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Abstract

Background: In this study, we evaluated the efficacy of dynamic bodyweight-supported training on the gait quality of children
with different neural disorders.

Methods: Seventeen ambulatory children, aged 3 to 11 years, experiencing gait limitations, were selected to participate in the
designed gait training program. Each child participated in 10 practice sessions held three days a week, with each training session
using the dynamic body weight support system, comprising three stages, and lasting 20 minutes. Clinical assessments were
conducted using four functional tests: “Five Time Sit to Stand Test (FSST)”, “Modified Time Up and Go (MTUG)”, “Time Up and
Down Stairs (TUDS)”, and “Pediatric Berg Balance Scale” (BBS).

Results: Statistical tests demonstrated a significant increase in the post-values of the BBS after gait training. Notably, children with
higher relative cognitive abilities showed more improvement. Additionally, there was a significant enhancement in the assigned
score for the level of independence. As all participants had received conventional physical therapies for more than three years,
reaching their maximum obtainable improvements with conventional training methods, the observed improvements could be
attributed to the designed training protocol even without a control group.

Conclusion: Designed gait training protocol using a dynamic weight support system proved effective in enhancing balance,
improving gait quality, and increasing the level of independence during performing functional tests in ambulatory children
suffering from different locomotor disabilities.
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Introduction

Gait rehabilitation in children with cerebral palsy (CP)
employs various approaches including exoskeletons,
functional electrical stimulation (FES), and body-weight
supported system (BWSS)."? Genuine rehabilitation
involves the emergence of motor learning, and the
effectiveness of the potentially impactful approaches can
be evaluated based on their ability to foster motor learning.
The exoskeletons are promising devices."* However,
they restrict participants’ natural degree of freedom,
which may hinder the development of musculoskeletal
synergetic patterns emerging from exercise and necessary
for generating a normal gait. Additionally, there is
some evidence suggesting that FES, as a well-known

rehabilitation strategy, has beneficial effects on muscle
strength, muscle activation, and the learning of movement
in children with CP.>° Nevertheless, the use of FES can
expedite muscle fatigue. * Moreover, using FES requires
long training periods before starting the gait-related
intervention.® Such limitations impede its effectiveness.
In comparison to exoskeleton systems and FES systems,
the bodyweight support systems not only provide users
with full kinematic freedom but also facilitate active
participation, which is necessary for motor learning.
Therefore, several prominent works have focused on gait
recovery using the BWSS.>”'° Particularly, BWSS has
shown potential benefits for CP children.""* It has been
shown that treadmill training with partial body weight
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support is a promising treatment for nonambulatory
CP children.® This is evidenced by increased values
in important clinical measures such as the functional
ambulation category and gross motor function measure
following the intervention.!? Also, some research reports
suggest that intensive and prolonged bodyweight-
supported treadmill training (BWSTT) could be a
beneficial interventional treatment for improving
gait speed and endurance in children with different
degrees of CP." Furthermore, intriguing evidence has
been presented demonstrating the positive effect of
BWSTT on the endurance and functional gait of six CP
children." Researchers have also explored the feasibility
of home-based BWSTT for three CP children,* with post-
intervention improvements in the functional mobility of
two participants.? Additionally, evidence supports the
effectiveness of BWSTT in improving gait impairments
and level of participation for individuals with CP."

Interestingly, researchers have unveiled the positive
impact of a BWSTT-based intervention on the Segmental
Assessment of Trunk Control (SATCo) in three young
children with CP." Furthermore, some examinations
have demonstrated the significant effect of BWSTT on
gait and gross motor skill development in children with
developmental delays.'®!* In another study, the efficacy
of exercising based on partial bodyweight-supported
treadmill training (PBWSTT) was evaluated in thirty-
four CP children.” The results elucidated the safety of
PBWSTT for implementation in a special school setting,
but it is no more effective than over-ground walking for
improving walking speed.” It has been emphasized that
concurrent over-ground walking alongside the PBWSTT
boosts the improvement of over-ground walking."
Additionally, some studies prove the positive benefits
of PBWSTT in walking speed over short distances,
particularly for CP children with more severe walking
disabilities and in the motor skills of children with spastic
CP'S,IS

