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Optimizing rehabilitation strategies requires understanding the effects of contextual cues

on adaptation learning. Prior studies have examined these effects on the specificity of

split-belt walking adaptation, showing that contextual visual cues can be manipulated to

modulate the magnitude, transfer, and washout of split-belt-induced learning in humans.

Specifically, manipulating the availability of vision during training or testing phases of

learning resulted in differences in adaptive mechanisms for temporal and spatial features

of walking. However, multi-trial locomotor training has been rarely explored when using

visual kinematic gait perturbations. In this study, we investigated multi-trial locomotor

adaptation in ten healthy individuals while applying visual kinematic perturbations.

Subjects were instructed to control a moving cursor, which represented the position

of their heel, to follow a prescribed heel path profile displayed on a monitor. The

perturbations were introduced by scaling all of the lower limb joint angles by a factor of 0.7

(i.e., a gain change), resulting in visual feedback errors between subjects’ heel trajectories

and the prescribed path profiles. Our findings suggest that, with practice, the subjects

learned, albeit with different strategies, to reduce the tracking errors and showed faster

response time in later trials. Moreover, the gait symmetry indices, in both the spatial and

temporal domains, changed significantly during gait adaptation (P < 0.001). After-effects

were present in the temporal gait symmetry index whens the visual perturbations were

removed in the post-exposure period (P< 0.001), suggesting adaptation learning. These

findings may have implications for developing novel gait rehabilitation interventions.

Keywords: locomotor adaptation, visuo-motor adaptation, gait symmetry, human locomotion, motor adaptation

NEW AND NOTEWORTHY

This study deployed a novel gait adaptation paradigm in which healthy subjects learned to move
their lower limbs to control a cursor in response to visuo-motor perturbations (i.e., gain change).
Our findings suggest that, with practice, the subjects learned, albeit with different strategies,
to reduce the tracking errors and showed faster response time in later trials. Moreover, we
observed differential effects of adaptation to the kinematic perturbation on the temporal and
spatial symmetry (i.e., after-effects were only observed in the temporal domain of gait symmetry,
indicating its adaptation). Overall, these findings may have implications for the development of
novel gait interventions for people with lower-limb disabilities.
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INTRODUCTION

Motor adaptation can be defined as an error-driven process that
allows humans to adjust sensorimotor mappings of well-learned
movements to adapt to new, predictable demands (Bastian,
2008; Malone et al., 2011). Thus, motor adaptation mechanisms
are generally engaged in response to changing intrinsic
(e.g., muscle fatigue, aging, and neurological disease) and/or
extrinsic (e.g., visual kinematic or dynamic perturbations)
conditions. Motor adaptation to extrinsic perturbations has
been investigated in the context of gait rehabilitation for
people with walking disabilities (Torres-Oviedo et al., 2011).
Both visual and dynamic disturbances induce sensorimotor
errors, which initiate motor adaptation. Indeed, experimental
studies of motor adaptation have been performed by applying
extrinsic perturbations including introducing abnormal
visual feedback (Contreras-Vidal and Kerick, 2004; Krakauer
et al., 2005; Cheng and Sabes, 2007; Wei and Kording,
2009; Izawa and Shadmehr, 2011; Luu et al., 2015, 2016),
manipulating physical dynamics (split-belt treadmill; Scheidt
et al., 2001; Choi and Bastian, 2007; Emken et al., 2007;
Izawa et al., 2008; Malone et al., 2012), or both (Kim et al.,
2010).

Helm and Reisman have reviewed the split-belt walking
paradigm, which has been widely used to explore motor learning
and spatiotemporal asymmetry for post-stroke conditions (Helm
and Reisman, 2015). The locomotor adaptation to split-belt
treadmill training can improve walking symmetry in post-stroke
patients (Reisman et al., 2007), and the persistence of improved
gait symmetry on a treadmill partially transfers to over-ground
walking (Reisman et al., 2009). Moreover, the temporal and
spatial control for symmetric gait can be adapted separately,
which suggests we could potentially develop interventions
targeting either temporal or spatial domain of gait deficits
(Malone et al., 2012). However, split-belt treadmill is not the only
way to disrupt normal gait patterns. In some cases, this purpose
can also be achieved by altering the visual-motor representation
of locomotion.

