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How far along the future path do
individuals recognize the path for
stepping on multiple footfall
targets? A new evaluation
method under virtual reality
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and Takahiro Higuchi1*
1Department of Health Promotion Science, Tokyo Metropolitan University, Tokyo, Japan, 2Department
of Rehabilitation, Nakagawanosato Rehabilitation Center for Children with Disabilities, Saitama, Japan,
3Department for the Psychology of Human Movement and Sport, Institute of Sport Science, Friedrich
Schiller University Jena, Jena, Germany, 4Technology Development Laboratories, Sony Corporation,
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Introduction: The ability to visually recognize the path ahead during walking is
essential for adjusting gait patterns in an anticipatory manner to mitigate
perturbations induced by tripping. In this study, we aimed to develop a
walking task within a virtual reality (VR) environment, termed the VR multi-
target stepping (VR-MTS) task, as a method to evaluate the extent to which
individuals can recognize the path ahead while continuously stepping on
footfall targets.
Methods: As an initial study for the development of the VR multi-target stepping
(VR-MTS) task, we tested a sample of young individuals (8 males and 5 females,
aged 26.2 ± 3.7 years). Participants donned a head-mounted display (HMD) and
walked for a distance of 4 m, under four distinct conditions. Participants were
instructed to step on squares of specific color and that participants were
instructed to step onto white squares that had been of the footfall target color
for all conditions. In three of these conditions, all three colored squares present
in the same row—located either one, two, or three rows ahead of the
participants—were programmed to change to white (i.e., N + 1, N + 2, and N+3
conditions). This setup was designed to evaluate the participant’s ability to
recognize the colors of the footfall targets at varying distances. In the control
condition, no changes occurred in the colored squares during the walking task.
Results and discussion: The rate of stepping failure was significantly higher
under the N+ 3 condition compared to the other three conditions. This
finding suggests that young individuals are capable of recognizing footfall
targets approximately two rows ahead when performing the VR multi-target
stepping (VR-MTS) task but encounter difficulties when attempting to
recognize targets located three rows ahead. Under the N + 3 condition,
participants frequently stepped onto distractor squares, indicating a failure to
recognize the stepping target situated three rows ahead, resulting in a random
selection of the square to step on. Based on these findings, we conclude that
the VR-MTS task is a valid method for evaluating visual recognition of the
future path while stepping on multiple footfall targets.
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1 Introduction

Visually recognizing the path ahead while walking is crucial for

proactively adjusting gait patterns to prevent perturbation caused

by tripping over obstacles (1–6). Moraes et al. illustrated that

foot placement for stepping over obstacles begins several steps

before reaching them during obstacle avoidance (3). Additionally,

Krell et al. indicated that when individuals encounter two

consecutive obstacles, they identify the position of a second step

before negotiating the first (6). This insight highlights that visual

information about an obstacle is obtained well before an

individual approaches it.

Measurement of gaze behavior has revealed that some older

adults experience challenges in utilizing visual information at a

distance in a feedforward manner. One prominent behavioral

characteristic contributing to this difficulty is a downward gaze

during walking (7–9). When avoiding obstacles in their path,

younger individuals typically direct their gaze toward the obstacle

from a distance, whereas older adults more frequently focus their

gaze on the ground near their feet (7). In our prior study, we

measured gaze behavior as older participants performed a task

known as the Multi-Target Stepping (MTS) task (10). This task

required both older and younger participants to walk while

stepping on target-colored squares (footfall targets) arranged

across 15 rows, avoiding other-colored squares. The results

indicated that younger participants fixated on the footfall target

approximately three rows ahead, while older participants

primarily fixated on a location closer to their imminent footfall

target. This tendency was more pronounced in older participants

at a higher risk of falling compared to those at lower risk.

Additionally, these fixation patterns were significantly correlated

with an increase in failures to step accurately on footfall targets;

participants who directed their gaze closer to their feet exhibited

more frequent stepping failures. These findings align with prior

studies showing that, whereas younger individuals utilize visual

information about an upcoming footfall target in a feedforward

manner, older adults tend to rely on an online, feedback-driven

approach (11, 12). Taken together, these results suggest that the

downward gaze observed during walking indicates that some

older individuals may face challenges in using visual information

at a distance in a feedforward manner.