In addition to the BWSTT, the influence of walking
training based on body weight unloading (BWU) on
gait characteristics was also investigated.' The evidence
reveals more rigorous influence of BWU on the kinetic
characteristics of gait compared to a treadmill or over-
ground walking.'® In particular, for CP children, the
effectiveness of over-ground walking practices based on
BWU using a rehabilitation robot called Andago has been
assessed.'” It has been shown that inter-joint coordination
increased in Andago compared to treadmill walking.

Nevertheless, some researchers find it challenging to
draw decisive conclusions regarding the BWSS due to
the small number of participants and the heterogeneous
level of abilities of participants reported in the studies.'®
Furthermore, in the majority of the presented works
body weight-support was used alongside treadmill
training.'*! While the gait dynamics during treadmill

training differ from those during over-ground walking,
dynamic body-weight support system (DBWSS) could
have an effective impact on rehabilitation outcomes.
Incorporating a treadmill, however, eliminates these
capabilities. Thus, in this study, a BWSS endowed with
a dynamic bodyweight supporting mechanism has been
designed and implemented for gait rehabilitation in
children with CP. In this study, the effectiveness of the
designed DBWSS on the gait quality of CP children has
been evaluated in terms of different functional indexes.

Methods

Participants

In the current study, the gait quality of the selected
participants was evaluated once before and once
after conducting gait exercises using the DBWSS.
Participants were recruited through a specialized
pediatric neurorehabilitation clinic in Mashhad (Iran).
The selected participants included 17 children aged 3
to 11 years. The rational and acceptable sample size was
designated compared to similar works. An expert team
selected the children based on a study of their medical
files and examinations. The participants suffered from
spastic CP, motor delay disorder, CP due to atrophy of
the cerebellum, CP due to Dandy-Walker syndrome,
CP due to hydrocephalus, CP along with microcephaly,
and motor disorder due to genetic disorders. The
parents of each child filled out an informed consent
form before participating in this study. A local ethics
committee approved the study. The participant selection
process was conducted under the supervision of expert
physiographists, physical therapists, and occupational
therapists. Each participant has met specific inclusion
criteria. The main criterion was the value of the Gross
Motor Function Measure (GMFM), which quantifies
the severity of movement disability in CP children.'*'>!
Children rated as level 3 or 4 of the GMFM, with no
cardiovascular dysfunction, bone deformities, fixed
contracture, and visual/auditory disorder were chosen.

Tests and Outcomes

In this study, gait and stability performance were
evaluated once at baseline and once after five weeks
of physical therapy using the designed DBWSS. The
mentioned assessments were conducted by performing
four functional tests including “Five Time Sit to Stand
Test (FSST)”, “Modified Time Up and Go (MTUG)”,
“Time Up and Down Stairs (TUDS)”, and “Pediatric Berg
Balance Scale” (BBS).2*2¢

Functional Tests

FSST: In the FSST, the child rises from a standard seat
five times as quickly as possible, then sits down, and the
time duration is recorded. With a short break, the test
is repeated. After three test performances, the average
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of three recorded time durations is taken as the output
measure.?

MTUG: In the MTUG, the child travels three meters
after rising from the standard seat, returns, and sits back
in the seat. The test time is recorded. After a short rest,
the test is repeated, and after the third time, the shortest
time is recorded as the output measure.*

TUDS: In the TUDS test, the child climbs and returns
on standard four steps stairs. The time from the beginning
of the ascent to the descent from the last step is recorded
as the output measure.”

