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Abstract: Modifications in load-related sensory input during unloaded walking can lead to
recalibration of the body schema and result in aftereffects. The main objective of this study was to
identify the adaptive changes in gait and body-weight perception produced by unloaded walking.
Gait performance during treadmill walking was assessed in 12 young participants before and after
30 min of unloaded walking (38% body weight) by measuring lower limb kinematics, temporal gait
measures, and electromyography (EMG). A customized weight-perception scale was used to assess
perception of body weight. Participants perceived their body weight to be significantly heavier than
normal after unloading while walking. Angular displacement about ankle and knee was significantly
reduced immediately after unloaded walking, while temporal gait parameters remained unchanged.
The EMG activity in some muscles was significantly reduced after unloading. These findings indicate
that walking at reduced body weight results in alterations in segmental kinematics, neuromuscular
activity, and perception of body weight, which are the aftereffects of motor adaptation to altered
load-related afferent information produced by unloading. Understanding the adaptive responses
of gait to unloading and the time course of the aftereffects will be useful for practitioners who use
body-weight unloading for rehabilitation.

Keywords: motor adaptation; body-weight unloading; gait adaptation; treadmill walking; spaceflight;
lower-body positive pressure

1. Introduction

The sensorimotor system is comprised of sensory systems, motor systems, and the central
integration processes that help in producing and controlling movements. The vestibular, proprioceptive,
and visual systems provide sensory information from the external environment as well as that related
to body position and movement. The sensory inputs from these systems are integrated in the central
nervous system (CNS) following which appropriate motor commands are generated and sent through
the descending pathways to the various body segments. Any changes in the sensory information
either due to changes in the environmental condition or body condition will affect movement control.
The process that enables us to modify and maintain accurate movements as sensory condition changes
is called motor adaptation [1].

Several studies have investigated motor adaptation using a variety of experimental paradigms.
One of the ways is by studying the changes in the movement characteristics produced by adding
and subsequently removing sensory (visual, proprioceptive, acoustic, and vestibular) distortions or
perturbations while performing motor tasks [2–5]. One of the common locomotor adaptation paradigms
involves studying locomotor changes by altering the normal interlimb relationship during walking
by changing the speeds of treadmill belts relative to each other (commonly called split-belt treadmill
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walking [6–8]). Adaptive changes in step length and double support time are observed during split-belt
walk. Similarly, in another paradigm, the effect of increased trunk rotation during walking was studied
by having the subjects walk along the circumference of a rotating disc for 2 h [9]. Subsequently, after
the adaptation session, the subjects were found to produce curved walking trajectories. Likewise,
adaptive changes in heading direction in response to modifications of the direction of optical flow was
also observed after exposing subjects to a visual scene that gave the perception of walking along the
perimeter of a room [10].

Body-weight unloading (BWU) using various types of body-weight support systems is used
to study locomotor adaptation in response to reduced load input [11–14]. Load-related sensory
information is essential for regulating the timing, phasing, and magnitude of neural activities that
generate locomotor patterns during stepping [15–17]. They also help in maintaining balance control
during locomotion and gait termination [18–20]. Lower-body positive pressure (LBPP) is an emerging
technology that is used to provide body-weight support [21]. It consists of an air chamber that covers
the lower part of the body. When inflated with positive pressure, the lower part of the body is lifted
upwards from the hips and the body weight is reduced. LBPP is regarded as one of the superior
methods of unweighting when compared to upper-body harness [21]. Upper-body harness partially
supports the body weight and results in the formation of pressure points. LBPP on the other hand results
in uniform distribution of air pressure around the entire surface of the body while still maintaining
normal muscle activation and is thus considered superior [22,23]. Body weight as large as 80% can
be unloaded in increments as small as 1% using this system. An antigravity treadmill is a special
type of treadmill that is equipped with an LBPP air chamber and provides an opportunity to study
locomotor adaptation to BWU. Several studies using either the antigravity treadmill or the vertical
harness system have investigated the immediate effects of BWU on metabolic energy expenditure and
locomotor performance [12,13,24–26]. A linear decrease in stride frequency, vertical contact forces,
stance time, peak hip and knee flexion, and extensor and flexor muscles’ activity burst during the
stance phase with BWU has been reported [24,26–28].

Besides having acute effects on gait performance, exposure to BWU for a short period of time in the
order of a few minutes and subsequent reloading can alter movement characteristics [29,30]. Further,
prolonged exposure to BWU for a longer period of time in the order of a few months can also produce
significant changes in movement characteristics that last for a significant period of time as seen in
crewmembers returning from space [20,31–34]. Due to the fact that adaptive changes produced during
spaceflight is coupled with changes in structural and functional characteristics of the neuromuscular
system, we cannot compare it with short-term changes that we observe on the ground that are solely
produced by reduced body load. However, studying the adaptive changes to short-term BWU can
improve our understanding of the mechanism adopted by the sensorimotor system during adaptation.
Also, with the increase in use of BWU for treadmill training in patients with neurological impairments,
studying the adaptive changes to short-term BWU may provide valuable information to practitioners
who administer gait or balance rehabilitation using it [21,35,36].