Prior studies have examined the effect of altering visual
feedback in walking adaptation. Torres-Oviedo and Bastian
showed that removing vision via blindfolds improved the transfer
of split-belt treadmill adaptation to natural walking (Torres-
Oviedo and Bastian, 2010). This agreed with a prior study
that reported the transferring of motor learning occurs in the
intrinsic coordinates (Imamizu et al., 1998; Malfait et al., 2002).
Prisms are used in many studies to distort vision and interrupt
the visuo-motor neural pathway (Morton and Bastian, 2004;
Alexander et al., 2013; Nemanich and Earhart, 2015). On the
other hand, visual cues can be provided and manipulated in
rehabilitation. Kim et al. used a cursor on a screen to represent
the sagittal position of a subject’s foot when walking with a
robotic system (Kim et al., 2010). They suggested that combining
both dynamics (interaction force between subjects and robot)
and visual perturbations to the gait pattern retained the gait
adaptation for longer than training with either dynamics or
visual perturbation alone. Statton et al. used bars on a screen to
show subjects the amount of their knee flexion (Statton et al.,

2016). By manipulating the height of the bars, they created
illusions in subjects that they had to over-correct their gait.
Long et al. showed the position of steps on a screen so that the
subjects would know where their feet landed (Long et al., 2016).
Although the effect induced in the gait pattern from these studies
vary greatly, they can usually be labeled as either spatial (Long
et al., 2016; Statton et al., 2016) or temporal (Hussain et al.,
2013; Finley et al., 2014) gait patterns but not both, partially
limited by the paradigm of interruption to the visual-motor
system.

In this study, we proposed a novel method to explore
multi-day gait adaptation of human treadmill walking under
visual kinematic perturbations. Participants were instructed to
control a moving cursor, representing the heel position in
the sagittal plane, to follow a specific trajectory displayed on
a screen. Visual kinematic perturbations were introduced by
scaling the lower limb joint angles (factor of 0.7) therefore
distorting the mapping of the actual heel position on the
screen, resulting in mismatch between the moving cursor
and the prescribed heel path. Participants adapted their
locomotor patterns to visual perturbations as demonstrated
by a reduction of tracking errors across trials. After-effects
were present when the visual perturbations were removed
in the post-exposure period suggesting adaptation learning
had taken place. We also found that individual subjects are
idiosyncratic in which joints they use to control the heel positions
during the adaptation. The modifications in the spatial and
temporal symmetry of gait induced by the visual kinematic
perturbations were also investigated. These findings have
implications for developing novel effective gait rehabilitation
interventions.

METHODS

Experimental Setup and Procedure
Ten healthy individuals (six males, four females; aged from 22
to 30) with no history of neurological disease or lower limb
pathology participated in this study. All participants provided
written and informed consent as approved by the Institutional
Review Board at the University of Houston. Each subject
participated in two sessions (two consecutive days, two trials
per session). There were two phases in each day at trial 1 and
trial 3 (Table 1). In the first phase, the subjects were instructed
to walk normally and consistently for 3 min on a treadmill
at a fixed speed of 1 mile per hour (mph), or 0.45 meter per
second (m/s). A 52-inch TV monitor was placed in front of
the treadmill at eye level and it showed a black screen in this
phase. The subjects were also instructed to look at the screen
during the entire protocol. Heel path profiles of their normal
walking were computed for each session from the goniometer
data using Matlab 2016a (The MathWorks, Inc.). Details of the
calculation are provided in Section Forward Kinematic Model.
In the second phase, the subjects first stood still (rest) on the
treadmill for 2 min, then started walking at 1 mph without
visual feedback on the screen for 5 min, following by a walking
period with visual feedback. The subjects stood still for another
2 min at the end of each trial. The walking period without the
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TABLE 1 | The experimental procedure for 4 trials in 2 consecutive days.

Phase 1 Phase 2

Template generation Rest Without visual feedback With visual feedback Rest

Pre- Exposure Post-

Day 1 Trial 1 3 2 5 8 8 − 2

Trial 2 − 2 5 − 8 − 2

Day 2 Trial 3 3 2 5 − 8 − 2

Trial 4 − 2 5 − 8 5 2

Heel path profiles (template generation) were generated in Phase 1. In Phase 2, subjects stood for 2 min in the beginning and the end (rest) and walked in periods without and with

visual feedback. Small dash “−” represents periods that were excluded in a trial. All values are in minutes.