Pediatric Berg Balance Scale (BBS): In the BBS, 14
functional tests are administered to the child. The score
of each test item ranges from 0 to 4. A score of 0 indicates
the lowest ability and a score of 4 indicates the maximum
ability of the participant to perform the test. The test
items include getting up from a chair, sitting on a chair,
moving, standing without assistance and support, sitting
on a chair without assistance and support, standing with
closed eyes, standing with legs crossed, standing one step
ahead, standing on one leg, 360-degree rotation, rotation
to see behind, lifting the object from the ground from a
standing position, alternating stepping on the step, and
bending forward to grasp the object. Finally, the total
score is recorded as the result of this test.”

The Implemented DBWSS

Figure 1 illustrates the structure of the designed and
implemented DBWSS. In this system, there is a moving
suspension unit connected to the harness. A trolley rail
system transports this unit. Also, theimplemented DBWSS
is equipped with an intelligent propelling system. Thanks
to this mechanism as children take one step forward, the
position of the moving unit moves forward to align with
the participant’s position. This allows each child to walk

Figure 1. A View of the Utilized Intelligent Dynamic Body-Weight Support
System (DBWSS)

freely at a preferred speed without imposing any speed
restriction on the musculoskeletal system. We believe
that removing this restriction could pave the way for the
gradual relearning of the desired musculoskeletal synergy
pattern that needs to be elicited during stable walking.
This synergy pattern might be participant-specific and
designated automatically during a gait training process. In
other words, over-ground walking using a BWSS without
removing speed restrictions may not yield such automatic
designation by the neuromusculoskeletal system.
Additionally, the value of bodyweight support can be
easily adjusted between 0 to 22 pounds through mobile-
based application software with a weight resolution of
about 0.22 pounds. The determined percentage of body
weight support is continuously adjusted by an embedded
intelligent closed-loop system. This ensures that the
determined percentage of body weight support remains
unchanged as the participant goes up and down. Using a
DBWSS, a gait training process can be performed in the
presence of different obstacles and stairs, expediting the
motor learning process.

Thisintelligent DBWSS is suitable for children weighing
up to about 88 pounds with a maximum height of 4.5 feet.
In addition, the system can record various kinematic and
gait-related quantities such as deviation angles and the
number of strides, which can be used for supplementary
analysis. It's worth noting that all technical reliability
and technical repeatability tests have been certified by
relevant organizations and experts.

Training Protocol

There were ten practice sessions for each child, usually
held three days a week and continuously. Before
starting the ten-session training period, one to three
sessions of familiarity with the device and exercises were
considered for each person. In these sessions, the child
was introduced to the machine and the harness, and
the therapist explained how to perform the exercises,
preparing the child to start the main practice sessions.
In each training session with the device, three steps of
gait training were performed, including normal walking
(gait) for ten minutes, going up and down on a sloping
surface for 5 minutes, and going up and down 4 stairs
for 5 minutes. Thanks to the dynamic body-weight
system, the bodyweight support percent has been
preserved during going up and down. During each step,
the distance traveled by the child, the number of strides,
and the maximum forward, right, left, and back deviation
angles were measured and stored for further analysis. The
number of times the child walked in different directions
was also recorded. The physiotherapist was responsible
for accompanying the child in all stages of the training and
recording the results. Figure 2 shows a child conducting
three steps of gait training using DBWSS.
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Figure 2. Three steps of gait training exercises (A: normal walking, B: going up and down 4 stairs, C: going up and down on a sloping surface)

Data Analysis

Means and standard deviations were calculated for all
computed scores related to the functional tests. Before
and after the physical therapy using the DBWSS, none of
the children could afford to perform the functional tests
independently, except for the Berg Balance Test. In this
study, to quantify this important progression, a measure
called the level of independence (LI) was envisioned.
The assigned quantized number ranged from 0 to 3,
where a score of zero means the child could not conduct
the test even with assistance, and a score of 3 means the
child could perform the test independently without any
assistance.