The main objective of this study was to investigate changes in locomotion produced by 30 min of
walking at a reduced body weight, which roughly relates to that of Martian gravity (38% of normal
body weight). Locomotion was assessed by measuring temporal gait parameters, changes in joint
angles, and neuromuscular activation of the lower limbs before, during, and after the adaptation
session. We also assessed the adaptive changes in subjective body-weight perception as a function of
movement context (walking, standing, and sitting). Body-weight perception was assessed using a
customized weight scale. It was hypothesized that the effect of unloaded walking on weight perception
would vary as a function of movement context.
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2. Materials and Methods

2.1. Participants

Twelve young and healthy participants (23.7 ± 3.3 years; 6 males and 6 females) participated in
the study. The experimental protocol was approved by the institutional review board at the University
of Houston and was conducted in accordance with the Declaration of Helsinki. The participants were
screened using a modified physical activity readiness questionnaire (PAR-Q) [37]. This questionnaire
was used to assess if the participants were physically fit and for any conditions that might affect gait
and balance. The participants were excluded if their response was “yes” to any of the questions in the
modified PAR-Q.

All the participants attended three data collection sessions, which were conducted on three
separate days. Their gait performance was assessed during one of the three sessions before, during, and
after the adaptation sessions. On the other two days, participants performed two different tests before
and after the adaptation sessions while being seated and while standing (Figure 1). These tests were part
of another study. Weight perception was assessed on all the three days before, during, and after the two
adaptation sessions. During the adaptation sessions, the participants walked continuously for 30 min
while being loaded (100% body-weight/control condition) or unloaded (38% body-weight/unloading
condition). Post-adaptation sessions consisted of either continuing to walk, sitting, or standing
without any movements. The order of the three sessions as well as the order of the two adaptation
sessions (control and unloading condition) within each session were randomized across the participants
(Figure 1). An overview of the experimental design is depicted in the flow chart below.
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Figure 1. Flow chart describing the experimental design of the study.

2.2. Body-Weight Unloading

Participants were unloaded using an LBPP antigravity treadmill to unload the body weight.
The participants donned a pair of neoprene shorts that were used to zip them into the antigravity
treadmill. Once inside the chamber, the inside pressure was calibrated and set to a level that
corresponded either to 100% body weight or 38% body weight.

2.3. Gait Assessment

After a familiarization period, baseline gait performance (preadaptation) was measured for a
duration of two minutes prior to each adaptation session as the participants walked inside the chamber
at normal (100%) body weight at a speed of 1 m/s (Figure 2). Following the baseline assessment,
they performed the adaptation session for a period of 30 min. In the case of the control adaptation
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session, they continued to walk at 100% body weight while, during the unloading adaptation session,
they were unloaded to 38% body weight. After the adaptation session, the participants performed
the post-adaptation session during which their gait was once again assessed at normal body weight
(Figure 1). After this, they were given a mandatory break of at least 10 min before starting the
other session.

Participants’ gait performance was assessed by measuring kinematics, electromyography (EMG),
and temporal parameters before, during, and after the two adaptation sessions. Lower limb kinematics
along the sagittal plane were measured by using goniometers (Biometrics©) attached unilaterally
on the right ankle and knee joint. Joint kinematics were restricted to ankle and knee joints since the
chamber frame obscures the pelvis and hip making recording of the hip motion prohibitive. Kinematic
data were collected at a sampling rate of 1000 Hz. EMG was recorded using bipolar surface electrodes
(Delsys© Trigno TM wireless EMG system) at a rate of 2000 Hz. EMG was recorded from four muscles
viz tibialis anterior (TA), medial head of gastrocnemius (GA), rectus femoris (RF), and biceps femoris
(BF) muscles of the right leg. A pair of foot switches (Biometrics©) were attached to the sole of the
right foot, one under the great toe and the other under the heel. The data from the foot switches were
recorded at a rate of 1000 Hz and were used to determine foot-fall events in the gait cycle.
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2.4. Weight Perception

Weight perception was assessed during all three sessions, both during and after the adaptation
sessions. We used a 7-point scale, with 1 being very light and 7 being very heavy. The participants
were instructed to mentally assign the weight they perceived prior to the adaptation session as 4 on
the 7-point scale that translated to “normal” weight. They were instructed to report their perception
of weight relative to this during the adaptation session and at three different time intervals after the
adaptation session, which were immediately after (T+0), 5 min (T+5) after, and 10 min (T+10) after
the session.

2.5. Data Analysis

Data analysis for temporal gait measures, kinematics, and EMG was primarily focused on 7 epochs
for each of the control and unloading conditions (Figure 3). These were:

1. Mean of the first 30 strides after one minute of walking before the unloaded or control adaptation
session (T0)

2. Mean of 30 strides just prior to the completion of the control or unloading adaptation session
starting from 29 min (Tduring)
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3. Mean of the first 30 strides immediately after 30 min of the adaptation session (control and
unloading), i.e., immediately post adaptation (T1)

4. Mean of 30 strides immediately after the first 100 strides of the post-adaptation session
(101–130 strides) (T2)

5. Mean of the first 30 strides immediately after 3 min of the post-adaptation session (T3)
6. Mean of the first 30 strides immediately after 6 min of the post-adaptation session (T4)
7. Mean of the first 30 strides immediately after 9 min of the post-adaptation session (T5).
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2.6. Temporal Gait Measures