Several factors may contribute to the downward gaze in older

adults. One key reason is the strategy of compensating for

instability during standing and walking by fixating gaze on the

ground (13, 14). Some studies showed that variability in postural

sway is reduced when individuals look at nearby targets as

opposed to distant targets (15–17). Older adults may try to take

advantage of this effect by walking while gaze on the ground.

Another contributing factor could be the difficulty encountered

when walking under dual-task conditions (18–21). Studies have

shown that during dual-task walking when older individuals

perform a cognitive task such as memorizing words

simultaneously, there is a significant decline in cognitive task

performance. This suggests that maintaining balance during

walking is more cognitively demanding for older individuals

compared to younger ones. In essence, variability of postural
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sway can be modulated adaptively so as to facilitate the

concurrent cognitive action, which is referred to as “supra-modal

activity” (17). For example, Stoffregen et al. demonstrated that,

when young individuals were tested, postural sway was reduced

when they concurrently performed a task requiring precise

control of eye movements, such as visual search of a target letter.

This suggests that postural control and performing a cognitive

task is not necessarily independent and that postural control can

be modulated to improve cognitive performance. The lack of

similar findings in older adults, as well as several reports showing

impaired cognitive performance while maintaining balance

(18–21), may result from their instability. Taken collectively,

these findings imply that older adults may prioritize immediate

balance maintenance, which can make it challenging for them to

recognize distant paths in a feedforward manner (10).

A limitation of assessing visual recognition of the future path

based on gaze behavior measurement is that, while these

measurements indicate fixated locations, they do not necessarily

correspond to the locations being actively recognized. This

discrepancy arises because even when our gaze is fixed on a fixed

point, we can still perceive the surroundings through peripheral

vision (22, 23). Indeed, maintaining fixation on a specific

location can sometimes function as a “visual pivot” (24, 25),

allowing the surrounding area to be captured in the peripheral

field of vision (26). Therefore, exploring alternative methods to

determine how far ahead an individual recognizes their path

while walking is necessary.

In this study, we aimed to develop a walking task in a VR

environment to evaluate how far away an individual recognizes

the future path when stepping on multiple footfall targets. Only

young individuals were included, as the primary objective was to

develop and validate the task. Previous study suggested that

adjustments to footfall targets under a VR environment are

similar in both younger and older adults (27). However, previous

findings demonstrated changes in walking behavior under a VR

environment, such as decreased walking speed or gait variability,

particularly for younger adults (28, 29, 30), testing a new walking

task in a VR environment with participants of younger adults

would be useful to understand task characteristics. We

reproduced the MTS task in a VR environment (VR-MTS task)

(10, 31, 32), incorporating several modifications, such as

extending the walking path to (4 m). Reproducing the task in a

VR facilitated manipulation of experimental conditions, such as

the positioning and visibility of footfall targets by turning all

three colored squares in the same row white. These squares were

positioned either one, two, or three rows ahead of participants

(referred to as N + 1, N + 2, and N + 3 conditions, respectively).

Under these conditions, participants would fail to step on the

footfall target if they did not recognize its location before it

turned white. By measuring the rate of trials in which young

participants missed stepping on the footfall target that turned

white, researchers estimate how far ahead young individuals

recognize their intended path when stepping on multiple

footfall targets.

The present study proposed two hypotheses. First, it was

hypothesized younger participants would fail to step on the
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footfall target when the colored squares located three rows ahead

turned white (i.e., under the N + 3 condition). Our previous

study using the original MTS task demonstrated that young

participants typically fixated on footfall targets positioned three

rows ahead (10). However, preliminary findings indicated that

the head flexion angle was slightly but significantly greater (i.e.,

participants looked more downward while walking) in the VR-

MTS task compared to the original MTS task (See Appendix A

for the detail). Based on this preliminary result, we hypothesized

that participants in the VR-MTS task would have difficulty

recognizing the footfall target location under the N + 3 condition.