The gait training process was filmed, and a group of
experts determined the scores after reviewing the recorded
films. Thus, the Wilcoxon signed-rank test was adopted
to examine whether differences existed between week one
and week five for the possible progression of the balance
situation using the BBS. In addition, the MARGINAL
HOMOGENEITY TEST was used to examine whether
differences existed between week one and week five for
possible increasing the LI values.

Results

Table 1 shows the level of GMFM and some important
descriptive characteristics related to the type of diagnosed
CP, assistive devices and orthoses, and prior physical
therapy that each child had received. The results of
individual and group analyses will be elaborated on in the
following subsections.

Group Results

Table 2 shows the results of the Berg Balance test for
the group. The result of the Wilcoxon signed-rank test
indicates significant differences between the pre-values
and post-values of the pediatric BBS (P value<0.001).
Figure 3 shows the related box plot graphically delineating
the observed difference. According to Figure 3, the
median of the BBS increased after physical therapy
using DBWSS. Therefore, one can conclude that balance
quality significantly improved after participating in the
training sessions using DBWSS. Also, Table 2 presents
the results of determining the LI values for participating

Table 1. Participant Demographics

Participant Age Gender Weight Diagnosis G:: :gs
1 6  Male 15 Spastic diplegia 3
2 6  Male 24 Spastic quadriplegia 4
3 3 Female 9 Genetic disorder 4
4 11 Male 22.5  Cerebellar atrophy 4
5 4 Female 14 ?yir;z;]\:\f[ker 2
6 8  Male 22 Spastic diplegia 4
7 5 Female 12 Genetic disorder 3
8 4 Female 12 Spastic diplegia 3
9 4 Male 13 Weakness 3
10 3 Female 11 Cerebral palsy 4
11 3 Female 15 Motor delay 4
12 6  Female 10 ﬁj{ii’;ﬁégﬁ;’;) 4
13 4 Male 14 Spastic diplegia 4
14 6  Female 15 Cerebral palsy 3
15 4 Male 13 Spastic diplegia 3
16 3 Male 10 Hydrocephaly 4
17 4 Female 15 Weakness 4

children. A distinct LI value has been assigned to each
functional test. The marginal homogeneity test showed
significant differences between the pre-values and post-
values of LI related to FSST (P=0.012), and TUDS
(P=0.020). However, no significant differences were
observed between the pre-values and post-values of LI
related to MTUG (P=0.052). Nevertheless, other analyses
elucidated that although the values of MTUG have
not changed significantly, their values have increased
relatively. Overall, according to Table 3, the LI values
increased significantly (relatively) after conducting the
physical therapeutic interventions using DBWSS.

Individual Results

Table 3 presents the pre-post-values of the BBS and the LI
values related to the FSST, MTUG, and TUDS calculated
for each child separately. The balance scale increased
for all children. Furthermore, the most significant
improvement was observed for participant number 6
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Table 2. The Results of Statistical Tests Related to the Berg Balance Scale
(BBS), Five Time Sit to Stand Test (FSST), Modified Time Up and Go (MTUG),
and Time Up and Down Stairs (TUDS)

Mean+SD Median (IQR) P value
BBS
Pre 26.41+16.32 28.0 (34.0)
Post 34.12+12.52 35.0 (21.5)
Difference (Post-pre) 7.71+6.52 6.0 (8.5) <0.001
FSST
Pre 1.65+1.17 2.0(2.5)
Post 2.24+0.75 2.0 (1.0)
Difference (Post-pre) 0.59+0.79 0.0 (1.0) 0.012
MTUG
Pre 1.71+£1.16 2.0(2.5)
Post 2.12+0.70 2.0 (1.0)
Difference (Post-pre) 0.41+0.79 0.0 (0.5) 0.052
TUDS
Pre 1.41+0.87 2.0(1.5)
Post 1.82+0.53 2.0 (0.5)
Difference (Post-pre) 0.41+0.62 0.0 (1.0) 0.020
IQR: Interquartile range, SD: Standard deviation.
* Significant at P<0.05.
BBS Number
60
50
40
30
20 °
10 i
0
Pre -BBS Post- BBS Post-Pre BBS