Temporal gait measures were calculated using the gyroscope data obtained from the Trigno EMG
sensor attached to the anterior part of the lower right leg (TA muscle). We used a gait feature extraction
algorithm that was used previously in an earlier study [38] to identify three main gait-events: (1) initial
contact (IC), (2) mid swing (MS), and (3) terminal contact (TC). These gait events were then used to
compute stride time, stance time, and swing time. Stride time was defined as the duration between
successive IC points. Stance time was defined as the time between IC and TC of each gait cycle. Swing
time was defined as the time between TC of one gait cycle to the IC of the next gait cycle. The temporal
gait parameters were then averaged within each epoch of interest.

2.7. Kinematic Measures

Joint angular data recorded from the goniometers were low-pass filtered with a cutoff frequency
of 10 Hz [39]. Following this, they were divided into individual strides based on heel-strike events
obtained from the foot switches and reduced to 100 data points. Then, the joint-angle waveforms
were averaged across 30 strides within each epoch of interest. To facilitate comparison across subjects,
the joint-angle waveforms of each of the epochs were normalized to the peak joint angle of the T0

waveform by dividing all the points of the waveform by that peak angle value. Range of motion (ROM)
of the joints was then computed as an outcome measure at each epoch as the difference between the
maximum and minimum angular displacements of the normalized waveforms.

2.8. EMG Measures

The EMG signals were first band-pass filtered using a second-order Butterworth filter using cutoff

frequencies of 10 Hz and 450 Hz, followed by full wave rectification [29]. The rectified signals were
then low-pass filtered at a cutoff frequency of 25 Hz to obtain the linear envelope [40]. Following this,
the signals were separated into individual strides based on heel-strike events and reduced to 100 data
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points per stride. Then, the EMG waveforms were averaged across 30 strides within each epoch
of interest [41]. Waveforms of all the epochs were normalized to the mean EMG activity of the T0

waveform by dividing all the points of the waveform by that mean value [42]. After this, within each
epoch, the EMG activity across 7 different gait phases was calculated individually. This was calculated
by taking the average of the points that represent the respective gait phases. For example, the average
of points 1 through 12 would represent the mean EMG activity of the loading phase. A breakdown of
the percentage of the time represented by each of the 7 gait phases within a gait cycle is described
below [43].

1. Loading response (1–12%)
2. Mid-stance (12–31%)
3. Terminal stance (31–50%)
4. Pre-swing (50–62%)
5. Initial swing (62–75%)
6. Mid-swing (75–87%)
7. Terminal swing (87–100%)

2.9. Statistical Analyses

All statistical analyses were performed using SPSS V.20 (IBM Corp, Somers, NY, USA). Two-way
repeated measures analysis of variance (RANOVA) was performed on each of the temporal (stride
time, stance time, and swing time), kinematic (range of motion of knee and ankle joint), and EMG
(mean EMG activity) outcome measures separately. The EMG activity of each of the 7 phases of the
gait cycle was analyzed separately. The two factors in these analyses were “condition” (control vs.
unloading) and epochs (T0, Tduring, and T1–T5). Simple planned contrasts were used to assess changes
in the outcome measures across epochs relative to T0 whenever there was a main effect of epoch.
Additionally, a simple effects analysis was performed on each of the conditions whenever there was a
significant interaction effect. Before performing the ANOVA analysis, data were analyzed to assess
whether all the required assumptions were met. Whenever the assumption of sphericity was not
fulfilled, the degrees-of-freedom was adjusted using Huyn–Feldt correction.

A nonparametric test (Friedman’s ANOVA) was conducted to test for changes in body-weight
perception separately for each of the three sessions. This was followed by a Wilcox signed ranked test
to compare differences between different time intervals.

3. Results

3.1. Body-Weight Perception

Perception of body weight remained unchanged during and after the control adaptation session
regardless of the movement context. During the unloading condition, there was a significant decrease
in perceived body weight during unloaded walking across all the three sessions (Z < −2.71, p < 0.007).
There was a significant increase in perceived body weight after unloading at T+0 (Z = −3.06, p < 0.05)
and T+5 (Z = −2.81, p < 0.05) during the walking session. Although there was a trend towards increased
body-weight perception while seated and standing after unloading, the changes in the scores were not
significant (Figure 4).
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Figure 4. Group median along with the 25th and 75th percentile scores of weight perception during
sitting, standing, and walking across different time intervals for the unloading condition. * Significant
difference (p < 0.05) relative to T0 of the corresponding condition.

3.2. Temporal Gait Measures

There was a significant main effect of time (F (3.12,37.49) = 4.56, p = 0.007) on swing time
and a significant interaction effect between condition and time (F (2.75,33.00) = 4.04, p = 0.017).
Results from the simple effects analysis indicated that the swing time was significantly increased at
Tduring (0.54 ± 0.01) relative to T0 (0.52 ± 0.01) during the unloading condition and that it returned to
baseline immediately after the adaptation session. However, swing time remained unchanged across
time during the control condition. Stride time and stance time remained unchanged across time for
both the control and unloading conditions. The average stance and swing times across different epochs
for the two conditions are summarized in Figure 5.
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Figure 5. Group means (±SEM) of (A) swing time and (B) stance time across different epochs for the control
and unloading conditions. * Significant difference (p < 0.05) relative to T0 of the corresponding condition.

