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Abstract

Vision plays a vital role in locomotor learning, providing feedback information to correct movement errors, and feedforward infor-
mation to inform learned movement plans. Gaze behavior, or the distribution of fixation locations, can quantify how visual infor-
mation is used during the motor learning process. How gaze behavior adapts during motor learning and in response to
changing motor performance is poorly understood. This study examines if and how an individual’s gaze behavior adapts during
a sequence learning, target stepping task. We monitored the gaze behavior of 12 healthy young adults while they walked on a
treadmill and attempted to precisely step on moving targets that were separated by variable distances (80%, 100%, and 120% of
preferred step length). Participants completed a total of 11 trial blocks of 102 steps each. We hypothesized that both mean fixa-
tion distance would increase (participants would look farther ahead), and step error would decrease with experience. Following
practice, participants significantly increased their fixation distance (P < 0.001) by 0.27 +£0.18 steps and decreased their step error
(P < 0.001) by 4.0+1.7 cm, supporting our hypothesis. Our results suggest that early in the learning process, participants gaze
behavior emphasized gathering visual information necessary for feedback motor control. As motor performance improved with
experience, participants shifted their gaze fixation farther ahead placing greater emphasis on the visual information used for
feedforward motor control. These findings provide important information about how gaze behavior changes in parallel with
improvements in walking performance.

NEW & NOTEWORTHY People consistently vary how they use visual information to inform walking. However, what drives this
variation and how sampled visual information changes with locomotor learning is not well understood. Here, we find that gaze
fixation locations moved farther ahead while step error decreases as participants practice a target stepping task. The results
suggest that participants increasingly used a feedforward locomotor control strategy with practice.

gait; gaze behavior; motor learning, motor control; locomotion

INTRODUCTION

Vision plays a vital role in controlling human walking.
Visual information is a primary source of feedback informa-
tion, to ensure the safety and accuracy of the current step,
and an important input for feedforward motor planning, to
efficiently prepare and execute future steps. Gaze behavior,
or the distribution of visual fixation locations, is one way to
quantify how visual information is used during walking.
Gaze fixations close to the location where the viewer steps
on the ground can guide swing limb movement and preci-
sion foot placement (1). When these close fixation locations
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are occluded or ignored, foot placement becomes more vari-
able, reducing postural steadiness (2) and making foot clear-
ance of obstacles (such as a curb) less likely (3). In contrast,
fixations farther ahead are used to plan the immediate and
upcoming steps and to confirm that one is walking toward
their desired destination (4, 5). When the ability to look
ahead is removed, individuals make a series of discrete seg-
mented movements, rather than a single continuous move-
ment, to account for obstacles in their path (6, 7). Thus,
motor performance during walking is intricately related to
the gaze behavior that dictates the availability of visual
information.
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An individual’s preferred fixation distance is updated
depending on individual motor skill level and the challenges
presented by the specific walking task. With normal vision,
healthy adults walking on smooth, level surfaces fixate ~2
steps ahead, though they will glance toward their feet and
farther ahead to gather additional information (1, 8). When
walking across rough terrains, [such as stepping across rocks
(8) or uneven cobblestones (9)], where precise foot place-
ment is required to maintain stability, individuals decrease
their focus to ~1.2 steps ahead (8). This shift appears depend-
ent on the task requirement to precisely place the foot in a
specific location. In more challenging terrains, there is a
larger decrease in mean fixation distance, suggesting the
role of visual information shifts to emphasize feedback
motor control (8). Similarly, older adults (10), individuals
with an incomplete spinal cord injury (11), and individuals
with developmental coordination disorders (12) all display
gaze behavior fixations that are closer to their feet when
compared with their young and unimpaired counterparts.
Here, this reduction in gaze fixation distance is likely to
ensure safe and accurate foot placement. In contrast, elite
athletes, who are less likely to require visual feedback to
ensure safe foot placement and perform their practiced skill,
tend to look farther ahead, a strategy that emphasizes motor
planning and may improve the energetic efficiency of their
movement (13). Collectively, this research suggests that fixa-
tion distance adapts to both the demands of the task and
individual motor skill level.