The Second hypothesis was that the greater the participant’s head

tilts downward while walking, the higher the rate of stepping

failure would be. This hypothesis was grounded in the

observation that individuals experience increased difficulty in

viewing distant objects when their gaze is directed downward.
2 Materials and methods

2.1 Participants

Thirteen young individuals participated in the study (8 males

and 5 females; mean age = 26.2 years, SD = 3.7 years). We

verified, on a self-reported basis, that all participants had normal

or corrected-to-normal vision, no current musculoskeletal

injuries, and no neurological disorders. The mean standing

height of participants was 169.2 cm (SD = 11.8 cm). The study

was approved by the Ethics Committee of Tokyo Metropolitan

University, Japan (approval number: H5–144). Written informed

consent was obtained from all participants in accordance with

the guidelines established by the Ethics Committee of Tokyo

Metropolitan University and the Declaration of Helsinki.
2.2 Apparatus

The experiment was conducted in a room measuring

6.6 m × 5.6 m. Participants walked a distance of 4 m from the

starting line along a walkway that was 5.5 m long and 1.25 m

wide. A desktop computer (OMEN, HP Obelisk Desktop

875-1xxx, HP, USA) was utilized for data collection and stimulus

presentation. Participants wore a HMD (Meta Quest 2, Meta,

USA) with a resolution of 1,832 × 1,920 pixels per eye and a

diagonal viewing angle of 90 degrees. The HMD was connected

via a 5 m wired cable to ensure stable communication with the

computer. Eighteen cameras were employed for motion analysis

(Oqus300SYS or MIQUS, Qualisys, Sweden), tracking the spatial

locations of passive retro-reflective markers at a sampling

frequency of 90 Hz, which were processed using motion capture

software (Qualisys Track Manager, Qualisys, Sweden). These

cameras monitored a total of twenty-five markers to assess the

location of the HMD, the floor, and the participant’s entire body.

Six markers were attached to the HMD, one of which was

positioned on the forehead to measure head flexion angle. Two

markers were affixed to the edges of the start and goal lines of
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the walkway. Additionally, regarding the markers placed on each

participant’s body, a single marker was attached to the lower jaw,

five markers were placed on the dorsum of each foot to create a

rigid body, and one marker each was attached to the left and

right fifth metatarsal bones and heels. Three-dimensional marker

positions were streamed from the motion analysis software

(Qualisys Track Manager, Qualisys, Sweden) to the Unity game

engine (Unity Technologies, USA) with a delay of approximately

50–70 ms. A video camera was employed to record the

participants’ walking paths in the real environment, while

the software “OBS Studio (OBS Project)” was utilized to capture

the walking paths in the VR environment.

Figure 1 shows the walkway used in the VR-MTS task. The

walkway measured 4.0 m long by 1.0 m wide. It consisted of nine

rows, each containing three 10 cm × 10 cm squares in three

colors (red, blue, and yellow). Notably, the length of the walkway

was shorter in the VR-MTS task than in the original MTS task

(4 m vs. 10 m) due to laboratory constraints. Consequently, the

distance between the squares in the two rows was also reduced

(35 cm vs. 61 cm) to accommodate an increased number of rows

of squares within the 4 m distance. The length of the walkway in

this task, specifically 4 m, was determined based on the Short

Physical Performance Battery (SPPB), which aims to provide a

simple assessment of lower limb function in older adults (33).

We conducted a preliminary experiment with this task

configuration and confirmed that similar to the original MTS

task, young participants experienced no stepping failures. This

suggests that the VR-MTS task setting did not adversely affect

their walking performance.

A virtual avatar of shoes (30 cm in length × 10 cm in width)

was presented in synchronization with the location of a rigid

body attached to the left and right dorsum of the foot (see

Figure 2A). We chose to replicate only the foot position rather

than the entire body position to prevent computer overload. We

believe that presenting the shoe avatar was beneficial for task

performance based on prior findings indicating that participants

experienced a sense of body ownership and a walking sensation

even when only the foot avatar was projected (34, 35).
2.3 Task and procedure

In the VR-MTS task, participants wearing the HMD walked a

distance of 4 m and stepped on nine footfall targets. The

arrangement of the colored squares was identical for all trials, as

shown in Figure 1B. One of the three colors (i.e., red, blue, and

yellow) was pre-specified as the footfall target to step on, while

the others served as distractors that participants aimed to avoid.

The color of the footfall target changed between trials. Prior to

the start of each trial, participants stood at the start line

indicated by a black line and waited for a verbal cue from the

experimenter to begin the trial by closing their eyes. An

experimenter informed the participant of the color of the footfall

target to step onto before providing verbal instruction to start the

trial. Participants opened their eyes and initiated walking at a

comfortable speed. They were allowed to step on areas without
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FIGURE 1

(A) Walkway and (B) placement of colored squares in the VR-MTS task.
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colored squares if necessary. Participants stopped walking upon

reaching the black line, which indicated where to stop. Due to

technical issues with our experimental setup, participants

removed the HMD after each trial and returned to the starting

line. Feedback regarding stepping failures was provided during

practice trials; however, no feedback was given for the main trials.