visual feedback serves as a baseline to normalize gait symmetry
indices. The visual feedback to the subjects included a moving
cursor, which was linked to their right heel position in the sagittal
plane, and a desired heel path. During the entire visual feedback
period, the subjects were instructed to control a moving cursor
to follow prescribed right heel path profiles displayed on the
screen. The tracking task was mainly spatial because the subjects
performed the task without considering the time to reach a
specific point. In the pre-exposure phase (8 min) in Trial 1,
the moving cursor was driven by the goniometer data (right
hip, knee, and ankle). In the exposure period (8 min), a visual
kinematic perturbation was introduced by scaling the goniometer
data of the right leg by 0.7 and the moving cursor departed
from the prescribed heel profiles. The subjects controlled the
moving cursor to follow the prescribed heel profiles by adapting
their gait patterns. A gain of 0.7 was chosen because the visual
perturbation is detectable with this gain and the physical demand
to compete the task at this gain is not so high. In the post-
exposure period (5 min), the perturbations were removed and
the moving cursor was driven by the goniometer data again. We
defined early- and late- exposure phases in each trial as the first
and the last 30 gait cycles (∼1 min), respectively. Similarly, early
post-exposure phase was defined as the first 30 gait cycles in
the post-exposure period. For safety purposes, all subjects were
instructed to hold onto a front handle bar while walking on the
treadmill.

Data Collection
Lower limb joint angles (hip, knee, and ankle) in the sagittal
plane were recorded by goniometers (SG150 & SG110/A Gonio
electrodes, Biometrics Ltd., UK) at 100 Hz using our customized
C++ program. We visually estimated the joint locations and
placed six sensors on both legs. To improve the consistency
of sensor placement across days, we used the same sensor
for each joint, 3D-printed a tool to hold the two pieces of
a goniometer in place, and recorded the distance (from the
ground) of each goniometer after the sensors were attached.
Details for the goniometer sensor setup are provided in the
Supplementary Material. Three wireless inertial motion sensors
(OPAL, APDM Inc., Portland, OR) were mounted on the
head, left heel, and right heel of the subject. Each sensor
included accelerometer, gyroscope, and magnetometer sampled
at 128 Hz. Electroencephalography (EEG) signals were also

collected but will be reported elsewhere. Figure 1 shows raster
plot of these signals and illustrates the movements of the
right leg in a full gait cycle during pre- and early-exposure
phases.

Data Analysis
Data analysis and statistical analysis were performed using
custom software written in Matlab R2016a (The MathWorks,
Inc.). Joint angle data were low-pass filtered at 6 Hz by using
a second order Butterworth filter. Because subjects walked
at a slow speed (1 mph), the 0–6 Hz band covers most
power of joint angle signals (Antonsson and Mann, 1985; Luu
et al., 2014). Heel position in sagittal plane was calculated
using a forward kinematic model (Section Forward Kinematic
Model).

Forward Kinematic Model
The forward kinematic model of human treadmill walking (in
sagittal plane) and the definitions of lower limb joint angles
are shown in Figure 2. In this model, the hip joint position is
assumed to be fixed. The prescribed heelpaths and trajectories
of moving circle displayed on a screen during experiment were
calculated by using the following equations:

zheel = l1 sin(θh)+ l2 sin(θh + θk)+ l3 sin(θh + θk + θa)

+ l4 cos(θh + θk + θa) (1)

yheel = −l1 cos(θh)− l2 cos(θh + θk)− l3 cos(θh + θk

+ θa)+ l4 sin(θh + θk + θa)

where zheel and yheel are horizontal and vertical heel position in
sagittal plane, respectively; θh, θk, θa are hip, knee, and ankle joint
angles, respectively; l1 is the length from the greater trochanter to
the lateral epicondyle of the femur, l2 is the length from the lateral
epicondyle of the femur to the lateral malleolus of the fibula, l3 is
the perpendicular distance from the lateral malleolus of the fibula
to the plantar surface of the foot, and l4 is the distance from the
posterior aspect of the calcaneus (heel) to the projection of ankle
onto the foot.

To assess the rate of change of yheel with respect to the changes
of each lower limb joint angle, the gradient of yheel was also
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FIGURE 1 | (A) Experimental setup in this study. Each subject was instructed to walk on a treadmill while controlling a moving cursor to follow prescribed heel path

profiles. Lower limb joint angles (θh, θk , θa) were recorded using six goniometers. (B) Example of joint angles in 20 s, vertical red line represents the time when the

perturbation was introduced. (C) Illustration of the right leg in a full gait cycle during pre- and early-exposure.