Gaze behavior can also be quantified using the timing of
fixations relative to actions. Specifically, the window of time
when a person gathers visual information for the desired
destination of a movement (i.e., first and last fixations on a
given target) can be compared with the associated time win-
dow of the directed movement (i.e., the swing phase of a sin-
gle step onto the target). By comparing the start of these two
time windows, we can estimate how far ahead in time an
individual is gathering visual information to plan their
movement. The earlier the individual begins gathering infor-
mation on the target location, the more feedforward visual
information is available to guide the motor planning to step
on that target. In addition, by comparing the end of these
two time windows, we can estimate how much visual feed-
back was required to complete the movement. Visual infor-
mation gathered after the movement is completed would
indicate an emphasis on feedback information as the partici-
pant watched the foot contact the target. These fixation tim-
ing metrics have been shown to change based on the
predictability of the environment and the importance of pre-
cise foot placement (14). Specifically and in line with fixation
distance, when the environment is more predictable the vis-
ual information window shifts earlier in time compared with
the movement window (suggesting an increased emphasis
on feedforward motor control). When the task requires pre-
cise foot placement, the opposite occurs with individuals
shifting their visual information window to overlap more
with the movement window (suggesting an emphasis on
feedback motor control). As with fixation distance, we see
that fixation timing also adapts to the demands of the task.

How do these differences in gaze behavior between popu-
lations and walking tasks develop? If the changes in fixation
distance and timing are a part of the motor learning process,
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then we would expect gaze behavior to update in a manner
consistent with general motor learning theory. Specifically,
during the learning process motor control strategies shift
from a reliance on feedback motor control to a feedforward
motor control strategy (15, 16). Such a progression has been
found when learning to walk (7), catching a ball (17), and
shooting a basketball (18). With practice of a novel task, we
would expect gaze behavior to mirror this shift, gathering fix-
ations close to the movement early in the learning process
and shifting farther ahead as the individual shifts to a feed-
forward motor planning strategy. However, whether gaze
behavior follows this pattern remains unclear. Although sev-
eral studies find gaze behavior to shift farther ahead when
learning reaching or finger coordination (19-22), others find
no change in fixation distance (23). In walking, the evidence
is more mixed. Kopiske et al. (24) found short-term increases
in fixation distance with practice, but that these changes did
not persist over the medium or long term despite repeated
practice. Koren et al. (25) found that fixation distance
decreased with practice, though their study lacked specific-
ity in fixation distance compared with previous literature.

The present study, therefore, aimed to better understand
if and how gaze fixation distance and timing changes during
locomotor skill acquisition. To evaluate this question, we
directly measured gaze fixation distance and timing as
healthy individuals practiced a challenging precision-step-
ping task. To maximize the learnability of the task (and
therefore maximize changes in motor skill), a repeating
sequence of stepping targets separated by variable distances
(80%, 100%, and 120% of preferred step length) was embed-
ded into the precision stepping task. Choi et al. (26) have
shown that people can learn a repeating sequence of step
lengths through sequence learning mechanisms as evi-
denced by a decrease in performance when the learned
sequence is removed. We hypothesized that with practice
performing the target stepping task, an individual’s mean
fixation distance would increase (move farther ahead of the
body) and step error (the distance between the foot and the
target) would decrease. In addition, we anticipated that this
shift in fixation distance would be accompanied by a shift in
fixation timing, with the visual information window shifting
earlier in time compared with the movement window,
emphasizing feedforward locomotor control strategies. The
hypothesized results would be indicative of increased em-
phasis on feedforward fixations as locomotor skill improves.
To further strengthen the result, we included a catch trial
during which the target sequence was removed. If the
changes in fixation distance are related to sequence learning,
then removing the sequence should temporarily reverse any
changes in step error and fixation distance, providing addi-
tional evidence toward how locomotor performance and
gaze behavior are intertwined.

MATERIALS AND METHODS
Participants

Twelve healthy young adults provided written informed
consent and participated in the study. All procedures were
approved by the Northwestern University Institutional
Review Board. All participants were screened via self-report
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Table 1. Demographic information

n 12

Age, yr 22-31

Sex 8 women, 4 men
Height, m 1.74+0.10

Step length, m 0.52+0.07

to ensure they had normal or corrected-to-normal vision and
did not have any current neuromuscular or musculoskeletal
injuries known to affect their balance or gait. Demographic
information is available in Table 1.

Experimental Setup

Task environment.