Figure 3. Graphically Description of the Observed Difference Between the
Group Medians on Pre-values and Post-values of the Berg Balance Scale
(BBS)

(22) and the next highest improvement was observed for
participant number 15 (13). Interestingly, their cognitive
abilities were lower compared to most participants. The
first is a child with spastic quadriplegia CP and the latter
is not a CP child and suffers from another disorder. The
least increase was observed for participants number 1, 4,
6, and 7 (2). The pre-test Berg Balance Scale obtained for
the mentioned children was more than 40. These results
show that the balance-preserving capability in children,
whose pre-test balance quality was considerable, did not
increase significantly. Also, according to Table 3, the LI
values either increased or did not change. As explained
previously, overall, the post-values of LI increased
significantly.

Considering this result, analyzing Table 3 reveals an
interesting point. The most significant improvement

Table 3. pre-values and post-values of the Berg Balance Scale (BBS) and the
LI values related to the Five Time Sit to Stand Test (FSST), Modified Time Up
and Go (MTUG), and Time Up and Down Stairs (TUDS) calculated for each
child separately

TUDS MTUG FSST BBS

Participant pre. post. Pre- Post- Pre- Post- Pre- Post-

test test test test test test test test
1 2 2 3 3 3 3 45 43
2 2 2 2 2 1 2 35 30
3 1 1 1 1 2 2 15 6
4 2 2 2 2 1 3 43 38
5 2 3 3 3 3 3 53 51
6 0 1 0 2 0 1 26 4
7 2 2 3 3 3 3 52 48
8 2 2 2 2 2 2 38 30
9 2 2 3 3 3 3 44 42
10 0 1 0 1 0 1 13 4
11 2 2 2 2 2 2 31 23
12 1 2 0 2 0 2 32 10
13 0 1 1 1 1 1 20 14
14 2 2 3 3 3 3 45 43
15 2 2 2 2 2 3 41 28
16 0 2 0 2 0 2 19 7
17 2 2 2 2 2 2 28 28

was observed for participant number 12. He could not
perform any functional tests independently before
conducting the gait training exercises. After training, the
scores of FSST and MTUG improved to 2. The situation
of participant number 16 is also similar to participant
number 12. Participant number 12 suffers from CP due
to microcephalus and participant number 16 suffers from
CP due to hydrocephalus. Furthermore, it is worth noting
that after training, participants number 1 and 7 could
walk independently without a walker.

Discussion

Velocity can be an influential contributor to movement
dynamics.” Therefore, asking participants to move
slowly fails to take into account the interaction between
speed and physical properties that play a key role in
producing momentums,” let alone limiting the gait
velocity. According to the aforementioned reasons,
using dynamic weight support while the child walks
freely over the ground alongside a bodyweight support
system could be a prelude to accomplishing an associative
learning process. Ambulatory children can do the
exercises at their preferred (different) speeds. Thus, in
this study, an intelligent DBWSS was used to conduct
the gait training process in ambulatory children with
gait limitations. As expected, the achieved results testify
to the presumptions because the Berg Balance Scale and
the level of LI during performing the functional test