derived as:
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Gait Segmentation and Temporal Gait
Parameters
Kinematic data were segmented into gait cycles. Data from each
trial were first divided into non-overlapping windows (window
size of 10 s). Heel-strike and toe-off events for right and left
legs were determined by using heel velocity profiles in the
sagittal plane. Toe-off events in each window were defined
by local maximum peaks of the heel velocity profile in the
vertical direction (vyheel) (Winter, 1992). The minimum distance
between two consecutive peaks is 80% of signal period which
was computed by using auto-correlation method. Subsequently,
heel-strike was determined by the first local minimum peak of

heel velocity profile in the horizontal direction (vzheel) between
two consecutive toe-offs. Figure 3 illustrates the alignment of gait
events with lower limb joint angles and heel velocity profiles.
Definitions of temporal gait parameters are also depicted. ST is
stance time period from heel-strike (HS) to toe-off (TO) for the
same leg. Double support time DS in a walking gait cycle is the
time when both feet are in contact with the floor. Right double
support,DSr , was defined as the time from left heel-strike to right
toe-off, and vice versa for left double support,DSl. Interlimb heel-
strike duration (t) is defined as the time between the heel-strike
of one leg to the subsequent heel-strike of the other.

Assessment of Subjects’ Performance
during Visual Kinematic Perturbations
In order to evaluate the performance of participants in adapting
to the visual kinematic perturbations, we defined tracking error
and response time as performance measurements. Tracking error
for each gait cycle was defined as the difference between the
moving cursor path and the prescribed heel path (average of
gait templates across gait cycles). A value closed to zero would
signify that the moving cursor which represents the subjects’ heel
position followed the prescribed heel path profile correctly. We
first converted the desired heel path and the moving cursor’s
path into regions and placed them on an image of 1,000 × 1,000
pixels. The tracking error was then computed by subtracting the
area inside the moving cursor to the area inside the desired heel
path (in pixels). Positive tracking error was defined when the
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FIGURE 2 | Forward kinematic model of human walking in sagittal plane.

Coordinate OZY was placed at hip position and hip joint position is assumed

to be fixed. Hip joint angle was defined to increase during flexion, knee joint

angle increased during extension, and ankle joint angle increased during

plantar-flexion.

area of the moving cursor was larger than the area of the desired
heel path and vice versa. Figure 4 illustrates the computation of
tracking error in one gait cycle.

We defined response time to measure how fast a subject
responded to the visual perturbations. Figure 5 illustrates the
computation for the response time. First, the initial tracking error
was computed as the average of tracking errors in the first 10 gait
cycles before the subjects started responding to the perturbations,
and the final tracking error was obtained by averaging tracking
errors in the late exposure. We then applied cumulative sum
(cusum) to track the deviations of each sample away from the
initial tracking error. Cusum chart is especially useful in detecting
if a signal has drifted beyond a pre-defined deviation above and
below a target value. We identified the response time Ts by
applying cusum with target value is the initial tracking error and
the pre-defined deviation is the difference between the final and
the initial tracking errors. The response time Ts was computed in
the number of gait cycles.

Assessment of the Adaptations of Lower
Limb Joint Angles across Subjects
To analyze the adaptation of lower limb joint angles under the
presence of the visual perturbations, we computed the ratio
between the range of movement (ROM) in late-exposure (Trial 4)
and the ROM in normal walking (without visual feedback). The
ROM ratios were computed for all joints (hip, knee, and ankle) of
the right leg.

Assessment of Gait Symmetry during
Visual Kinematic Perturbations
The changes of gait symmetry under constraint of visual
kinematic perturbations were measured in both temporal and
spatial domains. Previous studies on locomotion adaptation
using split-belt treadmill have demonstrated that the motor
system may generate temporal motor outputs to minimize the
difference in double support times when the subjects were
walking under perturbations (Reisman et al., 2005; Malone et al.,
2012). These studies also suggested that the temporal motor
outputs from motor system approach a desired value defined
as the normalized stance time difference. In this study, the gait
symmetry index in the temporal domain is defined as follows:

Stemporal =
STl − STr

tr + tl
(3)

where tr and tl are right and left step times; STr and STl are stance
times of right and left legs, respectively.

In the spatial domain, the differences between lower limb joint
angles of the right and left legs were defined to characterize spatial
asymmetry. The gait symmetry index in the spatial domain were
defined as the difference between the range of motion (ROM) of
the right and the left legs normalized by their sum:

Sspatial =
ROMrγ − ROMlγ

ROMrγ + ROMlγ
(4)

where γ is the angle between the vertical line (to the ground) and
the line that connects right hip (greater trochanter) and heel (the
posterior aspect of the calcaneus) positions.