Participants were asked to walk on a treadmill and step on a
series of moving targets that were streaming toward them.
All walking occurred on an oversized treadmill (3 m x 1.5 m,
TuffTread). A static board was placed level with the front of
the treadmill belt to extend the target viewing space to 4 m x
1.5 m (board + treadmill belt). Stepping targets (7 cm x 15
cm) were projected using an overhead projector (Hitachi,
Japan) onto the target viewing space.

Motion capture.

We collect three-dimensional (3-D) kinematic data during
walking to quantify foot and head movement. Specifically,
we used a 12-camera optical motion capture system
(Qualisys, Gothenburg, Sweden) to collect walking kinemat-
ics and quantify real-time stepping behavior. We placed 13
passive reflective markers on the participant to track their
motion throughout the duration of the trial. Three noncollin-
ear markers on the head-mounted eye tracker determined
the headset viewing plane relative to the laboratory refer-
ence plane. The other 10 marKkers tracked the second, third,
and fifth metatarsals, the lateral malleolus, and the calca-
neus of each foot to determine locations of the two feet.

Eye-tracking.

Pupil locations were tracked throughout the study to deter-
mine gaze behavior and fixation locations. To capture gaze
behavior, participants wore a head-mounted eye tracker
(Pupil Core eye tracker, Pupil Labs, UK; 27). The headset uses
infrared reflection to determine the two-dimensional (2-D)
pupil location of each eye, and, following a calibration pe-
riod, we transformed this data into a two-dimensional gaze
point in the viewing plane. Gaze vectors were then deter-
mined using methods described by Matthis et al. (8), from
which fixation points were defined as the location where the
gaze vector intersected with the treadmill surface.

Stepping Task

During the stepping task, participants walked on the
treadmill while stepping targets were projected onto the
treadmill. Stepping targets were projected onto the treadmill
surface with a set step width (matched to participant’s pre-
ferred step width) and variable step lengths of short (80% of
preferred step length), preferred, or long (120% of preferred
step length) steps. Each trial consisted of 102 targets to step
on. Participants were instructed to step on the projected
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targets as accurately as possible and received auditory feed-
back (error noise) when the foot was too far (greater than 0.2
m) from the target. The stepping targets were projected such
that they moved faster than the treadmill belt speed (2 times
the speed of the treadmill). During piloting, participants per-
formed near ceiling during baseline (greater than 90% accu-
rate) when the speed of the targets was matched to the
treadmill speed. Increasing the speed of the targets mitigated
the ceiling effects and provided participants with room to
improve with practice.

Experimental Protocol

Participants first completed a series of calibrations. An
eye-tracker calibration, consisting of the participant fixating
on static targets projected onto the treadmill surface, was
used to calibrate participants’ gaze vectors. A standing cali-
bration determined the flatfoot height of the calcaneus
marker. During the walking trials, we defined real-time heel
strike as the time when the calcaneus marker dropped
within 5 mm of the participant’s flatfoot height. Participants
also completed a 2-min walking trial on the treadmill (no tar-
gets) to determine their preferred step length and step width
that would be used to define the spacing of targets during
the experimental trials. All walking trials were performed at
a fixed speed (0.9 m/s) for all participants. People naturally
walk slower during target stepping protocols and so the
speed was chosen to allow participants to comfortably per-
form the task and have enough time for both feedback and
feedforward locomotor control strategies while still challeng-
ing participants enough to avoid ceiling effects.

Following these calibrations, participants first completed
a baseline (102 stepping targets) trial of the stepping task
during which the order of the target step lengths was
randomized. Following baseline, participants completed five
sequenced trials, then a catch trial, and finally four more
sequenced trials. During all sequenced trials, the targets
appeared in the same, repeating, a six-step pattern (specifi-
cally all participants experience the following pattern of step
lengths which always started with their right foot: 120% -
120% - 80% - 120% - 100% - 80%) to encourage sequence
learning and accelerate overall motor learning within the du-
ration of the experiment. A catch trial (during which the tar-
gets were presented in a random order of step lengths,
though this specific sequence order was consistent across
participants) was included to determine whether the learn-
ing was specific to the repeating sequence or generalized to
the target stepping task. Choi et al. (26) demonstrated
sequence learning in a similar stepping task with targets pro-
jected on a screen in front of the participant rather than
directly onto the ground. Participants were given the option
of taking self-paced breaks in between trial blocks, however,
most participants continued walking on the treadmill for the
duration of the experiment.

