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Abstract: Gait asymmetries are a common problem in clinical populations, such as those with a
history of stroke or Parkinson’s disease. The use of a split-belt treadmill is one way to enhance gait
symmetry but relies on specialty (and typically expensive) equipment. Alternatively, visual cues have
been shown as a method to alter gait mechanics, but their utility in altering gait symmetry has been
relatively understudied. Before deploying this method to clinical populations, a proof-of-concept
study is needed to explore using visual cues to alter gait symmetry in healthy adults. Therefore, the
purpose of this study was to examine the extent to which healthy adults could synchronize to an
asymmetric visual cue with a small or large gait asymmetry using wearable sensors to measure gait
asymmetries. Seventy-two healthy adults (ages: 23.89 ± 6.08 years) walked on the treadmill for two
conditions: with and without the visual cue. Each walking condition lasted 10 min at the participant’s
preferred walking speed. Inertial sensors were used to measure gait asymmetries. Some participants
did not respond to the visual cue, and groups were separated into responders and non-responders.
Participants in the small and large asymmetry-responder groups exhibited statistically significant
increased asymmetries in single limb support % (p < 0.01) and step duration (s) (p < 0.05, p < 0.01,
respectively). Only the large asymmetry-responder group showed statistically significant (p < 0.01)
increased asymmetries in stride length. Overall, asymmetrical walking visual cues can alter gait
asymmetries, and inertial sensors were sensitive enough to detect small changes in gait asymmetries.

Keywords: gait; asymmetry; symmetry; inertial sensors; wearables; visual cue

1. Introduction

Neurological populations—such as people with a history of stroke or Parkinson’s
disease—commonly exhibit mobility impairments inclusive of gait asymmetries. People
with gait asymmetries reduce the amount of weight bearing on the paretic or injured limb,
which can lead to further muscular imbalances and a loss of bone mineral density [1].
Therefore, a primary goal of gait rehabilitation is to improve weight bearing on the paretic
or affected limb [2]. In clinical and elderly populations, cognitive demand can impact
the magnitude of gait asymmetries, as exhibited by dual tasks leading to increased gait
asymmetries [3]. Gait asymmetries are also associated with a decreased walking speed
and balance control and an increased metabolic cost and fall risk [2,4–6]. Falls can lead
to a reduced quality of life, critical injuries, and loss of independence, all of which are of
great concern for clinical and aging populations who exhibit gait asymmetries [7–13]. Thus,
gait asymmetries are important to assess in clinical and aging populations and are a better
indicator of functional recovery than gait velocity due to the weight-bearing aspect [2,14].

Methods to reduce gait asymmetries and fall risk have heavily relied on split-belt
treadmill training in clinical populations [15–19]. The split-belt treadmill training paradigm
requires the participant to move each limb at a different speed due to the two treadmill
belts (one under each limb) moving at different rates. This method can be used as an error-
based motor learning strategy during an adaptation (i.e., training) phase to reduce gait
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asymmetries when the belts are once again moving at the same speed. Split-belt treadmill
training has shown success in altering gait asymmetries (e.g., step length, stride length, and
double support time asymmetries) during adaptation conditions in which the belts are split
in young healthy adults and in clinical populations [16,18,20]. Aftereffects (i.e., changes
to the asymmetry remained after the belts went from split to tied) have been observed in
step length in young healthy adults and clinical populations, as well as for double support
time [16,18]. However, some gait metrics like stance time have been shown to be more
difficult to alter with split-belt treadmill training [5,16,17]. Multiple sessions of split-belt
treadmill training can improve step length asymmetries, and the improvements last from
one to several months post training [17,21]. Thus, the data show that split-belt treadmill
training can reduce certain gait asymmetries in clinical populations. However, split-belt
treadmills are expensive and mainly conducive to lab-based training only. Therefore, it is
important to not only explore alternative cost-effective options to alter gait but also ways
to obtain greater clinical applicability. One way to improve clinical applicability is through
the use of wearable technology such as inertial sensors. Inertial sensors are a simpler and a
more affordable option than split-belt treadmill training, which typically uses embedded
force plates or motion capture technology to quantify gait asymmetries. Also, a major
advantage is that inertial sensors can be used anywhere, and they produce reliable and
sensitive data in healthy and clinical populations [22–24].