Gait symmetry indices in both temporal and spatial domains
were normalized by subtracting the mean of these values in the
period when the subjects walked without the visual feedback on
the screen. Gait symmetry values closed to zero indicate that a
subject’s gait pattern was highly symmetrical.

Statistical Analysis
Statistical analyses were performed to analyze the changes of
tracking errors, which had non-normal distributions, across
different phases in the 4 training trials: pre-exposure, exposure
(from trial 1 to trial 4), and post-exposure. Kruskal-Wallis non-
parametric statistical tests with Tukey-Kramer correction for
post-hoc multiple comparison was applied to assess the changes
of tracking errors and response time across all trials. This model
was also applied to test the adaptation of the spatial and temporal
gait symmetry across all trials. To compare the adaptation of
lower limb joint angles, which had normal distributions, under
the presence of perturbations, we used a within subject, repeated-
measures one-way ANOVA test.

RESULTS

Subjects Adapted Their Gait in Response
to Visual Kinematic Perturbations
We observed changes in both tracking errors and response
time across training trials. Figure 6A shows the group means
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FIGURE 3 | (A) Diagram for human walking at different gait events, walking speed 1 mph. (B) Definitions of temporal parameters of human locomotion. HS, heel

strike; TO, toe-off. Solid and dashed horizontal lines represent stance time period (ST ) for the right (STr ) and left (STl ) legs, respectively. Shaded areas indicate double

support periods when both feet are on the ground; DSr and DSl are the right and left double support periods, respectively. Step times (interlimb heel-strike durations)

of the right and left legs (tr and tl ) are defined as the time between consecutive heel-strikes. (C) θrh, and θrk are hip and knee joint angles of the right leg, respectively.

vyheel , and vzheel are velocity profiles of heel in y and z directions. Thick solid and dashed vertical lines represent gait events for the right and left legs, respectively.

FIGURE 4 | Computation of tracking error in each gait cycle. Desired heel path (solid red line) and cursor path (dashed black line) were placed on a 1,000 × 1,000

pixel image. Tracking error was defined as the number of pixels in gray area. Each small square block in the grid contains 100 pixels. (A) Tracking error is negative and

(B) Tracking error is positive.

of tracking errors in different phase of training: pre-, exposure,
and post-. During pre-exposure, subjects walked normally on
treadmill and the moving cursor was closed to the prescribed

heel path. When visual kinematic perturbations were introduced
(lower limb joint angles were scaled down by 0.7), the moving
cursor departed from the prescribed heel path and subjects
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FIGURE 5 | Illustration of response time definition for each trial. Thick red line

represents the initial tracking error (at the beginning of perturbation), and

dashed line represents final tracking error (at late exposure). Ts is the response

time computed in the number of gait cycles. Vertical green line is time when a

subject responded to the visual perturbations.

started adapting their gait to the perturbation. The tracking
errors in the early exposures gradually decreased across trials
(from Trial 1 to Trial 4) as subjects were adapting to the
visual perturbation. When subjects resolved the perturbation
problem, the moving cursor were closed the prescribed heel path
profiles again. In the post-exposure phase, the visual kinematic
perturbation was removed. In this phase, the moving cursor
departed from the prescribed heel path profiles again but in
the opposite direction (positive tracking errors), reflecting after-
effects of gait adaptation. By the end of this trial, the tracking
errors returned to pre-exposure levels.

Figure 6B shows the results of statistical analysis for tracking
errors. Significant increases in tracking errors [block means
(×104 pixels): pre = −0.47 ± 1.21; early exposure (the first
30 gait cycles in Trial 1) = −2.07 ± 1.25, P < 0.001] were
found immediately after the introduction of visual kinematic
perturbations. As expected, the tracking errors gradually
decreased with practice from Trial 1 to Trial 3 and reached a
plateau in Trial 4 [block means for early-exposure (×104 pixels):
Trial 1 = −2.07 ± 1.25; Trial 2 = −0.54 ± 1.57; Trial 3 = −0.28
± 1.26, and Trial 4=−0.29± 0.97]. There were significant after-
effects for tracking errors in the early post-exposure phase (the
first 1 min) when the visual perturbation was removed [group
means (×104 pixels): pre = −0.47 ± 1.21; early post = 0.68
± 1.54, P < 0.001]. Figure 6C shows the results of response
time during exposure periods across 4 trials. When the visual
perturbation was introduced in the first trial, the mean and one
standard deviation of the response time across all subjects was
148.5 ± 69.1 gait cycles. These value substantially decreased in

later trials except for Trial 4 (Trial 2: 56.2 ± 36.0; Trial 3: 19.3
± 20.7; Trial 4: 35.7 ± 36.7). Although the response time in the
trial 4 is higher than in the trial 3, the difference is non-significant
(p-value > 0.05).

