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HIGHLIGHTS

+ Surface and amount of body weight unloading
modify gait patterns.

+ Body weight support systems enable
individuals with gait impairment to walk.

+ Gait with body weight unloading on the
ground better resembles daily-life gait.
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ABSTRACT

In this paper, we describe general information regarding the use of the partial body weight support (BWS) paradigm as a
strategy to manipulate constraints during walking by individuals with and without gait impairments. We present two overground
BWS systems implemented by our research group and the main studies that have been conducted so far. Non-disabled young
adults, individuals with stroke, and children with cerebral palsy were considered in our investigations. Gait assessment with
different amounts of body weight unloading on both the treadmill and the ground, as well as gait training protocols with BWS
on these surfaces, were conducted, and general results are reported. Based on our investigations, we suggest that the use of
a BWS system on a treadmill and on the ground, as a strategy for manipulating constraints, enables individuals with gait
impairment to walk. More importantly, professionals in the field of gait rehabilitation can carry out training protocols throughout
the manipulation of implements that assist walking, such as using a harness connected to a structure.
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INTRODUCTION

Following the onset of upright bipedal locomotion, walking is the preferred mode of
locomotion adopted by human beings to cover short distances. This fundamental motor
skill allows independence and autonomy in searching and interacting with the near
environment and other individuals and, consequently, persuades motor, social, and
cognitive development. On the other hand, it is well established that internal and external
factors influence gait,'” such as age,234 motor and/or neurological disability,>67 and
environmental context.89.10 Taken together, it is possible to discern the importance of
investigating gait, and more specifically walking, towards improving gait capabilities
through strategies of intervention for those with gait impairment.

A promising approach to investigate walking derives from the constraints

* It is important to note that although most people tend to use the terms “gait” and “walking” interchangeably, there is a
difference. According to Whittle (2007), gait refers to the “manner or style of walking, rather than the walking process
itself’ (p. 48), and it comprises walking, running, galloping, and more. Walking, on the other hand, is the motor skill

itself.

1 Whittle M. Gait analysis: an introduction. 4th ed. Ediburgh: Butterworth Heinemann; 2007.
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perspective, envisioned by Newel."" Overall, constraint can be understood as a feature
that outlines the execution of movements. Newell'' suggested that the control and
coordination pattern for the performance of any motor skill emerge from the interaction
among three categories of constraint, namely organismic (the performer’s physical and
cognitive characteristics), environmental (the context where the motor skill is performed),
and task (the motor task itself, including goals, rules, and tools that specify the output)
constraints.!" It is important to note that the impact of constraints from these categories on
the control and coordination pattern varies accordingly. In this way, individual differences
may lead to different patterns of coordination and control for the same set of constraints.
Similarly, changes in environmental differences may lead to different patterns of
coordination and control by the same individual.

The performance of any motor skill, such as walking, is influenced by the physical
and cognitive characteristics of the performer, the motor skill itself, and the context in
which the motor skill is performed. Therefore, the main goal of this paper is to present
general information regarding the investigations we have conducted recently using the
constraints as the background to investigate gait. We manipulated the constraints to
examine practicable strategies for gait intervention, as follows.

‘MANIPULATING” CONSTRAINTS

A strategy we adopted in some of our gait investigations is the employment of
body weight support (BWS) systems. The rationality that underlies this strategy originated
from experiments in cats with a complete spinal cord injury,23 and subsequently
employed in humans.'415.16 A BWS system alleviates the gravitational forces acting on the
lower limbs'” and, consequently, reduces the load that should be overcome by the
performer, 8.1 which in turn might facilitate walking performance. In addition, the use of a
BWS system promotes safety (that is, low fall risk) and might favor postural alignment and
balance.4