Data Analysis and Processing

Motion capture data.

Following manual marker correction in Qualisys Tracking
Manager software, data was exported and processed through a
custom Python (v3.8) script. Specifically missing marker data
(less than 10% of individual marker data) was interpolated
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using a cubic interpolation through the pandas python pack-
age. After interpolation, the entire trajectory was passed
through a 6 Hz low pass filter (28).

Eye tracking.

A post hoc calibration and gaze mapping were performed
using pupil player software before being exported to a cus-
tom Python script. The x and y position of each pupil and
of the normalized gaze position on the visual plane were
filtered as follows: First, the most extreme values (top and
bottom 5%) were masked to remove mischaracterizations of
the pupils. The data were then interpolated to the nearest
point and finally a median filter with a window size of 10 sam-
ples was applied. Saccades were defined as any time an eye’s
pupil position changed between aligned frames (100 Hz)
more than 0.15 mm (~70°/s) in the x direction or 0.3 mm
(~140°/s) in the y direction. In addition, any gaze point with
lower than 60% confidence (as calculated by Pupil Labs) was
discarded. To determine the fixation point, we followed the
methodology described by Matthis et al. (8). Specifically, we
created gaze vectors originating at the scene camera of the
eye tracker and connecting through the fixation point pro-
vided by Pupil Labs on the recorded scene camera image.
That image was arbitrarily defined as residing on a rectan-
gle 1 m in front of the scene camera. The corners of the rec-
tangle were defined by the intrinsic camera values (103°
horizontal and 54° vertical) and the center was located 1 m in
front of the scene camera and normal to the head vector origi-
nating at the scene camera. The fixation point on the scene
camera image was placed on this rectangle and a gaze vector
from the scene camera and through the fixation point was
computed. The gaze vector was then projected to intersect
with the treadmill plane to determine the fixation point (8).

Projected target locations.

The location of projected targets was determined by linearly
mapping the projection space into the motion capture sys-
tem space. A unique linear mapping was created for each
participant to ensure data quality.

Data alignment.

Data between the target locations and motion capture
were sampled at 100 Hz and aligned using the motion
capture system frame numbers which were streamed in
real-time to the MATLAB program recording and projec-
ting the targets. Gaze data were sampled at 200 Hz and
aligned to the motion capture system data by aligning the
nearest timestamps.

Outcome Measures

Step error.

Step error was determined as the Euclidean distance
between the center of the foot defined by the 5 reflective
markers on each foot and the center of the target on the
plane of the treadmill.

Fixation distance.

Fixation distance was defined as the Euclidean distance
between the center of the headset (blue line on Fig. 1) and
the treadmill surface fixation point along the plane of the
treadmill (Fig. 1).
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Fixation Distance

Figure 1. Diagram demonstrating the stepping task with head angle (0)
and fixation distance measurement.

Look ahead time.

Look ahead time was defined as the time it would take a par-
ticipant’s foot to reach the location being fixated upon. In
practice, look ahead time is equal to the fixation distance di-
vided by the treadmill speed (0.9 m/s).

Head angle.

In addition to fixation distance, we recorded head angle.
Although a participant’s head angle is accounted for in fixa-
tion distance, head angle has historically been used to ap-
proximate fixation distance. By including it here, we both
allow for historical comparisons and provide additional vali-
dation for fixation distance as head angle data is less proc-
essed and more reliable than gaze location. Head angle was
therefore defined by the vertical angle between the normal
vector to the headset viewing plane and the vertical z-axis
(Fig. 1).

Toe off interval.

The toe-off interval is defined as the time (in s) between the
start of the first fixation onto a target and the toe-off of the
foot which will step onto that target. A fixation which begins
before toe-off is coded as a negative interval while a fixation
after toe-off is coded as a positive interval.

Heel strike interval.

The heel strike interval is defined as the time (in s) between
the end of the last fixation on a target and the heel strike
of the foot onto that target. A fixation which ends before
heel strike is coded as a negative interval while a fixation
after heel strike is coded as a positive interval.