Strategies of Gait Adaptation Varied across
Subjects
Figure 7 depicts the changes in lower limb joint angles during
late-exposure (Trial 4) when subjects adapted to the visual
kinematic perturbations. Results from post-hoc analysis show
that subjects varied joint angles differently when adapting to
the perturbation. For example, SG01 had more changes in ankle
joint angles (Hip: 1.35 ± 0.14; Knee: 1.57 ± 0.10; Ankle: 3.11
± 0.34, P < 0.001), while SG02 had more changes in knee joint
angles (Hip: 1.09 ± 0.15; Knee: 1.61 ± 0.09; Ankle: 1.02 ± 0.06,
P < 0.001). Figure 7A shows that different strategies of gait
adaptation affect tracking errors in the late-exposure. Specifically,
the tracking errors of subjects SG01: 12.61 ± 6.95, SG06: 11.06
± 6.25, and SG08: 10.46 ± 2.80 were significantly higher than
the other subjects: 8.67 ± 4.45 (these values are in ×103 pixels).
Figure 7B reveals that SG01, SG06, and SG08 adapted more on
the ankle joint angles instead of the hip and knee joints. This
gait adaptation strategy resulted in larger tracking errors because
the changes in the ankle joint angles have lesser effect on the
variations of heel position as compared to the changes in the hip
and knee joint angles (Equation 2).

Gait Symmetry in the Spatial and Temporal
Domains during Visual Kinematic
Perturbations
Figure 8 illustrates the changes of gait symmetry in the temporal
domain to visual kinematic perturbations. Theoretically, the right
and left double support limb periods are equal during normal
walking conditions (pre-exposure). When visual kinematic
perturbations were introduced and subjects started adapting their
gait to the perturbation, the double support periods are different
and the gait asymmetry in temporal domain increase. In the post-
exposure phase, visual kinematic perturbations were removed
and double support periods gradually return to symmetric step
times.

We observed that Sspatial and Stemporal can characterize the
adaptation of gait symmetry in the spatial and temporal domains,
respectively. For example, results from Figure 9 show that Sspatial
and Stemporal significantly increased between the early (Trial 1)
and late exposure phase (Trial 4), indicating the adaptation of
motor outputs for gait symmetry (Sspatial − Trial 1: 0.09 ± 0.09,
Trial 4: 0.19 ± 0.06, P < 0.001; Stemporal − Trial 1: 0.05 ± 0.07,
Trial 4: 0.08 ± 0.08, P < 0.001). Moreover, there was significant
difference between pre- and post-exposure (Stemporal − Pre: 0.02
± 0.07, Post-Exposure: 0.06 ± 0.09, P < 0.001), indicating that
there were significant storages of new gait symmetry indices in
the temporal domains.

Figure 9 also illustrates that the gait symmetry in the temporal
domain is less sensitive to the visual kinematic perturbations
and its after-effects are larger than those in the spatial domain.
For example, when the perturbations were introduced, Sspatial
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FIGURE 6 | Group averages of tracking errors across 4 trials of training, gray areas represent early exposure period. (A) Black circles represent mean of tracking

errors across subjects, and shaded areas indicate one standard deviation. Solid lines are fitting curves using a sigmoidal model. (B,C) Statistical analysis of tracking

errors and response time using multiple comparison test with Tukey-Kramer adjustment, respectively. **P < 0.01 and ***P < 0.001. ns, non-significant.

increased from −0.002 ± 0.07 (Pre-) to 0.12 ± 0.14 (Exposure,
trial 1) while Stemporal increased from 0.02 ± 0.07 to 0.05 ± 0.07.
When the perturbations were removed, Sspatial decreased from
0.18 ± 0.08 (Exposure, trial 4) to 0.006 ± 0.09 (Post-) while
Stemporal decreased from 0.08 ± 0.08 to 0.06 ± 0.09. Moreover,
gait symmetry index in the spatial domain approached a new-
steady state faster than in the temporal domain. For example,
Sspatial reached a new steady state on Trial 2 (Sspatial was not
significantly different from Trial 2 to Trial 4) while Stemporal

reached a new steady-state on Trial 4. The perturbation resulted
in a stronger after-effect in the temporal domain as compared to
the spatial domain. The temporal gait symmetry was significantly
different between the pre- and post-exposure phase (P < 0.001)
and it lasted for more than 5min. However, there is no significant
difference in the spatial gait symmetry index between pre-
and post-exposure phase. When the perturbation was removed,
the spatial gait symmetry index returned to the pre-exposure
condition in <1 min.