Usually, a BWS system consists of a treadmill and a mounting frame with an
apparatus that mechanically supports the individual wearing a harness (Figure 1); several
investigations have been conducted using BWS on a treadmil in different
populations.20.2122.2324 The use of a treadmill combined with a BWS presents benefits and
drawbacks. For example, a treadmill can be fitted in a small space, and its speed can be
precisely controlled as the performer practices numerous steps repetitively and
consistently. However, if we consider that walking on a treadmill is different from walking
on the ground,2526.27 it could be difficult to transfer the acquired skills from a treadmill
training protocol to the ground, which is the surface used on a daily basis. Based on these
issues, we questioned whether the use of a BWS system on the ground would be more
appropriate and feasible than a treadmill (mainly for individuals with gait impairment) for
overall gait performance intervention. Furthermore, we questioned what would be the
effects of walking on the ground with a BWS system, and its effects if employed in a gait
intervention protocol.
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Figure 1. lllustration of a treadmill body weight support system.

Considering the use of a BWS on the ground to implement an alternative strategy
for walking performance, our research group first designed a mounting frame that enabled
the use of BWS on the ground in the “Laboratério para Estudos do Movimento” (LEM), at
UNESP/Rio Claro (Figure 2A); later, a similar system was implemented in the “Laboratério
de Anélise do Movimento Humano” at UFScar (Figure 2B). Overall, this system contains
an electric motor that slides along a metal rail, as the performer walks along the pathway
‘pulling” this cart by the rail. A load cell connects a horizontal bar to a cable and measures
the approximate amount of unloaded body weight, which is shown on a digital display.
Several studies were conducted using these BWS systems (Table 1). With the
advancement in our investigations considering the overground BWS system, a new
version was developed with the assistance of a mechanical engineer (Finix Tecnologia) in
the “Laboratério de Analise do Movimento” at Cruzeiro do Sul University (Figure 3). This
"new and modern system” contains a suspended rail sustained by steel beans. A moving
cart is attached underneath the rail and is controlled by a belt system linked to a servo
motor. A customized program (LabView, National Instruments Inc.) is employed to control
the displacement, velocity, and acceleration of the moving cart. This moving cart contains
a second servo motor that controls the amount of mechanical support throughout the
harness attached to a steel bar and belt. As in the previous overground BWS systems, a
load cell placed at the bottom of the belt and connected to a digital display provides
information regarding the unloaded body weight (Figure 3B). The main studies related to
this “updated” new version of the overground BWS system are also presented in Table 1.
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(A) (B)

Figure 2. lllustration of the first versions of an overground body weight support system developed by our research
group.

(A)

Figure 3. lllustration of an innovative version of an overground body weight support system developed by our
research group.

Table 1 - List of the main studies that employed the overground body weight support systems developed by our research group,
having non-disabled individuals (left) and individuals with gait impairment (right) as the participants.
Non-disabled individuals Individuals with gait impairment
Patifio, Gongalves, Monteiro, Santos, Barela, Barela Sousa, Barela, Prado-Medeiros, Salvini, Barela (2009)4°
(2007)28
Barela, Sousa, Toledo, Camargo, Barela (2015)32 Sousa, Barela, Prado-Medeiros, Salvini, Barela (2011)4!
Barela, de Freitas, Celestino, Camargo, Barela (2014)2°  Prado-Medeiros, Sousa, Soares, Barela, Salvini
(2011)60
Barela, Gama, Russo-Junior, Celestino, Barela (2019)3'  Matsuno, Camargo, Palma, Alveno, Barela (2010)%
Celestino, Gama, Longuinho, Fugita, Barela (2014)5
Celestino, Gama, Barela (2014)56
Gama, Celestino, Barela, Forrester, Whitall, Barela
(2017)42
Gama, Celestino, Barela, Barela (2019)
Barela, Celestino, Gama, Russo-Junior, Santana,
Barela (2021)47

Before considering individuals with gait impairments, our target population, the
initial investigations with each of the overground BWS systems were conducted with non-
disabled young adults as participants,2829to uncover and further understand the effects of
overground BWS on gait coordination and control. Patifio et al.?8 investigated young adults
walking on the ground with no BWS (*free”) and with 0%, 10%, 20%, and 30% of BWS;
Barela et al.2 investigated young adults walking with 0%, 15%, and 30% of BWS. Overall,
these studies revealed that non-disabled young adults walk approximately 20% slower
under the BWS system conditions, and in cases where the walking speed is not
controlled,22 speed is reduced as body weight unloading increases. The vertical
mechanical support imposed by the overground BWS systems also modifies the joint
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excursion of the lower limb,28 gradually reducing the magnitude of weight acceptance,?
which in turn can contribute to body stabilization during forward progression. These
introductory studies using the overground BWS systems revealed that body unloading
promotes gait alterations in individuals with no gait impairments; more importantly, the
overground BWS is safe and most likely to be employed in individuals with gait impairment.