Besides split-belt treadmill training, gait can be altered through a variety of ways such
as using external cueing through visual cues. Visual cueing (i.e., prescribing the desired
gait mechanics with a visual) can be performed via projections on a screen or in immersive
virtual reality, which have produced greater improvements in gait and gait asymmetries
than traditional treadmill training alone [25–27]. Synchronization of movement can also
occur with external cues such as another human, avatars, and auditory metronomes [28–31].
Synchronization between two individuals can be intentional (i.e., cued) or spontaneous [32],
and intentional synchronization can produce greater synchrony than spontaneous syn-
chronization. Intentionally synchronizing to a human and an avatar in an immersive
environment produces similar results, suggesting both methods are effective [31]. Thus,
visual cueing combined with an additional external cue—such as intentional instructions
to synchronize to a human or avatar—may be a way to alter gait asymmetry. However, the
ability to synchronize with an asymmetric walking pattern that simulates training with a
split-belt treadmill to alter gait symmetry is unknown. Before deploying this method to
clinical populations, it is first important to show proof-of-concept that visual cueing can be
used to alter gait symmetry in healthy adults. Given that healthy adults have relatively
symmetrical gait patterns, they are an ideal initial population to test the feasibility and
efficacy of interventions designed to induce gait asymmetry. In this preclinical work, we
elected to first see if the gait patterns of healthy adults could be shifted toward asymme-
try using an asymmetrically walking visual cue. If so, that would lay the foundation to
test the reverse directionality in future research (i.e., can a symmetrically walking visual
cue be used in asymmetrically walking clinical populations to develop more symmetrical
gait patterns).

Therefore, the purpose of this study was to examine the extent to which healthy
adults could synchronize to an asymmetric visual cue during a 10-min treadmill walking
session with a small or large gait asymmetry using wearable sensors to measure gait
asymmetries. This was part of a larger study that also examined the retention and transfer
of gait asymmetries after the visual cue was removed. However, this manuscript specifically
focuses on adaptation due to the novel methodological approach. We hypothesized that
gait asymmetries would increase from the baseline to the adaptation phase, and the large
asymmetry cue would induce greater gait asymmetries than the small asymmetry cue.
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2. Materials and Methods
2.1. Participants

A total of 72 participants (49 females and 23 males) were recruited for this study and
were quasi randomized into three groups: Small Gait Asymmetry (n = 32), who were given
the visual cue with a 1.4–1 gait asymmetry ratio; Large Gait Asymmetry (n = 32), who were
given the visual cue with a 1.9–1 gait asymmetry ratio; and Control (n = 8), who were given
a non-stimulating nature documentary. The Small and Large Gait Asymmetry groups were
later separated into responder and non-responder groups (Table 1). Our study design was
primarily focused on the asymmetrically walking visual cue; however, the small control
group served to ensure that our specific visual cue was what influenced changes in gait
symmetry. Participants were between the ages of 18–50 years old, had a of BMI < 30, had
normal or corrected-to-normal vision, and had the ability to walk continuously for at least
10 min. All participants reported no lower extremity injuries in the last 12 months and no
musculoskeletal, cognitive, or neurological conditions.

Table 1. Participant demographics—means (SE).

Variables Small Res
(n = 20)

Small Non-R
(n = 12)

Large Res
(n = 22)

Large Non-R
(n = 10)

Control
(n = 8) p

Age (years) 24.09 (6.29) 22.62 (7.30) 23.57 (4.33) 23.93 (6.98) 26.16 (2.37) 0.520
Height (cm) 168.29 (10.50) 166.32 (8.93) 167.97 (8.90) 169.20 (5.79) 168.20 (3.77) 0.822
Weight (kg) 70.22 (15.45) 68.00 (17.40) 71.07 (16.68) 75.89 (9.98) 69.97 (2.79) 0.564