DISCUSSION

This study investigated gait adaptation of healthy individual
in the presences of visual kinematic perturbation (i.e., a gain
change) of gait during treadmill walking across several trials.

The visual kinematic perturbations, which caused a mismatch
between actual and prescribed heel path trajectories displayed on
a screen, were introduced to investigate visual-motor adaptation
of human locomotion. We observed that, with practice, the
subjects could reduce the errors induced by the visual kinematic
perturbations and showed faster response time in later trials
(Trial 1 to Trial 3). Thus, by late exposure, subjects have found
a solution for the visual kinematic perturbations problem and
acquired, at least partially, the internal model of the visuomotor
transformation. Moreover, the strategies of gait adaptation varied
across subjects and affected steady-state tracking errors in
late-exposure. Our results also showed that the temporal gait
symmetry in the post-exposure phase was significantly different
from the pre-exposure phase. This after-effect suggested that
there were significant storages of new temporal gait symmetry
index.

Introduction of the kinematic gait perturbation showed an
initial rise of tracking errors in early-exposure, the reduction of
tracking errors in exposure, and the after-effect in post-exposure
(Figure 6). The presence of after-effects is an indication that
motor adaptation has occurred (Shadmehr and Mussa-Ivaldi,
1994; Kagerer et al., 1997; Buch et al., 2003; Krakauer et al.,
2005; Scheidt et al., 2005; Choi and Bastian, 2007; Reisman et al.,
2009; Kim et al., 2010). Although the experimental setup in this
study is simple, the results reflect the decreases of tracking errors
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FIGURE 7 | (A) Variations of lower limb joint angles (hip, knee, and ankle) in the right leg for 10 subjects in late-exposure (Trial 4). The size of the symbols represents

the tracking error. (B) ROM ratio is the proportion of range of motion in late-exposure compared to pre-exposure. Post-hoc analyses using multiple comparison with

Tukey-Kramer adjustment. ***P < 0.001.

FIGURE 8 | Adaptation of temporal parameters during visual kinematic

perturbations for subject SG04. The solid red line and dashed black line

represent stance periods of the right and left leg, respectively. Double support

periods are represented by the shaded sea green area. During the

pre-exposure phase, the subject walked normally and the right and left double

support times were equal. Temporal asymmetry increased in the exposure

phases and sustained in post-exposure.

across trials and the after-effects that characterize the motor
adaptation process. We hypothesize that the training method
used in this study could be a feasible intervention to potentially
improve asymmetries in post-stroke gait rehabilitation. Previous
studies have shown that after-effects of locomotor or visuomotor
adaptation improve task performance in individuals post-stroke
(Rossetti et al., 1998; Patton et al., 2006). Moreover, Reisman
et al. demonstrated that the improvements of task performance
following split-belt treadmill adaptation could transfer to real
world tasks such as overground walking (Reisman et al., 2009).

Gait asymmetry is an important gait characteristic that
may have a role in guiding the clinician’s treatment decisions
(Patterson et al., 2008, 2010). Gait asymmetry may be associated
with negative effects on human locomotion such as decreases
in gait efficiency, balance control, and gait speed (Jorgensen
et al., 2000). For example, asymmetric step length results in
decreased walking speed, and both decreased propulsive force
and increased severity of the paretic limb (Bowden et al., 2006;
Balasubramanian et al., 2007; Jonkers et al., 2009). Asymmetric
double support time is related to decreased gait speed (Olney
et al., 1994). Asymmetric walking gait patterns are commonly
found in individuals post-stroke. However, some individuals
post-stroke have asymmetry in only one domain. For example,
they only have either step length asymmetry (spatial) or double
support time asymmetry (temporal). Therefore, it could be
more efficient to target therapeutic rehabilitation to only the
domain (spatial or temporal) of gait symmetry in which the
post-stroke persons experience difficulty. Separate control of the
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FIGURE 9 | (A) Group averages of gait symmetry indices across 4 trials of training. Black and red circles represent mean values of temporal and spatial gait symmetry

indices, respectively. Shaded areas indicate one standard deviation. (B,C) Statistical analysis for gait symmetry index in the temporal (Stemporal ), and spatial (Sspatial )

domain using multiple comparison with Tukey-Kramer adjustment. ***P < 0.001, ns, non-significant. Box plots in gray represent exposure period.