The task was conducted under four experimental conditions. In

three of these conditions, three colored squares in the same row

turned white when the participant’s shoe avatar made contact

with the colored squares in the fourth row from the start line.

The three conditions varied in the distance of the white squares

from the participants: one, two, or three rows ahead (referred to

as N + 1, N + 2, and N + 3 conditions, respectively; see

Figure 2B). When participants did not recognize which of the

three white squares was the designated footfall target, they were

instructed to select the one they believed to be the designated

footfall target and stepped on it. In the control condition, there

were no changes in the colored squares during walking.

Participants were informed that the footfall targets would turn

white during walking and that the order of all trials would be
Frontiers in Sports and Active Living 04
randomized before the intervention began. The participants were

not informed of the number of squares ahead that would

disappear before they initiated walking. Participants performed

nine trials under each experimental condition, resulting in a total

of 36 trials. To familiarize participants with the task, they

completed a single practice trial under each of the four

experimental conditions. The order of the practice trials was

consistent for all participants: control, N + 1, N + 2, and N + 3.
2.4 Data analysis

We measured five dependent variables to evaluate participant

performance in the VR-MTS task: rate of stepping failure, type

of stepping failure, time required to complete the task (in

seconds), number of steps taken to complete the task, and head

flexion angle (in degrees). Stepping failure occurred when the

avatar did not step on at least one of the nine footfall targets.

The stepping failure included both (a) the participant did not

step on a visibly colored footfall target and (b) the participant
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FIGURE 2

(A) Placement of reflexive markers on shoes (left) and the virtual avatar of shoes in VR (right), and (B) three experimental conditions in which the
squares became white.
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did not select the correct footfall target after its color changed to

white. We calculated the proportion of participants (i.e., out of

13 participants) who experienced stepping failure at least once

under each experimental condition. When a stepping failure

occurred, we identified whether the participant stepped on a

location other than the three squares (inaccurate step) or

whether the participant failed to recognize the footfall target and

stepped on a distractor (misrecognition). We then counted the

number of participants who experienced each type of stepping

failure. The time required to complete the task was defined as

the difference between the time when the marker on the fifth

metatarsal bone of the leading limb crossed the start line and

when the same marker crossed the goal line. The number of

steps taken to complete the task was counted as the number of

times participants’ heels touched the floor during each trial.

Head flexion angle was measured as an indicator of downward

head tilting during walking. Since we could not measure gaze

behavior in our setting, we used head flexion angle to estimate

whether participants tended to look down. Positive values of

the angle indicate a downward orientation. We followed the

methodology outlined in a previous study (22) for calculating the

head flexion angle. Specifically, we calculated the angle between a

vertical line (parallel to the vertical axis) and a line connecting

the forehead (a single marker from the HMD) to the lower jaw

markers. The mean, maximum, and minimum values of the

angle, as well as the range of the angle (maximum value minus

minimum value), were calculated. The maximum angle
Frontiers in Sports and Active Living 05
represented the extent to which the head was tilted during each

trial, while the minimum angle indicated how far ahead the head

was directed. The range of the angle reflects the extent of head

movement during walking.

Cochran’s Q test was employed to statistically test the rate of

stepping failure, as the rate is on a nominal scale. For the type of

stepping failure, McNemar’s test was used to compare the rates

of the two types. For other dependent variables, we compared

the values among the four experimental conditions using a one-

way analysis of variance (ANOVA). When a significant main

effect was found, Bonferroni’s post-hoc tests were conducted.

Furthermore, we calculated Pearson’s correlation coefficients

between the number of stepping failures and the other dependent

variables to discuss what influenced the quality of stepping

performance. The correlation coefficient was calculated using the

average number of stepping failures per trial, as the rate of

stepping failure is a nominal measure and cannot be used to

compute the correlation coefficient. Statistical analyses were

performed using IBM Statistical Package for the Social Sciences

(SPSS) for Windows, version 26 (IBM Corp., Armonk, NY,

USA). Statistical significance was set at p < 0.05.
3 Results

No stepping failures occurred under the control, N + 1, or

N + 2 conditions (i.e., 0%). Stepping failures were observed
frontiersin.org
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TABLE 1 Four dependent variables under each experimental condition.