Preferred walking speed (m/s) 0.88 (0.16) 0.93 (0.18) 0.84 (0.16) 0.96 (0.15) 1.14 (0.09) 0.011 *
Left leg length (cm) 88.40 (6.67) 88.31 (5.22) 87.69 (5.96) 89.32 (3.35) 88.60 (2.10) 0.860

Right leg length (cm) 88.37 (6.91) 88.75 (5.38) 87.72 (6.26) 89.12 (3.31) 88.68 (2.13) 0.906
Leg length difference (cm) 0.51 (0.30) 0.56 (0.44) 0.39 (0.30) 0.50 (0.28) 0.30 (0.07) 0.128

Note: Small Res = Small Asymmetry-Group Responders, Small Non-R = Small Asymmetry-Group Non-
Responders, Large Res = Large Asymmetry-Group Responders, Large Non-R = Large Asymmetry-Group Non-
Responders; * indicates p < 0.05.

2.2. Procedures

All data collection occurred in the Virtual Environment for Assessment and Rehabil-
itation (VEAR) laboratory at the University of North Carolina Greensboro. Prior to data
collection, this study’s procedures were approved by the institutional review board of the
University of North Carolina Greensboro (IRB#: IRB-FY23-72). Participants completed
the informed consent on Qualtrics and then were screened for limb length discrepancies
via the direct method (i.e., measurements between the bony landmarks of the anterior
superior iliac spine and the medial malleolus with a tape measure while laying supine)
to ensure any discrepancies were less than 2 cm, as greater than 2 cm is related to gait
asymmetries [33,34]. Participants completed a demographic/health history questionnaire,
Footedness questionnaire, and the International Physical Activity Questionnaire short form
(IPAQ-SF) via Qualtrics. Next, participants stepped onto the treadmill (Simbex Active
Step, Lebanon, NH, USA) to determine their preferred walking speed [35]. Then, a total of
seven Opal inertial sensors (APDM Inc., Portland, OR, USA) were placed on the following
locations: the top and center of their shoes; the shins, with straps above the widest part of
the gastrocnemius muscles; the lower lateral sides of the thighs at the midline; and the low
back at the base of the spine. The sensors were calibrated prior to data collection, and the
sensor sampling frequency was 128 Hz. Inertial sensors are reliable and are sensitive to
measures in healthy and clinical populations [22–24]. Also, inertial sensors were used in
this study to improve translatability to field-based studies.

Next, participants walked for two conditions at their preferred walking speed. Con-
dition (1) walking for 10 min (baseline) with no visual cue, and condition (2) participants
walked with the visual cue (adaptation) (Figure 1). The asymmetrically walking visual
cue was projected on a screen in front of the treadmill. During adaptation, participants
in the asymmetry groups were instructed to synchronize their gait to the visual cue via
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the following instructions “mimic the walking cue as closely as you can to the best of your
ability.” The control group were given the non-stimulating documentary video to watch
during the adaptation condition and were instructed to walk normally. A five-minute
seated rest period was provided between walking conditions to reduce the possibility of
fatigue.
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Figure 1. Freeze frame of the asymmetrically walking visual cue that shows the pelvis, legs, and feet
that presented the motion of asymmetrical walking on a screen in front of the treadmill. Please see
the Supplmentary Materials section for videos of the cues in motion.

The asymmetrical visual cue was created using data of healthy adults walking on a
split-belt treadmill with varying belt speeds to create an asymmetrical walking pattern. To
incorporate simulating a clinically relevant gait asymmetry, we used two different ratios
of gait asymmetry for the asymmetrically walking visual cue based on the velocity of the
treadmill belts. One visual cue has a small gait asymmetry with a ratio of 1.4–1 (i.e., the
left side is moving 40% faster than the right). For example, the left belt has a velocity of
1.4 m/s and right belt has a velocity of 1.0 m/s). The other visual cue has a large gait
asymmetry ratio of 1.9–1 (i.e., the left side is moving 90% faster than the right side). The
visual cues have an average treadmill velocity of 1.24 m/s. The small asymmetrical ratio is
slightly under the threshold of what is clinically detected based on observation alone [2],
and the large asymmetrical ratio is close to a 2–1 ratio, which is commonly used in split-belt
treadmill training to reduce gait asymmetries [16,17,36]. The dependent variables are single
limb support (SLS) %, step duration (s), and stride length (m), given many gait asymmetry
interventions focus on spatiotemporal measures [19]. The variables were calculated using
the APDM provided software [37].