temporal and spatial control of human locomotion has been
demonstrated in studies of locomotor adaptation to split-belt
treadmill training (Reisman et al., 2009; Malone et al., 2012).
However, interventions that target only one domain of gait
asymmetry have not been fully developed. In this study, multi-
trial locomotor training using visual kinematic perturbations was
implemented and the subjects adapted to the perturbations by
modifying their gait patterns. Once adapted, the subjects could
not retrieve their normal gait pattern immediately when the
perturbations were removed. Instead, they had to “de-adapt”
their gait patterns back to original state. This after-effect was
a strong clue that motor adaptation has occurred and a new
representation of visuomotor mapping has been learned. Results
in Figure 9 show the after-effects of gait symmetry indices in the
temporal domains in early post-exposure phase, indicating that
there were significant storages of new temporal gait symmetry
index. However, after-effects were not observed for the spatial
gait symmetry index. These findings have implications for a
possible intervention to improve gait symmetry in the temporal
domain for individuals post-stroke and the setup in this study
could be beneficial to gait rehabilitation.

Our results suggest differential temporal and spatial symmetry
effects to the kinematic perturbations. For example, we observed
after-effects of the temporal gait symmetry index after the

presence of kinematic perturbations, indicating its adaptation.
However, the after-effect or adaptation of the spatial gait
symmetry was missing. These results support previous findings
suggesting that the adaptation of spatial and temporal gait
symmetry is dissociable (Malone et al., 2012). The tracking task
in this study was mainly spatial because the subjects followed the
desired heel path without considering the time to reach a specific
point. Interestingly, the adaptation occurred nevertheless in the
temporal gait symmetry. This could have the implication that the
subjects unconsciously adapted temporal gait symmetry under
the visual kinematic perturbations. This findings are aligned
with previous studies suggesting that subjects may not be able
to consciously prevent adapting temporal motor output under
split-belt conditions (Malone et al., 2012), and that temporal
gait symmetry is harder to influence with conscious efforts
(Malone and Bastian, 2010). Additionally, our findings support
the hypothesis that the temporal control of human gait is more
automatic and depends more heavily on subcortical circuits.
Vasudevan et al. (2011) also showed that temporal adaptation was
found to be fully developed earlier than spatial adaptation (by 3
year old and until adolescence, respectively).

The feasibility of this intervention to improve gait asymmetry
might also be extended to target only specific joints that may
be affected more than others. Our results demonstrated that
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subjects use multiple solutions, i.e., multiple ways for subjects
to alter their joint movements, to adapt to the visual kinematic
perturbations (Figure 7). For example, while the subject SG01
preferred to adapt the ankle joint angles, the subject SG02 favored
to adapt the knee joint angles instead. Figure 7 illustrates that
different strategies of gait adaptation affect tracking errors in
late-exposure. Moreover, Figure 7B reveals that subjects who
adapted more on the ankle joint angle instead of the hip and
knee joints (SG01, SG06, and SG08) showed larger steady-state
tracking errors in the late-exposure phase. This gait adaptation
strategy resulted in higher tracking errors because the changes
in the ankle joint angles have lesser effect on the variations
of the heel positions as compared to the changes in the hip
and knee joint angles (Equation 2). Overall, these findings are
supported by the motor equivalence problem (Bernstein, 1967),
which characterizes the kinematic redundancy of motor control
systems: in this case, using three degrees of freedom (hip,
knee, and ankle joints) to control the heel position in a two-
dimensional space. Therefore, even though there are multiple
solutions (due to redundant degrees of freedom) to accomplish
a motor task, we can indirectly influence the motor system to
favor one solution by controlling the rules that generate visual
kinematic perturbations (i.e., using different scaling factors for
each joint angle), which can allow for personalized gait therapy
based on the current state of the patient.

Findings of this study are currently limited to healthy
individuals. Future investigations should consider implementing
the framework of visual kinematic perturbations for gait
rehabilitation in individuals post-stroke. In this regard, themotor
task is expected to be more challenging for persons post-stroke.
The number of trials required to achieve significant performance
improvement may also increase. It will also be important to
examine the changes in the representations of gait at cortical level

during the visual kinematic perturbations. The understanding of

neural mechanisms of human gait adaptation is important for
designing an effective training paradigm of gait rehabilitation
in a top-down approach. Noninvasive electroencephalography
(EEG) studies could be designed to investigate the underlying
patterns of neural activity during the visual kinematic
perturbations.
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