As it is common to employ a BWS system on a treadmill, we further compared the
walking performance of non-disabled young adults with BWS on a treadmill and the
ground.30.31 Barela et al.?2 investigated non-disabled young adults walking “freely” (that is,
no harness from the BWS system) and with 30% of BWS on both treadmill and the ground
at a self-selected comfortable speed. The participants of this study walked faster and with
longer strides on the ground than on the treadmill, and presented a more stable pattern on
the ground, as revealed by the shorter double support duration.32 Recently, Barela et al.3?
investigated non-disabled young adults with the updated version (Figure 3), walking with
similar and controlled speed on both treadmill and the ground. Based on the previous
studies with the same overground BWS system,? participants walked at approximately
80% of their “free” self-selected comfortable walking speed, with 0%, 10%, and 20% of
BWS. Overall, the results of this study revealed that even when controlling the mean
walking speed and keeping it similar for both surfaces, non-disabled young adults walked
with shorter and slower strides and presented longer double support duration on the
treadmill than on the ground. However, this study also revealed that non-disabled young
adults presented less variability on the treadmill than on the ground.3® Once more, the
results of these studies revealed that the overground BWS system promoted a gait pattern
more similar to the daily basis than the one observed on a treadmill.

We employed the BWS system for individuals with gait impairments. More
specifically, we investigated individuals with stroke and children with cerebral palsy.
Although both groups presented gait impairments, they had different characteristics.
Therefore, we present these studies separately, as follows.

THE USE OF PARTIAL BWS SYSTEMS IN INDIVIDUALS WITH STROKE

Stroke is related to a neurological disorder due to a substantial blood flow
reduction in one part of the brain,34 causing damage to the brain tissue as this reduction
prevents oxygen supply.3® Consequently, individuals with stroke can present sensory and
motor disturbances in the contralateral body side of the brain damage area, which affect
daily life activities, such as walking.® Usually, individuals with stroke walk slowly, with
short and asymmetrical steps, and the stance period is shorter in the paretic limb
compared to the nonparetic limb.37

Walking is one of the main aims of an intervention program for individuals with
stroke,3” and the use of BWS systems on a treadmill is one of the strategies widely
employed for gait rehabilitation.38 Considering the requirements in terms of propulsion and
balance to walk on a treadmill,3® and the extent of skill transfer to daily life basis, we first
evaluated individuals with stroke walking with 0% and 30% of BWS on the ground.4? This
preliminary study revealed that these individuals reduced stride length and speed and the
excursion of the hip joint compared to ordinary walking, and did not modify the single and
double limb support and swing period durations, nor the typical asymmetrical gait pattern.
These results suggested that individuals with stroke presented more difficulty walking with
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BWS on the ground than without it,40 which could be considered a challenging context for
walking practice. Afterwards, these individuals underwent a gait intervention program with
the overground BWS system three times per week for 6 weeks.4! They were assessed for
walking with no BWS system before and after the intervention. Individuals with stroke
walked faster, with longer strides and symmetrical steps, increased toe clearance, and
lower limb excursion after gait intervention with BWS. Based on these results, it was
suggested that the use of an overground BWS system is safe and a favorable strategy for
gait rehabilitation in individuals with stroke.4!