2.3. Statistical Analysis

Power calculations were performed a priori using G*Power 3.1 [38]. The parameter
settings, using a t-test, were α = 0.05, power = 0.8, and an effect size of 0.3. All data analyses
were performed using R software (version 4.2.3) [39]. One-way ANOVAs were used to
compare group demographics (Table 1). The Symmetry Index (SI) equation—a common
method to quantify gait asymmetry [19,40]—was calculated for all dependent variables in
R (Equation (1)). Gait asymmetries were considered present if the value was not zero [40].

Symmetry Index (SI) =
xL − xR

0.5 ∗ (xL + xR)
∗ 100 (1)

After visually inspecting the data, some participants exhibited minimal changes, while
others exhibited more obvious changes from the baseline to adaptation. Therefore, partici-
pants were further divided into non-responders (i.e., ≤1% difference in all of the outcome
variables after adaptation) or responders (>1% difference in at least one outcome variable
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after adaptation). The Shapiro–Wilks test (R package “rstatix”) [41] was utilized to assess
the distribution of each dependent variable (SLS SI%, step duration SI%, and stride length
SI%), which indicated the gait variables from the sensors were non-normally distributed.
Therefore, non-parametric tests were performed to compare gait asymmetry indices (SLS
SI%, step duration SI%, and stride length SI%) at the baseline to adaptation within the
groups and adaptation between groups, respectively. The Wilcoxon Signed-Rank and
Mann–Whitney U tests (R package “stats”) were performed for paired samples and in-
dependent samples indicated by test statistics “V” and “W”, respectively. Only the 10th
minute of each walking condition was used in the analyses. To assess the strength of the as-
sociation between groups and gait asymmetry indices, we calculated the Wilcoxon Q effect
size (R package “rstatix”). As the sample size is small due to the further division of groups
based on if participants were categorized as a responder or not in addition to the data
not having a normal distribution, the data were bootstrapped (5000 samples) with a bias
correction for confidence intervals (CIs) to calculate effect sizes. The values for the Wilcoxon
Q effect size are interpreted as follows: r < 0.30 = small effect, r = 0.30–0.49 = medium effect,
and r ≥ 0.50 = large effect [42]. For all analyses, the alpha level was set a priori at 0.05.

3. Results

A one-way ANOVA revealed a significant difference between the preferred walking
speed between the groups (p = 0.011) (Table 1). A post hoc test with Bonferroni corrections
showed the control group had a faster preferred walking speed than the small and large
asymmetry-group responders (p = 0.0075 and p = 0.0014, respectively). No other statistically
significant differences for the remaining demographic variables were observed.