Statistical Analysis

For all analyses, the first six targets of a trial (the first com-
plete presentation of the sequence) were removed to allow
participants to align their gait pattern with the phase of the
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stepping targets. The remaining 96 steps were analyzed for
each participant. Significance was set at P < 0.05 for all anal-
ysis unless otherwise specified.

For fixation-based metrics, we analyzed the distance, toe-
off interval, and heel-strike interval, of on treadmill fixa-
tions. Off treadmill fixations, which accounted for ~10% of
the data, were considered irrelevant for this analysis.
Fixation distance was grouped by step such that each step’s
average fixation was equal to the mean fixation distance of
all fixation samples during the step’s swing phase. A mixed
linear model, with trial number as a fixed effect and subject
as a random effect, was used to calculate the change trial-to-
trial in fixation distance, toe-off interval, and heel-strike
interval. Given a significant main effect of trial on each out-
come measure, pairwise ¢ tests or Mann-Whitney U tests
(depending on a normality check using the Pingouin Python
package) with a Bonferroni correction were completed
between baseline and the final trial (¢rial 9), to determine if
participants significantly changed with practice, and between
the catch trial, and the trials immediately before and after the
catch trials (trials 5 and 6, respectively) to determine if the
changes were specific to sequence learning or more general
task learning.

In addition to the between trial analysis, we conducted a
within-trial analysis. Specifically, a Mixed Linear Model was
used to examine if participant fixation distance was on steps
following an accurate versus inaccurate step (when they
would be reacting to the auditory feedback). Given a signifi-
cant effect, a post hoc analysis was completed to compare
fixation distance and step error between the first and last
accurate step in a series of consecutive correct steps.

RESULTS
Representative Participant

Processed data showing the locations of the left and
right feet, the stepping targets and the fixation point on
the treadmill are presented in Fig. 2. We can see the partic-
ipant fixating onto a target and tracking its movement
before saccading to the next target and beginning a new
fixation. The participant also demonstrates the expected

shift forward in fixation distance between the early and
late sequenced trials.

Step Error and Fixation Metrics Change with Practice

With practice, participants decreased their step error and
increased their fixation distance and head angle (Fig. 3). A
mixed linear model found a significant main effect of trial
on fixation distance (P < 0.001), head angle (P < 0.001), and
step error (P < 0.001). When comparing the baseline versus
the last trial, we find a significant difference for step error
(mean difference = —4 cm, P < 0.001, Hedges’ g = 1.33), fixa-
tion distance (mean difference = 0.27 steps ahead, P = 0.003,
Hedges’ g = 0.62), head angle (mean difference = 0.09 radi-
ans). Participants increased their average look ahead time
from 1.51 s to 1.80 s (290 ms total change). When looking at
where individuals direct their gaze, we found that with prac-
tice, more fixation time was directed farther ahead (greater
than 1.5 steps ahead) (Fig. 4). The number of fixations
directed off the treadmill surface remained relatively con-
sistent, suggesting that foveal vision was consistently relied
upon for the task.

For fixation timing metrics, a mixed linear model found a
significant main effect for the heel-strike interval (P =
0.008), but not for the toe-off interval (P = 0.051). We did not
find a significant difference between baseline and the last
trial for heel-strike interval (mean difference = -0.02 s, P =
0.49).

Changes Were Driven by General Task Learning Rather
than Sequence Learning

A Tukey post hoc test was performed to compare the trials
before and after the catch trial with the catch trial. The catch
trial did not significantly differ from the adjacent trials in
step error (P = 0.8 for both), fixation distance (previous trial
P = 0.3, next trial P = 0.7), or head angle (P = 0.4 vs. previous
and next trials).

Participants Significantly Changed Their Fixation
Distance following an Error Step

To determine how participants respond to an error step, a
mixed linear model with subject as a random effect and
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Step Error and Gaze Behavior Changes Across Trials
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previous step accuracy as a fixed effect was performed to
compare the fixation distance of a step following an error or
accurate step. A significant change in fixation distance based
on the previous step accuracy (P < 0.001) was found with an
error on the previous step leading to a mean reduction in fix-
ation distance of 0.08 steps (Fig. 5).