Conditions N + 1 N + 2 N+ 3 Control Statistics
Rate of stepping failure (%)a 0 (0) 0 (0) 9 (69.2) 0 (0) 3A > Co, N + 1, N + 2

Time required to complete the task (sec)b 5.60 ± 1.08 5.58 ± 1.08 5.57 ± 1.08 26.18 ± 7.18 No statistical comparisons were made

Number of steps taken to complete the task (steps)b 9.33 ± 0.31 9.31 ± 0.35 9.32 ± 0.35 9.36 ± 0.40 No statistical comparisons were made

Mean value of head flexion angle (deg)b 51.52 ± 5.23 51.89 ± 5.55 51.58 ± 5.40 51.44 ± 5.38 No statistical comparisons were made

Maximum value of head flexion angle (deg)b 59.58 ± 5.19 60.20 ± 5.31 59.86 ± 4.72 59.90 ± 4.98 No statistical comparisons were made

Minimum value of head flexion angle (deg)b 44.12 ± 5.88 44.40 ± 6.09 44.34 ± 5.74 43.92 ± 6.09 No statistical comparisons were made

Range of angle of head flexion angle (deg)b 15.46 ± 2.19 15.80 ± 2.79 15.52 ± 2.46 15.98 ± 2.65 No statistical comparisons were made

aCochran’s Q test, number (%).
bA one-way ANOVA, mean ± standard deviation.

FIGURE 3

Rate of inaccurate step and misrecognition observed when stepping
failure occurs. *Indicates a significant difference.

TABLE 2 Statistical data (r and p-value) of Pearson’s correlation
coefficient between the number of stepping failures and
other measurements.

Measurement r p
Time required to complete the task (sec) −0.174 0.569

Number of steps taken to complete the task (steps) 0.321 0.285

Mean value of head flexion angle (deg) 0.159 0.604

Maximum value of head flexion angle (deg) 0.017 0.957

Minimum value of head flexion angle (deg) 0.254 0.402

Angle range of head flexion angle (deg) −0.597 0.031*

*p < 0.05.
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only under the N + 3 condition [69.2%, Cochran’s Q

(3) = 27.000, p < 0.001]. Nine participants experienced a total

of 15 stepping failures (Table 1). The types of stepping failures

are depicted in Figure 3, indicating that these failures

primarily resulted from misrecognition [McNemar’s chi-

squared (1) = 6.125, p = 0.008].

The time required to complete the task and the number

of steps taken to complete the task under each experimental

condition are presented in Table 1. No significant main

effects were found for both dependent variables [F

(3,36) = 2.141, p = 0.112, ηp2 = 0.151; and F(3,36) = 0.646,

p = 0.591, ηp2 = 0.051, respectively]. The mean, maximum, and

minimum head flexion angles for each experimental

condition are also listed in Table 1. There were no

significant main effects on these three variables [mean value:

F(3,36) = 0.811, p = 0.496, ηp2 = 0.063; maximum value:

F(3,36) = 1.029, p = 0.391, ηp2 = 0.079; and minimum value:

F(3,36) = 0.789, p = 0.508, ηp2 = 0.062].

The correlation analysis between the number of stepping

failures and other dependent variables is presented in Table 2.

The angle range of head flexion angle was negatively correlated

with the number of stepping failures (r =−0.597, p = 0.031).

No other significant correlations were found.
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4 Discussion

In this study, we examined whether manipulating the visibility

of a footfall target using the VR-MTS task is an effective method

for evaluating how far ahead an individual can recognize targets

while walking. Participants demonstrated a significantly greater

rate of stepping failure under the N + 3 condition, in which the

footfall target three rows ahead turned white (Table 1). The

stepping failures primarily resulted from misrecognition rather

than inaccurate stepping, indicating that participants did not

recognize the stepping target located three rows ahead and,

consequently, randomly chose a square to step on (Figure 3).

These results support our first hypothesis, suggesting that

manipulating the visibility of the footfall target in the VR-MTS

task increases the rate of stepping failures three rows ahead due

to difficulties in using visual information at a distance.

The correlation analyses revealed that contrary to our second

hypothesis, there was no significant correlation between the

number of stepping failures and either the mean or maximum

value of the head flexion angle. Instead, a significant negative

correlation was found between the number of stepping failures

and the range of head flexion angle (Table 2). This indicates that

the narrower the range of head movement while performing the

task, the greater the number of stepping failures. In other words,

although head movement and task performance were related, it

was the narrow range of head movement—rather than downward

head tilting—that negatively impacted task performance.