The Wilcoxon Signed-Rank tests revealed, in the small asymmetry-group responders
from the baseline to adaptation, that the single limb support SI% (V = 34, p = 0.003) and
step duration SI% (V = 50, p = 0.02) increased, but stride length SI% was not significantly
different (V = 88, p = 0.273) (Figure 2). Also, a large effect size was observed with the
single limb support SI% (r = 0.59, CI [0.13, 0.8]); a medium effect size for step duration
SI% (r = 0.46, CI [0.04, 0.74]); and a small effect size for stride length SI% (r = 0.14, CI
[0, 0.43]). The Wilcoxon Signed-Rank tests revealed significant differences in the large
asymmetry-group responders from the baseline to adaptation, as the single limb support
SI% (V = 43, p = 0.003); step duration SI% (V = 41, p = 0.002); and stride length SI% (V = 33,
p = 0.0007) increased in the adaptation condition. Large effect sizes were observed for SLS
SI% (r = 0.58, CI [0.16, 0.79]); step duration SI% (r = 0.59, CI [0.11, 0.81]); and stride length
SI% (r = 0.65, CI [0.29, 0.83]).
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SI% (V = 48, p = 0.765); step duration SI% (V = 36, p = 0.425); and stride length SI% (V = 39,
p = 0.515) (Figure 3). Also, small effect sizes were observed with the single limb support
SI% (r = 0.20, CI [0, 0.59]) and step duration SI% (r = 0.07, CI [0, 0.18]). The effect is too
small for stride length SI% to calculate confidence intervals. The Wilcoxon Signed-Rank
tests revealed no significant differences in the large asymmetry-group non-responders from
the baseline to adaptation for single limb support SI% (V = 17, p = 0.161); step duration
SI% (V = 28, p = 0.539); and stride length SI% (V = 18, p = 0.188). However, moderate effect
sizes were observed for SLS SI% (r = 0.34, CI [0.02, 0.79]) and stride length SI% (r = 0.31, CI
[0.02, 0.76]). The effect is too small for step duration SI% to calculate confidence intervals.
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The Wilcoxon Rank-Sum tests (i.e., Mann–Whitney U test) to compare the small and
large asymmetry-group responders on the gait asymmetry metrics revealed no statistical
differences between groups on SLS SI% (W = 193, p = 0.254, CI [−∞, 0.480]); step duration
SI% (W = 193, p = 0.122, CI [−∞, 0.219]); and stride length SI% (W = 177, p = 0.144, CI
[−∞, 0.230)] (Figure 4). Based on our criteria for responders, three control participants were
categorized as responders; however, when comparing the control responders to the non-
responders, no significant differences were shown. Thus, the control group was recombined
to include responders and non-responders. The control group did not significantly change
from the baseline to adaptation in single limb support SI%, step duration SI%, or stride
length SI% (Figure 5).
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4. Discussion

The aim of this study was to examine the extent to which healthy adults can synchro-
nize to an asymmetric visual cue during a 10-min treadmill walking session with a small
or large gait asymmetry using inertial sensors. This study specifically examined the 10th
minute of baseline and adaptation. We hypothesized that gait asymmetries would increase
from the baseline to adaptation. Our hypothesis was mainly supported by the responder
groups. In the small and large asymmetry-group responders, single limb support SI%
and step duration SI% both increased during adaptation, indicating that mimicking an
asymmetric cue can alter gait symmetry in healthy adults and that the inertial sensors
are sensitive enough to detect small changes in asymmetry. The increases in single limb
support asymmetry observed in the responder groups are indirectly supported by the
literature, as changes were previously shown with double support asymmetry with split-
belt treadmill training [16,18]. The changes in single limb support % and step duration
asymmetry suggest temporal measures may be altered with an asymmetrical visual cue
in healthy adults, similar to what Roemmich and colleagues [18] reported in their healthy
young adult group. However, temporal changes may be harder to alter in clinical or aging
populations [5,18,21].

Interestingly, the stride length SI% did not increase for the responders in the small
asymmetry-responder group but did increase in the large asymmetry-responder group.
The lack of changes to symmetry in the small asymmetry group may be due to the fact the
small asymmetry visual cue was a subthreshold of what is clinically observable as having
an asymmetric gait. The small asymmetry visual was a ratio of 1.4–1, while clinically
observable asymmetry is a 1.5–1 ratio [2]. The asymmetrical visual cue ratio was based
on speed, which may suggest participants were primarily focused with the timing of
synchronizing to the visual cue rather than the spatial aspect such as in the stride length.
Although, the difference between the speed of the visual cue and the participants’ preferred
walking speed may play a role. The large asymmetry ratio is similar to what is seen in the
split-belt treadmill literature [20,43], so this may be why changes in stride length were seen
only in the large asymmetry group and not the small asymmetry group.

In addition, we hypothesized that participants in the large asymmetry group would
exhibit greater gait asymmetries than the small asymmetry group. Our hypothesis was not
supported by our results, as no differences between the small and large asymmetry groups
were found, even though we examined the responder groups. The findings were surprising,
as the large asymmetrical visual cue had an obvious asymmetrical gait pattern, while the
small asymmetrical visual cue was not as easily noticeable. In contrast to our findings,
Reisman and colleagues [20] reported greater gait asymmetries for larger speed ratios of
the belts. While we did not see differences when comparing the small and large responder
groups, the magnitude of effect sizes varied between the small and large asymmetry groups.