Participants Did Not Exhibit Learning within Trial
Rounds

Although participant step error and fixation distances
changed across trial rounds, the changes may be occurring
on a smaller time scale such that a gradual shift occurs con-
stantly within trial rounds. Because participant fixation dis-
tance did change following a step error, within-trial changes
were compared based on the first and last accurate step in a
streak of accurate steps in a row (minimum streak length of 3
steps). A Mann-Whitney U test found a statistically signifi-
cant difference in step error (P < 0.001, mean difference =
1 cm) but not in fixation distance (P = 0.96).

In addition, given the large change during the initial trial
blocks, a post hoc examination comparing the change in
step accuracy and fixation distance was conducted between
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the baseline and trial block 1 (Fig. 6). To allow for any learn-
ing effects while minimizing the effect of step error, per-
formance was grouped in six step repetitions representing a
complete loop through the sequenced pattern (for trial block
1). A mixed linear model with trial (baseline and trial block 1)
and pattern repetition (1-16) as fixed effects and subject as a
random effect was conducted for outcome measures step
error and fixation distance. Trial (P < 0.001) but not pattern
repetition (P = 0.21) had a significant fixed effect on step
error, while both trial (P = 0.001) and pattern repetition (P <
0.001) had significant fixated effects on fixation distance
(Fig. 6). Despite the significant fixed effects, a Mann-
Whitney U test did not find a statistically significant differ-
ence between the first and last pattern repetition for fixation
distance during these two trials (P = 0.06).

DISCUSSION

The present study examined how gaze behavior changed
in relation to motor learning during a sequence stepping
task. Participants were instructed to step on projected targets
as accurately as possible while their gaze behavior was
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Fixation Time in Different Visual Zones
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Figure 4. Error bar plot represent the percent of fixa-
tions directed toward less than 1.5 steps ahead (blue,
solid), greater than 1.5 steps ahead (orange, dashed),
or off the treadmill (green, dotted). Error bars repre-
sent 95% confidence intervals. Results demonstrate
an increased fixation time toward information greater
than 1.5 steps ahead with practice, but that the partic-
ipant consistently fixates in all three visual zones.

Catch
Trial Round

Baseline

monitored. The results support our hypothesis that both fix-
ation distance would increase and stepping accuracy would
improve with experience. This shift in fixation location did
not impact fixation timing, as participants toe-off and heel-
strike intervals did not significantly change with practice.
Despite this, we found participants made concurrent reduc-
tions in their step error and increases in their fixation dis-
tance between trial blocks. Participants updated their gaze
behavior in a manner that suggests they updated locomotor
control strategies with practice, increasing their emphasis on
feedforward motor planning. Overall, the results support
that fixation distance increases with locomotor learning.

Our primary finding was that gaze fixation distance
increased with practice. As expected, with experience partic-
ipants shifted their gaze to sample visual information that

Fixation Distance Relative to the Previous Step

was farther ahead. This increase in average gaze fixation
may have been related to individuals increasing their em-
phasis on feedforward motor control strategies. Previous lit-
erature has established that general motor learning is
accompanied by a progression from feedback to feedforward
motor control strategies (15). By shifting their gaze fixation,
individuals change what sensory (and in particular visual)
information is available to perform the task. Fixations close
to the individual benefit online reactive control strategies,
providing information about where the limb and current
step target are and allowing immediate corrective actions to
be taken as needed. Fixations farther ahead benefit motor
planning by providing more information about the future and
providing additional time to process the information, allow-
ing the individual to create and execute efficient motor plans.
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@ Inaccurate
2 —_—— A d
3 ®e
4 L 3 o
5 ® |
= 6 .. Figure 5. Means and SE of each participants' fixation
g | ° distance during the step following an accurate (green)
5] 7 —o— or inaccurate (red) step. Vertical lines represent group
g 8- ‘ means with each subject having equal weighting. On
o average, participants shifted their gaze closer to them-
94 —e—9 selves following an inaccurate step.
10 - —— L 2
11 %
12 4 P ®
Average Following Average Following
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Step Error and Fixation Distance Changes Within the First 2 Trial Blocks

Baseline
0.200
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(m)

0.150 4

Step Error
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0.100 +
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Fixation Distance
(Steps Ahead)
N

20 25 30 35

6 Step Pattern Repetition

Figure 6. Changes in step error (top) and fixation distance (bottom) for the first 2 trial blocks (baseline shaded blue, trial block 1 shaded green).
Horizontal red lines represent mean values across the entire trial block (each shaded region). Error bars are means + SE. The results support the
changes occurring between trial blocks (red lines) and less so within trial blocks (error bar plots).

