskeletons.

The regression analysis highlights the significant influence of
age and the intervention group on various components of the
GMFM-88 total score. Positive coefficients associated with the

Frontiers in Pediatrics

intervention group underscore the potential added value of
integrating ATLAS 2030 into conventional therapy for enhancing
motor function in children with CP across different activities.
Further research is needed to explore variables that may impact
participants’ score progressions. Regarding the influence of age,
no relationship between age and improvements in gross motor
function after a rehabilitation program has been established in
the scientific literature, although it might be related to a better
cognitive level to understand and follow the commands required
in the GMFM-88, influencing the results.
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FIGURE 4
Progression of GMFM-88 total score over months. Results are included for all participants who completed all study assessments (intervention n = 14,
control n =15).

Improvements in gross motor function could be partially
attributed to advancements achieved in secondary variables of
ROM and spasticity (34). Significant enhancements were noted
in all assessed ROM, particularly affected by joint restrictions in
individuals with CP, including hip extension, knee extension, and
ankle dorsiflexion. These findings align with other published case
series involving children with CP and Spinal Muscular Atrophy,
offering a more substantial sample size and comparisons with a
control group (12, 35).

In terms of spasticity, the intervention group experienced
statistically significant reductions, except for the ankle extension,
which exhibited no noticeable changes between groups. The
observed enhancements in both spasticity and ROM likely
contribute to improved motor function in children, facilitating
smoother and more coordinated movements. These results are
consistent with other case series involving overground exoskeleton
studies with children with CP. In contrast, studies on treadmill
exoskeletons by Amman-Reiffer et al. (36), and Digiacomo et al.
(37) found no significant differences in spasticity when comparing
conventional physiotherapy with the Lokomat exoskeleton.
Similarly, Peri et al. (38) reported no variations in spasticity
among different treatment approaches, including conventional
physiotherapy and using the Lokomat. However, the studies were
not homogeneous in terms of dosage or the level of disability of
the subjects, so further research should be conducted to compare

Frontiers in Pediatrics

the effects of overground exoskeletons vs. fixed exoskeletons in
spasticity, among other variables.

Study limitations

While this study offers valuable insights into the effectiveness
of the combined intervention, it’s essential to acknowledge some
limitations. Difficulty in assembling a large sample at a single
centre precluded randomization of participant assignment to the
intervention or control group. Consequently, baseline differences
in GMFM-88
potentially influenced by the non-random assignment process.

scores were observed between the groups,

Additionally, assessments throughout the study were not blinded,
introducing the possibility of observer bias. The aim of this
study was to assess the intervention of adding ATLAS 2030 to
the current rehabilitation treatment that the participants were
already receiving what it could drive to a limitation related to
treatment homogeneity.

Conclusion

The combination of ATLAS 2030 and conventional therapy has
shown to be more beneficial than conventional therapy alone in

frontiersin.org
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TABLE 3 Linear regression models with

10.3389/fped.2024.1398044

regard to improvements in the GMFM-88 (total score and the five dimensions).

GMFM-88 total score Coefficient p-value Confidence interval 95% Colinearity
Inferior Superior Tolerance
Constant —12.760 0.040* —24.878 —0.643
GMFCS 0.079 0.937 ~1.949 2.106 0.958 1.044
Age 2.104 <0.001* 1137 3.071 0.845 1.183
Intervention Group 10.892 <0.001** 6.315 15.470 0.878 1.138
R’ 0.571
Rl 0.519
A: Lying and Rolling Coefficient Confidence interval 95% Colinearity
Inferior Superior Tolerance
Constant —12.760 0.022* —48.625 —4.083
GMFCS 0.079 0.154 —1.069 6.382 0.958 1.044
Age 2.104 0.032* 0.178 3732 0.845 1.183
Intervention group 10.892 0.001** 6.718 23.545 0.878 1.138
R2 0.396
R2adj 0.324
B: Sitting Coefficient Confidence interval 95% Colinearity
Inferior Superior Tolerance
Constant —41.020 0.004** —67.482 —14.558
GMFCS 5.174 0.024* 0.747 9.600 0.958 1.044
Age 3.465 0.002* 1.353 5.577 0.845 1.183
Intervention group 16.637 0.002* 6.640 26.634 0.878 1.138
R2 0.457
R2adj 0.392
C: Crawling and kneeling Coefficient Confidence interval 95% Colinearity
Inferior Superior Tolerance
Constant ~7.528 0457 —28.055 13.000
GMFCS -1.585 0.351 ~5.019 1.849 0.958 1.044
Age 2.527 0.004** 0.889 4.165 0.845 1.183
Intervention group 9.398 0.020** 1.643 17.153 0.878 1.138
R2 0.369
R2adj 0.293
D: Standing Coefficient Confidence interval 95% Colinearity
Inferior Superior Tolerance
Constant 4.042 0.763 —23327 31.412
GMFCS —3.122 0.172 —7.700 1.456 0.958 1.044
Age 1.460 0.181 -0.725 3.644 0.845 1.183
Intervention group 10.752 0.042* 0.412 21.092 0.878 1.138
R2 0.233
R2adj 0.141
E: Walking, running, and jumping | Coefficient Confidence interval 95% Colinearity
Inferior Superior Tolerance
Constant 7.059 0.357 —8.439 22.558
GMFCS —2.665 0.044* —5.258 —0.073 0.958 1.044
Age 1.101 0.079 —0.136 2338 0.845 1.183
Intervention group 2.352 0.416 —3.503 8.207 0.878 1.138
R2 0.280
R2adj 0.194

*p-value < 0.05; **p-value < 0.01.

improving gross motor function, spasticity, and ROM in These findings open avenues for future research, urging a
children with CP. These results underscore the potential value of
ATLAS 2030 as a valuable tool for the rehabilitation of

this population.

deeper investigation into the long-term impact, functional
outcomes, and improvements in quality of life associated with
the ATLAS 2030 intervention.
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