3.3. Kinematics

Overall, the ROMs of ankle and knee joints during the unloading condition were significantly less
when compared to the control condition (main effect of condition, ankle: F (1, 10) = 15.29, p = 0.003;
knee: F (1, 10) = 8.47, p = 0.016). There were no changes in ankle and knee ROMs across time in the
control condition. For the unloading condition, the ROM for both the joints was significantly reduced
at Tduring (ankle: 2.44 ± 0.20; knee: 1.29 ± 0.04) and T1 (ankle: 2.93 ± 0.17; knee: 1.46 ± 0.05) relative to
T0 (ankle: 3.31 ± 0.22; knee: 1.58 ± 0.03). Knee ROM was also reduced at T2 (1.47 ± 0.05). However, it
was not different from T0, starting fromT3 through T5 (Figure 6).
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Figure 6. Group means (±SEM) of normalized range of motion of (A) ankle and (B) knee joint across
different epochs during control and unloading conditions. * Significant difference (p < 0.05) relative to
T0 of the corresponding condition.

3.4. EMG

3.4.1. Rectus Femoris Activity

EMG activity during all seven gait phases remained unchanged after walking in the control
condition. For the unloading condition, there was a significant effect of time on EMG activity during
loading phase (F (3.07, 30.70) = 7.62, p = 0.001), mid-stance (F (3.24, 32.36) = 5.051, p = 0.005), pre-swing
(F (3.15, 31.53) = 2.94, p = 0.046), mid-swing (F (2.94, 29.41) = 4.557, p = 0.01), and terminal swing (F
(5.38, 53.85) = 8.90, p < 0.0001). There was reduced activity during unloaded walking (1.08 ± 0.11)
relative to T0 (1.45 ± 0.15) in the loading phase. Immediately after unloading (T1), the activity
increased (1.80 ± 0.18), following which the activity returned to baseline at T2 (1.65 ± 1.7) and remained
unchanged through the subsequent epochs (T2–T5). EMG activity during the mid-stance phase was
significantly reduced during unloaded walking (0.66 ± 0.07) relative to T0 (0.96 ± 0.10) and returned
to baseline at T1 (0.97 ± 0.11). However, it was subsequently reduced at epochs T2 (0.83 ± 0.08) and
T3 (0.86 ± 0.09), following which it returned to baseline at T4 (0.84 ± 0.1) and remained unchanged
at T5 (0.83 ± 0.09). During pre-swing, there was no significant change in activity during unloading
and immediately after unloading at T1, even though there was a major trend towards reduced activity.
However, the activity was significantly reduced starting from T2 (0.8 ± 0.07) through subsequent
epochs (T3: 0.81 ± 0.08, T4: 0.80 ± 0.07, and T5: 0.80 ± 0.06) relative to T0 (1.08 ± 0.11). The EMG
activity during mid-swing was significantly reduced during unloaded walking (0.61 ± 0.06) relative
to T0 (0.80 ± 0.05) and returned to baseline immediately after unloading at T1 and was not different
from that of T0. Subsequently, it was reduced from T2 through T5 (T2: 0.66 ± 0.05, T3: 0.69 ± 0.06, T4:
0.66 ± 0.07, and T5: 0.68 ± 0.07). Similar to the mid-swing phase, EMG activity was also reduced in the
terminal swing phase, during unloaded walking (0.85 ± 0.09) relative to T0 (1.25 ± 0.10). However,
it was not different from that of T0 after unloading from T1 through T5. These changes are summarized
in Figure 7.
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Figure 7. Group means (±SEM) of EMG activity of the rectus femoris (RF) muscle across different
epochs during the (A) loading, (B) mid-stance, (C) pre-swing, (D) mid-swing, and (E) terminal swing
phases for control and unloading conditions. * Significant difference (p < 0.05) relative to T0 of the
corresponding condition.

3.4.2. Biceps Femoris Activity

There were no changes in BF activity after the adaptation session during any of the gait phases in
the control condition. However, the BF activity changed in the unloading condition during the terminal
stance and mid-swing phases as a function of time. During the terminal stance phase, EMG activity
remained unchanged during and immediately after unloaded walking at T1 and T2. However, it was
reduced relative to T0 (0.58 ± 0.07) starting from T3 (T3: 0.43 ± 0.07; T4: 0.43 ± 0.07) through T5 (0.41
± 0.05). BF activity during the mid-swing phase was reduced during unloaded walking (0.83 ± 0.13)
relative to T0 (1.37 ± 0.17) and was not different from that of T0 from T1 through T5 (Figure 8).