The next investigation was regarding the comparison between a gait intervention
program using BWS on a treadmill and on the ground.4? In this randomized controlled trial,
the participants were randomly assigned to either treadmill or overground gait training with
BWS, three times per week, for 6 weeks. They were assessed 1 week before, 1 week after,
and 6 weeks after the last training session (follow-up). The assessments included clinical
tests (10-meter walk test,*3 6-minute walk test,* motor domain of functional independent
measurement,*> and Fugle-Meyer test*6) and walking at a self-selected comfortable speed
with no BWS. Overall, all participants improved and maintained their walking speed,
resistance, lower limb motor function, and single-limb support duration after the
intervention. However, only the participants who underwent overground gait training with
BWS improved and maintained the step length of the paretic limb and step length
symmetry. Those who underwent treadmill gait training with the BWS protocol improved
the paretic limb step length only at follow-up. The results of this study suggest that the
overground BWS system may be more useful than the treadmill BWS system.42

Based on the results of these previous studies,*'#42 we conducted a new study
comparing the walking surface (that is, treadmill and overground) and different amounts of
BWS, while controlling similar walking speeds on both BWS systems#” as we previously
did with the non-disabled young adults.33 Basically, we focused on spatiotemporal changes,
variability, and the amount of change between ordinary walking and walking with 0%, 10%,
and 20% of BWS on the treadmill and on the ground. Overall, the results of this study
indicated that the changes presented by the individuals with stroke were mainly related to
the surface than the amount of BWS, with overground walking being more related to
ordinary walking. The overground favored longer and faster strides, shorter double support
and longer single limb support durations, more variability, and more similarity to ordinary
walking compared to the treadmill conditions. Based on the results, Barela et al.4
suggested that if the intervention’s goal was to maintain consistency, the use of a BWS
system on a treadmill was preferable. Conversely, if the intervention’s goal is adaptability,
the use of a BWS system on the ground should be the choice. In addition, if one is
concerned with the skill transfer from training to daily life, the use of an overground BWS
system for gait intervention is indicated as it promotes a more generalizable gait training
and transfer to day-to-day requirements.4’

THE USE OF PARTIAL BWS SYSTEMS IN CHILDREN WITH CEREBRAL
PALSY

Cerebral palsy (CP) is a broad term related to a group of permanent disorders in
movement and posture development, which are attributed to non-progressive disturbances
that occur in the developing fetal or infant brain.*® The motor severity, which varies broadly
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among children with CP, is normally classified according to the Gross Motor Function
Classification System (GMFCS),%° ranging from level | (minimal limitations) to level V
(severe limitations). The functional abilities of children with CP are according to the
location and extension of brain lesion, and besides the GMFCS classification, children with
CP are also classified according to their affected limbs (hemiplegia, diplegia, quadriplegia)
and muscle tone (spastic, ataxic, athetoid, hypotonic, and mixed type).505' Based upon
these classifications, one can deduce how challengeable it is to investigate gait in children
with CP.

Gait improvement or acquisition is one of the major interests of parents and
caregivers of children with CP. Although the use of BWS has been a gait intervention
strategy for these children, the investigations are still very limited, and most of the
investigations have been conducted as case studies.52%3 Instead of conducting a gait
intervention, we investigated children with CP walking with BWS on a treadmill and on the
ground_54,55,56

Initially, we investigated children with CP with mild motor impairment (independent
walkers) walking with 0% and 30% of BWS on a treadmill and on the ground.%
Spatiotemporal parameters and joint angles were compared among the experimental
conditions and free walking. This was the first study investigating children with CP walking
with BWS on the ground, and the results revealed that they were able to walk under all
experimental conditions. Similar to non-disabled young adults and individuals with stroke,
children with CP walked slower, with shorter strides, longer double support, and shorter
single support durations on the treadmill than on the ground, indicating better walking
performance on the ground compared to the treadmill.54

Next, we investigated whether children with more severe motor impairment could
walk with 0%, 15%, and 30% of BWS on a treadmill and on the ground.%556 First, we
investigated children between 4 and 8 years of age walking at similar speeds in both
systems. These children maintained similar cadence and temporal organization (that is,
single-and double-limb support, and swing durations) among experimental conditions,
though, they walked with longer steps and strides on the ground than on the treadmill.
Although, in this first study, we investigated a small and heterogenic sample of children
with CP, it was the first attempt to test the overground BWS system with a servo motor
controlled by a computer program, and it was possible to verify that such a system allowed
more impaired children to walk under different amounts of body weight unloading. In a
subsequent study,% we investigated spatiotemporal parameters and joint angles under the
same experimental conditions as the previous one.% Overall, the second study revealed
that even the children who could not walk independently were able to walk with a BWS
system on a treadmill and on the ground. More importantly, even though we found a high
variability among the children who participated in this study, we observed that children with
CP walking with the overground BWS system presented a gait pattern more similar to that
presented by typically developing children.%