Participants shifting their gaze farther ahead is in line
with previous upper limb (19, 21) and walking (24) studies
where participants shifted their gaze farther ahead with
practice. The shift is likely accompanied by a de-emphasis
on feedback and an increased emphasis on feedforward
motor control strategies (as suggested in Ref. 21). However,
as demonstrated in Fig. 4, participants are always perform-
ing fixations both less than 1.5 steps ahead (to provide feed-
back on the current step) and greater than 1.5 steps ahead (to
provide information for feedforward planning of future
steps). Participants therefore use a combination of feedback
and feedforward motor control to walk efficiently (similar to
driving; Ref. 29). The changing fixation distance and locomo-
tor control strategies may alternatively suggest an increased
planning horizon (22, 30). Under this interpretation, prac-
ticed participants are better able to use visual information
from farther ahead, possibly due to more efficient processing
of feedback visual information. Unlike an overall shift in
locomotor control strategy, this perspective would suggest
that participants remain just as reliant on feedback motor
control but are able to achieve any corrective actions with
shorter fixation periods (and therefore less visual informa-
tion to guide feedback control). Our results also support this
alternative and future research where visual information is
occluded periodically throughout the locomotor learning
process would be necessary to tease these two hypotheses
apart.

Surprisingly, changes in fixation location with practice
did not impact fixation timing. Rather than shifting the
entire fixation window farther ahead and therefore earlier
relative to toe-off and heel-strike, participants maintained
a consistent timing of when they began and finished looking
at a target. Instead, participants changed where they directed
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their gaze between those two timepoints (i.e., during swing
phase). As depicted in Fig. 4, although participants did spend
more time looking farther ahead, they did not stop perform-
ing fixations back to the current step (less than 1.5 steps
ahead). Therefore, participants may have shifted their gaze
farther ahead in terms of distance for the majority of swing
phase, but still made a confirmatory fixation back at their foot
to confirm accurate foot placement. It may be that partici-
pants became more efficient confirming where their foot is in
space (in line with the possible shift in planning horizon) or
that they became more proficient at using peripheral vision to
guide target stepping (as seen during reaching in Ref. 19).
Either change would allow participants to look farther ahead
without reducing their ability to perform a feedback-driven
motor control strategy.

When the learned sequence was removed, participant
motor performance and fixation metrics did not significantly
change. Although we expected both to revert toward baseline
levels, the lack of any change suggests that the motor learn-
ing across the entire study was due to general task learning
(learning to step accurately on targets) rather than sequence
learning impacting performance as we expected. The main
takeaway here may have more to do with the task design.
Unlike Choi et al. (26), we projected our stepping targets
directly onto the treadmill, rather than presenting them on a
screen in front of the participant. It is possible that the
sequence is more recognizable when presented on a screen
as the visuomotor mapping between the participant’s step-
ping and the screen representations recruits more cognitive
resources compared to the more natural guidance of their
foot to a seen target on the ground (treadmill belt) employed
in our study. Although most participants could tell that the
prescribed step length changed, few were able to articulate
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the pattern, even after 153 repetitions. In addition, the speed
of the targets and the sequence employed in the present
study were different than in the study by Choi et al., though
performance characteristics such as participants having
more difficulty with short steps compared to preferred or
long steps and the percentage of accurate steps improving
from ~30% to ~60% is comparable to the results of the study
by Choi et al. We therefore suspect that the modified task
design may have impaired participant pattern recognition
and therefore limited any sequence learning effect.