Appl. Sci. 2019, 9, 4494 10 of 18

Appl. Sci. 2019, 9, x FOR PEER REVIEW 9 of 17 

3.4.2. Biceps Femoris Activity 

There were no changes in BF activity after the adaptation session during any of the gait phases 

in the control condition. However, the BF activity changed in the unloading condition during the 

terminal stance and mid-swing phases as a function of time. During the terminal stance phase, EMG 

activity remained unchanged during and immediately after unloaded walking at T1 and T2. However, 

it was reduced relative to T0 (0.58  0.07) starting from T3 (T3: 0.43  0.07; T4: 0.43  0.07) through T5 

(0.41  0.05). BF activity during the mid-swing phase was reduced during unloaded walking (0.83  

0.13) relative to T0 (1.37  0.17) and was not different from that of T0 from T1 through T5 (Figure 8). 

 

Figure 8. Group means (SEM) of biceps femoris (BF) muscle activity during the (A) terminal stance 

and (B) mid-swing phases of the gait cycle during control and unloading conditions across different 

epochs. * Significant difference (p < 0.05) relative to T0 of the corresponding condition. 

3.4.3. Gastrocnemius Activity 

EMG activity of GA remained unchanged relative to baseline during each of the seven phases in 

the control condition. There was a significant effect of time for the unloading condition during the 

mid-stance (F (2.14, 21.43) = 8.46, p = 0.002) and terminal stance phases (F (5.33,53.28) = 32.902, p < 

0.001). The EMG activity during both phases was significantly reduced during unloaded walking 

(mid-stance: 0.77  0.15, terminal stance: 0.81  0.13). However, it was not different relative to T0 (mid-

stance: 1.58  0.22, terminal stance: 1.93  0.20) from T1 through T5 (Figure 9). 

 

Figure 9. Group means (SEM) of the medial head of gastrocnemius (GA) muscle activity during (A) 

mid-stance and (B) terminal stance during control and unloading conditions across different epochs. 

* Significant difference (p < 0.05) relative to T0 of the corresponding condition. 

3.4.4. Tibialis Anterior Activity 

As in the case with other muscles, TA activity remained unchanged after the adaptation session 

in the control condition. There were changes in the muscle activity in the unloading condition only 

during the mid-swing phase. Specifically, the activity significantly increased immediately after 

unloaded walking relative to T0 (1.00  0.07) from T1 (T1: 1.19  0.07, T2: 1.20  0.08, T3: 1.18  01, and 

T 0

T durin
g T 1 T 2 T 3 T 4 T 5

0.0

0.5

1.0

1.5

N
o

rm
a

lis
e

d
 E

M
G

A. Terminal Stance (31-50%)

* * *

T 0

T durin
g T 1 T 2 T 3 T 4 T 5

0.0

0.5

1.0

1.5

2.0

N
o

rm
a

li
s

e
d

 E
M

G

B. Mid Swing (75-87%)

*

*

Control

Unloading

T 0

T durin
g T 1 T 2 T 3 T 4 T 5

0.0

0.5

1.0

1.5

2.0

N
o

rm
a

lis
e

d
 E

M
G

A. Mid Stance

*

T 0

T durin
g T 1 T 2 T 3 T 4 T 5

0.0

0.5

1.0

1.5

2.0

2.5

N
o

rm
a

lis
e

d
 E

M
G

B. Terminal Stance

*

Control

Unloading

Figure 8. Group means (±SEM) of biceps femoris (BF) muscle activity during the (A) terminal stance
and (B) mid-swing phases of the gait cycle during control and unloading conditions across different
epochs. * Significant difference (p < 0.05) relative to T0 of the corresponding condition.

3.4.3. Gastrocnemius Activity

EMG activity of GA remained unchanged relative to baseline during each of the seven phases
in the control condition. There was a significant effect of time for the unloading condition during
the mid-stance (F (2.14, 21.43) = 8.46, p = 0.002) and terminal stance phases (F (5.33,53.28) = 32.902,
p < 0.001). The EMG activity during both phases was significantly reduced during unloaded walking
(mid-stance: 0.77 ± 0.15, terminal stance: 0.81 ± 0.13). However, it was not different relative to T0

(mid-stance: 1.58 ± 0.22, terminal stance: 1.93 ± 0.20) from T1 through T5 (Figure 9).
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Figure 9. Group means (±SEM) of the medial head of gastrocnemius (GA) muscle activity during (A)
mid-stance and (B) terminal stance during control and unloading conditions across different epochs.
* Significant difference (p < 0.05) relative to T0 of the corresponding condition.

3.4.4. Tibialis Anterior Activity

As in the case with other muscles, TA activity remained unchanged after the adaptation session in
the control condition. There were changes in the muscle activity in the unloading condition only during
the mid-swing phase. Specifically, the activity significantly increased immediately after unloaded
walking relative to T0 (1.00 ± 0.07) from T1 (T1: 1.19 ± 0.07, T2: 1.20 ± 0.08, T3: 1.18 ± 01, and T4:
1.19 ± 0.1) through T5 (1.24 ± 0.1) (Figure 10). Table 1 provides a summary of changes in EMG activity
during and after unloaded walking across different epochs and gait phases.
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Figure 10. Group means (±SEM) of tibialis anterior (TA) muscle activity during the mid-swing phase of
the gait cycle during control and unloading conditions across different epochs. * Significant difference
(p < 0.05) relative to T0 of the corresponding condition.