II II II 

■ 

II II II ■ 
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The effect size of the single limb support SI% was a large effect size for the small and large
asymmetry-responder groups. Step duration SI% was a moderate effect for the small
asymmetry-responder group and large for the large asymmetry-responder group. The
stride length SI% was small for the small asymmetry-responder group and large for the
large asymmetry-responder group. The magnitude of the effect size indicates that the large
asymmetrical visual cue has a greater impact on adaptation than the small asymmetrical
visual cue. No significant differences were observed in the non-responder groups on gait
asymmetries; although, the small asymmetry non-responder groups have small effect
sizes, while the large asymmetry non-responder group showed medium effect sizes. As
healthy adults have relatively symmetrical gait patterns yet are able to adapt to visual cues,
whether it was the small or large asymmetrical ratio suggests that these novel methods were
effective in changing gait patterns. The asymmetrically walking visual cues increased gait
asymmetries in healthy adults, providing evidence that asymmetrically walking visual cues
could be used to alter gait asymmetry in clinical populations without a split-belt treadmill.

Interestingly, 20 out of the 64 experimental group participants did not respond to the
visual cue. Greater changes in gait are seen in early adaptation with split-belt treadmill
training, so the lack of response may be because participants adapted early to the cue, since
this study only examined the 10th minute of adaptation [18,20,44]. However, attention
during the adaptation condition may play a role in whether a participant adapted to
the visual cue or not. Although the health history questionnaire asked and excluded
anyone with a neurological or cognitive disease or disorder, we did not explicitly ask nor
exclude anyone with attentional deficit disorders. Attentional deficit disorders are very
common and may not be thought of as a neurological disorder by this study’s participants,
as research on how attentional disorders in adults can affect how they walk is limited.
However, research on children with attentional disorders show greater stride-to-stride
variability during walking but reduced variability with dual tasks [45].

Motor-learning principles such as the rate of adaptation should also be considered
in future research, as this study only focused on the 10th minute of adaptation. The
rate of adaptation can tell us more information of the learning process when adapting
to a novel gait task. The literature involving adaptation with split-belt treadmills shows
immediate adaptation (i.e., the greatest differences) compared to the end of adaptation,
as most healthy participants move back toward symmetry [20,44]. Thus, early adaptation
should be compared to late adaptation to examine whether gait asymmetries were greater
during the early adaptation condition. Also, Fitts’ law should be considered as well.
This study used novel methods, and speed may be an important component influencing
the accuracy of mimicking the visual cue, which could contribute to the difficulty of the
task [46]. Bootsma and colleagues [47] postulated that the magnitude of motor skill learning
on task difficulty may be mediated by the perceived mental workload. Most gait adaptation
studies have not asked participants how difficult they felt the task was, which may be
impacting the accuracy or optimization of adaptation. A study that did examine perceived
exertion reported that participants were divided into responders and non-responders, and
the responders indicated a greater perceived exertion with overground walking than the
non-responders on the first day of training [17].

A few limitations exist within our study. The sample size was small once the groups
were further divided into responders and non-responders. We only examined the 10th
minute of each condition, so early adaptation was not examined. Our participants were
younger healthy adults, so our study lacks generalizability to a clinical population’s ability
to adapt to a visual cue.

5. Conclusions

Asymmetrically walking visual cues can be used to alter gait symmetry in healthy
adults. Both a small and large gait asymmetry-ratio visual cue can increase gait asymmetry.
Inertial sensors are sensitive to detecting small changes in gait asymmetries and allow
for greater clinical applicability. Future research should investigate why some people
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did not respond to the visual cue and examine if preferred walking speed, difficulty, or
mental workload were factors in the lack of a response for some participants. Also, future
research should investigate how visual cueing can be utilized to reduce gait asymmetries
in clinical populations and use inertial sensors to detect gait changes in and out of the lab
environment.
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