@ journals.sbmu.ac.ir/Neuroscience
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have increased significantly. After training, some of the
children were able to walk even without a walker. Such
observations could prove that sensory-motor integration
has been boosted which we believe arises from motor
learning. After training, the children were able to walk
with much better quality repeatedly, becoming able
to walk independently with or without a walker. This
result elucidates that after the physical therapy, the
children could perform the designated functional tests
with considerably more independence. Performing
such movement skills repeatedly needs a synergetic
collaboration among the involved muscle-joint systems,
guaranteeing balance. Emerging such musculoskeletal
synergetic collaboration could be a sign of modifying
motor programs. This achievement elucidates that gait
training using DBWSS yielded improved neuromuscular
coordination giving rise to a more stable gait and boosted
balance quality during the gait. In addition, scrutinizing
different aspects of the individual results can reveal
intriguing and interesting points. As explained previously,
the least increase in the Berg Balance Scale was observed
mostly in the participants whose score was more than
40. The balance preserving emerges from cooperation
among the muscles leading to the control of the center
of pressure (CoP). Therefore, boosting this ability means
enhancing the processing of received proprioceptive
information transferred from muscles to the upper level
of the central nervous system. This means empowering
neurocognitive processing. Since the severity of pediatric
traumatic brain injury has a significant impact on
neurocognitive outcomes,”® brain trauma could limit
the possible balance improvement. The mentioned
participants had received classical physical therapies for
about one year and according to the situation of their
brain trauma they had reached the maximum possible
improvement. Nevertheless, training using DBWSS
has caused enhancing the aforementioned information
processing in the mentioned participants albeit it was less
than most of the participants. Another intriguing point is
the significant increase in the BBS in the children whose
post-value of LI has not changed significantly. However,
after training, all children could walk independently with
or without a walker. This can prove the positive effect
of training using DBWSS on sensory-motor coupling
because preserving the balance during supported/
unsupported standing or during supported/unsupported
gait needs such communication between sensory and
motor systems. In other words, this observation shows
that even though the locomotor abilities have not changed
significantly, the sensory-motor integration improved.
Because properly conducting the Berg balance test needs
proper communication between the motor and sensory
systems. In addition, it seems that utilizing a dynamic
weight support mechanism could engage the specific
intact neural networks of the brain involved in associative

learning. This could cover the cognitive shortages. This
finding aligns with recent research showing improvement
in children with considerable cognitive shortages because
all of them elucidate the influential role of gait training
using the DBWSS in enhancing the process of receiving
information through senses, interpreting, and organizing
it. Nevertheless, our results show that the participants
whose cognitive abilities were relatively higher compared
to the others (participants number 1 and 7) could walk
without a walker after training. It could be justifiable
because some evidence proves the impact of cognitive
impairment on specific gait parameters and static
balance.”” Furthermore, the planned physical therapy
even if has not had a positive effect on a child, yet it has
not degraded the achievements related to prior training
exercises received by that child. Such findings could
certify the posed presumption regarding the necessity
of dynamic weight support and intelligent propelling.
Because such a system could pave the way for conducting
the training under conditions that elicit motor learning.
One limitation of this research was the lack of a
control group. Two control groups could be constituted.
One group comprises a sample of children with the
neural disorder who only received classical physical
therapy, and another group is comprised of children
who conducted BWSTT. Owing to this limitation, the
generalizability of the findings is limited. Furthermore,
the superiority of training using DBWSS to body weight-
supported treadmill training cannot be proved decisively.
Nevertheless, all participating children had received
classical physical therapies for about one year and the
pediatric physical therapists believed that they reached
the maximum improvement. Thus, observing the
mentioned improvements may show the relative efficacy
of the proposed gait training strategy in comparison to
the classical physical therapies. In addition, although
there were no participants who received BWSTT, at
least, the mentioned findings can certify the purported
expectations regarding eliciting motor learning using
DBWSS. Furthermore, the authors have not found
dazzling and prominent research related to DBWSS which
has been published so far. Nevertheless, it is emphasized
again on the necessity of constituting two mentioned
control groups in future works. Another limitation of this
study was the nonuniform distribution of participants.
In other words, the number of spastic CP, motor delay
disorder, CP due to atrophy of the cerebellum, CP due to
Dandy-Walker syndrome, CP due to hydrocephalus, and
CP along with microcephaly was not equal. In this study,
children with different neural disorders participated and
the number of participants was more than the number
of participants reported in some of the distinguished
works.!*!! Although this might generalize the findings
partially, the number of children with different neural
disorders was not equal. This issue has to be also addressed
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in future studies. It would be rather the participants are
categorized uniformly into different groups in terms
of the type of disorder. In a manner that at least three
participants are assigned to each group.
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