Table 1. A summary of changes in EMG activity of all four muscles across different epochs and gait
phases: The upward arrow indicates a significant (p < 0.05) increase, and the downward arrow indicates
a significant (p < 0.05) decrease in activity relative to T0, while “-“ indicates no significant changes
relative to T0.

RF Loading Phase Mid-Stance Terminal Stance Pre-Swing Initial Swing Mid-Swing Terminal Swing

Tduring - ⇓ - - - ⇓ ⇓

T1 ⇑ - - - - - -
T2 - ⇓ - ⇓ - ⇓ -
T3 - ⇓ - ⇓ - ⇓ -
T4 - - - ⇓ - ⇓ -
T5 - - - ⇓ - ⇓ -

BF Loading Phase Mid-Stance Terminal Stance Pre-Swing Initial Swing Mid-Swing Terminal Swing

Tduring - - - - - ⇓ -
T1 - - - - - - -
T2 - - - - - - -
T3 - - ⇓ - - - -
T4 - - ⇓ - - - -
T5 - - ⇓ - - - -

GA Loading Phase Mid-Stance Terminal Stance Pre-Swing Initial Swing Mid-Swing Terminal Swing

Tduring - ⇓ ⇓ - - - -
T1 - - - - - - -
T2 - - - - - - -
T3 - - - - - - -
T4 - - - - - - -
T5 - - - - - - -

TA Loading Phase Mid-Stance Terminal Stance Pre-Swing Initial Swing Mid-Swing Terminal Swing

Tduring - - - - - - -
T1 - - - - - ⇑ -
T2 - - - - - ⇑ -
T3 - - - - - ⇑ -
T4 - - - - - ⇑ -
T5 - - - - - ⇑ -

4. Discussion

The main objective of this study was to investigate the changes in temporal, kinematics, and
neuromuscular activity during locomotion produced by 30 min of walking at 38% bodyweight and the
second was to test the adaptive changes in body-weight perception in response to 30 min of walking at
reduced body weight as a function of movement context (walking, standing, and sitting). The results
indicate that 30 min of unloaded walking modifies body-weight perception as a function of movement
context. Further, it also modifies gait performance characterized by alterations in the movement of
ankle and knee joints and neuromuscular activation patterns, some of which persist up to 10 min after
the adaptation period. These results are individually discussed in detail in this section.
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4.1. Body-Weight Perception

As expected, participants felt lighter during unloaded walking in all three test sessions.
Their perception of body weight after unloaded walking varied as a function of the movement
context. It significantly increased after unloading only during the gait session, while it returned to
baseline immediately after unloading during the sessions when the participants were seated or stood
statically. The increase in perceived body weight observed during the gait session aligns with the
finding of increased rate of perceived exertion found after 3 min of unloaded running in a similar
study [29]. The increase in perceived body weight only during the gait session could be due to the
presence of active movements during walking as opposed to during sitting and standing.

In the literature related to sensory psychology, perception of active touch or touching has
been shown to be different from passive touch or the act of being touched [44,45]. Active touch
involves a combination of active movement and the sensory feedback that results from touching. Thus,
the resulting stimulus during active touch contains two components: exterospecific and propriospecific
information. Passive touch, on the other hand, involves only the sensory feedback of the stimulus
that is applied on the skin. For example, when we use our hand to touch an object, the movement
about all the joints present in the hand and the cutaneous inputs arising from contact are continuously
integrated while shaping the percept of the object. However, when being touched by an external
stimulus, only the sensory inputs from the cutaneous receptors in the skin and its underlying tissue are
available. In other words, active touching involves both objective and subjective sensory information,
thus making it comparatively a more enriching experience.

Extending the above theory to the context of the current study, the contexts of sitting and standing
can be associated to a “passive experience” of the sensory environment. Conversely, walking can be
associated with an “active experience” where the participants had the opportunity to “actively explore”
the new sensory environment. Thus, it is possible that the perception of body weight during the active
experience was modified as a result of changes in the relationship between the sensory and motor
elements that were used in forming the percept of body weight. On the other hand, since only the
sensory element related to body-load perception was used in forming the percept of body weight
during passive experiences such as during sitting and standing, there was no change in perception of
body weight. In summary, the findings of the current study support the notion that different movement
contexts can have different sensory consequences associated with them.

4.2. Temporal Gait Measures

The results indicate that there were no significant changes in any of the temporal gait measures
during and after unloaded walking, except for swing time, which was significantly increased during
unloaded walking. The increase in swing time during unloaded walking corroborates the findings
from previous studies [11,18,24,46,47]. This observation of increased swing time with body-weight
unloading is in line with the predictions of the ballistic pendulum model of walking, which states
that the motion of the swing leg is like that of a pendulum of which the oscillation period is inversely
related to gravity. Additionally, the setup of LBPP by itself might also have contributed to this increase
in swing time. Specifically, since the lower body is supported in this type of setup, there is less of a
threat to postural instability, due to which one can afford to spend a longer time in the swing phase.

The lack of significant changes in temporal parameters following adaptation to unloading could
be due to the constraints imposed on the walking performance by the speed and the dynamics of
the treadmill and particularly due to the lack of stride to stride variability inherently associated with
treadmill walking [48]. Thus, potentially testing the aftereffects of adaptation to unloading during
over-ground walking as opposed to treadmill walking could provide additional insights into the
adaptive process.