On a step-by-step basis, gaze behavior did not change sig-
nificantly relative to stepping performance. The main trigger
for sudden changes in gaze behavior came from the motor
errors/auditory feedback, with fixation distance reducing on
average 0.08 steps immediately following an error step,
though there was large intersubject variability. The vari-
ability may suggest that different participants had differ-
ent strategies to deal with errors. Some participants largely
maintained their gaze behavior while others exhibited large
changes following an error step. Neither a participant’s per-
centage of accurate step (which would suggest an acclimati-
zation to the error noise) or overall fixation distance (which
would speak to different locomotor strategies) appear to be
related to the intersubject variation. Future research is
needed to disentangle the significance of the variability.
Accepting that participant fixation distance does systemati-
cally reduce following a step error (as the data suggests), the
change following an error step brings up the question of cau-
sality. Specifically, since participant gaze behavior changed
following an error step, the step error may have triggered the
change in fixation distance. This behavior has a real-world
parallel where people look down following a stumble to max-
imize visual feedback and regain their balance. Although
participants exhibited similar behavior, a follow-up study is
needed to determine whether the fixation change was due to
the step error (representing a bottom-up, movement driven
response) or a reaction to the error auditory feedback (creat-
ing a top-down, goal-directed response).

The reduction in fixation distance following a step error
also provides a possible alternative explanation to the main
result of fixation distance increasing with practice. Given
that participants performed fewer errors with practice, it is
possible that the trial-by-trial change in fixation distance
was due to fewer errors (and therefore fewer temporary
reductions in fixation distance) rather than a change in
visuomotor control strategy. To check this, we reran the
mixed effects models removing the step following an error
step from the data set. Again, we found participants signifi-
cantly increased their fixation distance with practice (P <
0.001) and decreased their step error (P < 0.001) with
practice.

When we look at streaks of correct steps (to remove any
“reset” in fixation distance from a step error), we do not find
a significant change in fixation distance and while step error
does increase, the size of the increase (~1 cm on average) is
so small that it is unlikely to be clinically relevant. Similarly,
when we zoom in on the first two trial blocks (baseline and
sequenced trial 1) we do not see a significant change in step
error within the trial block. Although we do see a significant
slope for fixation distance within the first two trials, we do
not see a significant difference between the beginning and
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the end of a trial block. When we combine this lack of
within-trial-blocks changes with the significant differences
found between trial blocks, the results suggest some form of
consolidation is necessary to update gaze behavior. This is in
contrast to the findings by Kopiske et al. (24) who found that
participants adapted their gaze behavior in response to
simulated stepping hazards (icy patches) within trial blocks,
but any adaptations did not carry over between trial blocks.
One reason may be the continuous nature of the present task
with a target for every footfall here versus one target every
few steps in Ref. 24. Given this difference, the present study
is more in line with reaching (19) and finger coordination (21)
studies, where participants had a continuous task to respond
to and shifted their gaze to sample information farther ahead
as they practiced the task. Our current results suggest that
time between tasks may be necessary to consolidate learning
and update gaze behavior.

There are a few limitations with the present study, outside
of those mentioned earlier. The primary limitation is that
while the present study measured where individuals look, it
did not quantify any cognitive processing being done with
that information. Although it is likely that processing follows
foveal vision, this is not a requirement (19). Stepping behav-
ior is often relatively automatic and therefore gaze may be
directed for other purposes (such as looking at someone
while you talk to them). A follow-up study should assess how
the processing of visual information changes with locomotor
learning by measuring how performance changes when vis-
ual information is removed from different areas. Such a
study would also help differentiate between a shifting motor
control strategy and an increased cognitive flexibility associ-
ated with an increased planning horizon discussed earlier. A
second limitation is the lack of updating difficulty in the
task. Research has suggested that motor learning is maxi-
mized by progressively adapting task difficulty to match an
individual’s motor skill level (31). To consistently compare
gaze behavior to task performance, we did not update
task difficulty as participants improved. Although this
was necessary to create a consistent comparison point, it
is possible that changes in gaze behavior were due to rea-
sons other than improved motor skill, such as participant
boredom. A follow-up study with updating task difficulty
based on performance may be able to better understand
why gaze behavior is updated in the manner seen in the
present study.

Overall, the results of the present study suggest that gaze
behavior updates with changes in motor skill. Specifically,
we found that with practice of a novel locomotor learning
task, mean fixation distance increased and step error
decreased. However, these changes were only detectable
between trial blocks and not on a step-by-step basis. The
results suggest that changing gaze behavior is an integral
part of locomotor learning, allowing individuals to empha-
size different motor control strategies by providing differ-
ent visual information. However, we found that the timing
of fixations did not change with practice, suggesting indi-
viduals may be changing how they process visual informa-
tion along with changing what visual information they
collect. Future research should therefore investigate how
the cognitive processing of visual information changes
with locomotor learning.
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