Finally, we conducted a pilot study (unpublished data) with an intervention lasting
6 weeks (3 times/week) with BWS on the ground. After randomization and before the
training sessions, all children were assessed using the Gross Motor Function Measures
(GMFM),57 a scale that is widely used to evaluate children’s gross motor skills, with 88
tasks divided into five dimensions (lying and rolling, sitting, crawling and kneeling, standing,
and walking, running, and jumping).®® We also assessed the children walking on a 7-m
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long walkway with reflective markers attached on specific body landmarks® that defined
lower limb segments, using a computerized gait analysis system (VICON, Inc.). All
assessments were conducted before, one week after, and one month after the last training
session. It is important to note that most of the children who participated in this study were
unable to walk independently, and assistance from the experimenters was necessary.
Overall, we found that children with CP improved their gross motor function, walking speed,
and step length, independent of the training group.

From these pilot studies, we realized that it is possible to conduct gait intervention
with both overground and treadmill BWS systems in children with CP, although some extra
strategies are necessary to engage them in the training sessions. For example, to motivate
children to keep walking and to make the intervention fun for them, and to maintain their
good mood and involvement throughout the entire session, we suggest the use of
footprints along the pathway as a “target” where they were supposed to step on;
recounting a story by making up characters, including ourselves in their “fairy tales”; using
songs, dance movements, and liveliness that the therapists were to perform during
sessions. An important point is that it is not possible to maintain the same strategies for all
children or even for the same child in all training sessions to maintain their motivation, as
each child is peculiar and each session is often unique. Taken together, we recommend
the use of BWS systems as a strategy for gait intervention in children with CP. We also
suggest considering children with severe limitations, and for them, the walking acquisition
should not be set as the main goal. Usually, more impaired children stay laying down most
of time (not to say all the time) and they do not have the opportunity to stand still. The use
of a harness attached to a metal structure enables these children to experience how they
feel about standing up and trying to move around, which in turn can improve their trunk
control, breathing, and enthusiasm from their parents and caregivers, among other aspects.
All these issues are important and should be aimed at in any intervention protocol,
especially those involving children with such disability severity.

CONCLUDING REMARKS

In the past years, we have investigated gait and alternative ways to enable
individuals with gait impairment to walk based on the constraints perspective.!" Based on
our studies, we demonstrate that the use of a BWS system is appropriate for walking
practice. The results revealed some of the gait parameters that could be changed
according to the surface (that is, treadmill or ground) and the amount of body weight
unloading. More importantly, we verified that individuals with severe gait impairment could
walk with a BWS system. Specifically, some children with CP had the opportunity to stand
up for a longer period of time than they usually could on a daily life basis. Even though it
was not possible for us to conduct a clinical trial or a similar investigation, we ensure the
excitement of children’s caregivers with such a promising strategy that can enable children
with CP to stand up and move. The use of a harness attached to a stable and safe
structure can offer the opportunity to acquire posture control, progressive force
development in the lower limbs, interaction with the environment, and hands free option for
the therapists to deal with aspects other than helping with balance.

Certainly, there are still different aspects to investigate the use of BWS systems as
a strategy to manipulate the constraints. We hope this paper will trigger the interest of

Barela, Gama,
Celestino

| 2021 | VOL.15 | N.5 | https://doi.org/10.20338/bjmb.v15i5.263

423 of 428



Y Special issue:
BJMB 15 years of Brazilian Journal of Motor Behavior

Brazilian Journal of Motor Behavior

professionals and researchers dealing with gait intervention to adopt similar strategies
during their practice and investigations.
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