Although not statistically significant, there was a trend towards increased stance time accompanied
by a decrease in swing time immediately after unloaded walking (at T1) similar to that reported in
another similar study [30]. These changes in stance and swing time after unloading have been proposed
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as a control strategy adopted by the motor control system to maintain prolonged foot contact with
the ground and, hence, to maintain stable balance by increasing the stance time while also decreasing
the time spent during the unstable swing phase to prevent the risk of falls following adaptation to
unloaded walking. However, since the lower body was securely attached to the antigravity chamber in
the current study, there was no risk of falling. Thus, similar trends in the adaptive changes of stance
and swing times between the two studies indicate that these changes might have been a direct result of
modulation of somatosensory information resulting from changes in body-load sensing mechanisms
and not that due to postural instability.

4.3. Kinematics

The range of ankle and knee joint angular displacement was significantly reduced during unloaded
walking as in other locomotor studies that were focused on assessing immediate online changes in
kinematics in response to body-weight unloading [24,46,47,49]. There was reduced angular motion
of ankle and knee joints in the form of aftereffects following the adaptation session (post-unloading)
for up to three minutes. These modifications in kinematics similar to those observed during the
adaptation phase were found to slowly decay and return to baseline levels by the end of the testing
session. There were no changes in ankle or knee angular movement during or after the control
adaptation session. This confirms that the kinematic changes observed after unloading are not caused
by muscular fatigue.

Ruttley [40] found a significant increase in total ankle and knee angular movement from heel
strike to peak knee motion during post-adaptation to unloaded walking. The disparity with the current
results could be related to the differences in the nature of the unloading system. Unloading systems
using a vertical harness produce inertial forces as a result of the systems mass. Thus, excessive joint
excursions are produced to overcome these inertial forces while walking, which could have resulted
in an aftereffect manifested as increases in knee and ankle joint excursion after unloaded walking in
Reference [40]. Since unloaded walking inside the antigravity treadmill is not influenced by such
mechanical constraints, the modifications observed in lower-limb movements in the current study
might represent the pure aftereffects of adaptation to unloaded walking. Although the body-weight
unloading techniques and the outcome measures used to quantify joint motion in the two studies were
different, the fact that there was a distinct recovery curve in both studies indicates that there was an
adaptive change in kinematics that was produced by unloaded walking.

4.4. EMG

4.4.1. During Adaptation

In line with the findings from other locomotor studies related to body-weight unloading, we
found a significant reduction in the EMG activity of the extensor muscle GA during unloaded walking.
This change was observed specifically during the mid-stance and terminal stance phases, which (during
loaded walking) are the periods of peak muscle activity. GA enables controlled plantar flexion of the
ankle joint in order to shift the center of gravity towards the front and allows lifting of the heel from
the ground. The need for forward propulsion during push-off is expected to be reduced with reduced
body load. A significant decrease in GA activity combined with reduced ankle-joint motion observed
during unloaded walking in the current study supports this argument.

Additionally, we found a decrease in RF activity during mid-stance and later swing phases during
unloaded walking. RF does not have a dominant role during mid-stance; however, it is known to
play a predominant role during the transitory phases from stance to swing phases and vice versa.
During the transition from swing to stance phases, it begins to prepare in a feedforward manner for
the large ground reaction forces that the limbs will encounter upon heel strike during the next stance
phase. Since the magnitude of the ground reaction forces decreases with unloading, the muscular
effort required to counteract these forces at reduced body load is also less. This might be the reason



Appl. Sci. 2019, 9, 4494 14 of 18

why there was a reduced activity in RF during the later phases of the swing phase during unloaded
walking. During the transition from the stance to swing phases, i.e., during the pre-swing phase, it
acts as a hip flexor and helps in lifting and propelling the limb into swing. One would expect that
the muscular effort required to propel the limb is reduced during unloaded walking. In line with this
hypothesis, there was a trend towards reduced RF activity during the pre-swing phase as well, which
approached significance (p = 0.065).

4.4.2. Post-Adaptation

Neuromuscular changes after unloading were most evident in RF and TA muscles. Additionally,
these changes occurred close to two discrete events in the gait cycle which are characterized by large
amounts of energy transfers, namely the heel strike and toe off. These observations are similar to
those reported in spaceflight-related locomotor studies pointing towards some potentially common
adaptive mechanisms [20,33,42]. As in the case with kinematics, there were no significant changes
in neuromuscular activity of any of the muscles either during or after the control adaptation session.
This further reiterates that the observed changes in neuromuscular activities after unloading are
not caused due to fatigue but rather due to adaptation to unloaded walking. Although statistically
insignificant, some visually evident changes in activity of some muscles were observed during certain
phases of the gait cycle in the control condition. We speculate that these changes are mere random
fluctuations as there are no specific methodological or physiological reasons as to why such changes
might occur.

Around heel strike, we saw an increase in RF activity during the loading phase immediately after
unloaded walking, combined with a reduction in knee and ankle angular excursion. This could be
in response to the large ground reaction forces that the body encountered during the loading phase
relative to that encountered during unloaded walking. Layne et al. [20] also found an increase in RF
activity during the stance phase of the gait cycle after long-duration spaceflight. It has been suggested
that modifications in RF activity combined with increased kinematic variability after spaceflight are
attempts to attenuate the energy generated by the ground reaction forces around heel strike that are
transmitted to the head [42,48,50,51]. Apart from heel-strike-specific modulations, we also observed a
small reduction in RF and BF activity during the mid-stance and terminal stance phases of the gait
cycle during some of the epochs. Although RF and BF have limited functional roles during these
phases, these changes reflect an overall reinterpretation of sensory inputs as a result of adaptation
to unloading.

Around toe off, there was a significant reduction in RF activity during the pre-swing phase after
the first 100 strides (T2) post-unloading adaptation session. As mentioned earlier, the RF activity
during the pre-swing phase is responsible for lifting the leg so that it can be propelled forward during
the swing phase. During unloading, as expected, we saw a reduction in activity during this phase
as the muscular effort required to propel the leg is less. Extending this logic, we would expect the
muscular effort post-unloading to increase due to the increase in body-weight load. As expected, the
RF activity increased at T1 relative to Tduring. This increase in RF activity was however transient, as it
was significantly reduced from T2 up to 10 min. A reduction in RF activity was also combined with
reduced angular excursion of ankle and knee joints during some epochs.

With regards to TA, we observed an increase in activity during the mid-swing phase. This must
have been an attempt by the motor control system to compensate for reduced knee flexion by increasing
its activity to increase the dorsiflexion about the ankle joint for adequate clearance of the toe. Since we
did not observe any foot-scraping events in any of the subjects, it seems that the ankle dorsiflexion
during the mid-swing phase was sufficient for toe clearance.

The above patterns of reduced RF activity during the pre-swing phase and increased TA activity
during the mid-swing phase of the gait cycle were also observed after long-duration spaceflight during
treadmill walking [20]. The fact that a short exposure of 30 min of body-weight unloading on Earth
resulted in similar patterns of neuromuscular changes as those observed after long-duration spaceflight
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is interesting. This finding suggests that there might be some common adaptive mechanisms regardless
of the duration of exposure to unloading. In general, modifications in neuromuscular activations after
spaceflight have been suggested to be driven by alterations in the neural drive to the motor neurons.
There is compelling evidence in the spaceflight literature that shows alterations in postural muscle
activity caused by exposure to weightlessness [52–55]. Muscle disuse as well as muscle loss are also
known to cause changes in neural drive after spaceflight. Furthermore, modifications in proprioceptive
functioning has also been suggested to contribute to changes in neuromuscular activation.

4.5. Clinical Implications

Gait-training programs with BWU are designed to provide support to the patient’s body weight
to allow for the reestablishment of damaged sensorimotor pathways or emergence of new ones to
restore normal walking patterns [22]. Gait alterations observed during and after unloaded walking
in the current study suggests that lowering body weight to as low as 38% during gait training is not
recommendable if we want to reduce the risk of altering normal gait characteristics. Practitioners should
be vigilant about choosing the right combination of body-weight level and walking or running speed
for training purposes. Particularly, they have to choose a level that does not alter normal kinematic
patterns and neuromuscular activities to a large extent.

5. Conclusions

Alterations in kinematics and neuromuscular activities observed during unloaded walking are
a result of the adaptation of the neuromuscular system to the reduction in ground reaction forces,
shear forces, foot sole pressure, and joint loads associated with unloading. In particular, these changes
are caused due to somatosensory-mediated central changes in the body schema produced by new
relationships between sensory and motor elements that are characteristic to an unloaded environment.
The continued alterations in kinematics and neuromuscular activities observed after unloading are
aftereffects of the adapted state of the body schema. The recovery of kinematics and neuromuscular
activity over the course of the post-adaptation phase are indicative of the recalibration process that the
body schema undergoes in order to restore the original sensory motor relationships. Similarities in the
pattern of changes in neuromuscular activation amplitudes between spaceflight and the current study
indicate that there might be some common adaptive mechanisms that are mediated by load-related
somatosensory changes. Additionally, these alterations in kinematics and neuromuscular characteristics
caution practitioners to choose the optimal level of body-weight unloading for gait training.

6. Future Direction

Two important methodological limitations of this study are worth noting. Firstly, the choice of the
level of body-weight unloading was limited to 38% body weight. This prevented us from capturing
the adaptive effects across different levels of unloading. Future studies should aim to capture the
dose-response relationship between level of unloading and the magnitude of adaptive changes in
movement characteristics. This will allow us to determine the optimal level of unloading that can be
useful for improving gait in patients while producing the least amount of alterations in the movement
and neuromuscular activation patterns. Secondly, assessing gait performance during treadmill walking
as opposed to during over-ground walking must have limited us from capturing true adaptive effects
of unloading with regards to temporal gait measures.

Additionally, it will be worth exploring the effects of passive unloading during standing inside
the antigravity chamber for extended periods of time. Comparing the effects of passive unloading and
unloaded walking (active loading) as in the current study will help isolate the effects of inactivity from
that of unloading.
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