The present findings generally support the conclusion that the

VR-MTS task is a valid method for evaluating visual recognition of

the future path when stepping on multiple footfall targets. Until

now, the primary method for assessing how far ahead individuals

recognize targets during walking has been to make inferences
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based on gaze behavior. By utilizing the VR-MTS task, we can

accurately quantify how many steps ahead an individual is

looking while walking to step on multiple footfall targets.

A previous study using the MTS task to measure gaze behavior

indicated that younger participants fixated on a footfall target

located approximately three rows ahead, whereas older

participants focused on locations closer to the imminent footfall

target (10). This tendency was particularly pronounced among

older adults at high risk of falling. Future studies employing the

VR-MTS task could more clearly elucidate the extent to which

older adults have a reduced ability to recognize distant locations

compared to younger adults.

Matthis et al. conducted a series of obstacle avoidance tasks by

manipulating the number of steps ahead so that participants could

see the obstacle while walking. They demonstrated that, for young

adults, visual information at least two steps ahead was necessary for

stepping on multiple footfall targets (36). Our findings are

consistent with those of Matthis et al. in that visual information

two rows ahead was recognized, which is virtually equivalent to

two steps ahead due to the short distance between the rows of

squares. A novel finding of the present study is that participants

did not seem to recognize locations further away; specifically,

young participants failed to recognize three rows ahead for path

planning. This suggests that, when planning for multiple footfall

targets, the distance individuals can visually recognize is

relatively short, even though the upper peripheral vision covers a

greater distance.

The narrower range of head movement during the VR-MTS

task, rather than downward head tilting, was correlated with the

stepping failure. One possible explanation for this outcome is

that the VR-MTS task necessitates two types of behavioral

adjustments: looking forward to recognizing the path ahead and

looking downward to accurately step on the target. For advanced

recognition of the path, the gaze is generally directed several

steps ahead (36, 37). However, on complex terrain, the gaze

often shifts toward the feet to ensure accurate foot placement

(38). A greater range of head movement might have been

beneficial for successfully performing the VR-MTS task, as it

would support both forward path recognition and accurate

stepping on the target. Future measurements of eye-tracking data

in addition to the range of head movement would be beneficial

to examine whether this assumption holds true.

The average head flexion angle while performing the VR-MTS

task was 51.60 ± 5.15 deg. This angle was approximately 10°

smaller than that recorded in the preliminary experiment

(59.53 ± 6.72 deg), where colored squares on the ground were

always visible, and there was no manipulation of squares turning

white (see Appendix A). Notably, no significant differences were

observed for any other dependent measures (e.g., the time

required to complete the task and the number of steps taken to

complete the task). These findings suggest that participants

adjusted their gaze forward to adapt to the manipulation of

footfall targets in the VR-MTS task. This adaptation aligns with

the experimental requirement to quickly recognize the color of a

distant target before it disappears. Leveraging this property, the

VR-MTS task could serve not only as an assessment tool for
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visual recognition but also as an intervention to encourage

participant to direct their gaze further ahead. Previous studies

have shown that performance in stepping on multiple footfall

targets improves when the gaze is more prospective (32, 39).

Future research should explore whether repeated exposure to the

VR-MTS task can guide older adults to shift their gaze to a

greater distance.

This study has several limitations. First, the small sample size

restricts the conclusions that can be drawn. Second, the

placement of colored squares was identical across all trials.

Although this consistency was necessary for reasons to avoid

potential cognitive loads and kinematic loads resulted from

walking while navigating a complex sequence of multiple turning

for each trial that could arise when a randomized arrangement of

the colored squares across trials was used, it may have allowed

participants to memorize the placement of the colored squares in

later trials. One might assume that participants could have

performed the task without missing the footfall target, even if

forward path recognition was challenging. To examine the

impact of this issue, we analyzed the rate of stepping failures in

the latter 18 trials out of a total of 36 trials for each participant.

The results indicated that six of the nine participants exhibited

stepping failures in the latter 18 trials. This finding suggests that

the memorization of the placement of the colored squares did

not significantly affect performance; however, this issue should

be investigated in more detail by randomly varying the

placement of squares in each trial. Third, the stepping failures

observed in the present study could occur not only when the

future path is unrecognized but also when the future path is

recognized but subsequently forgotten during walking. To

establish that the stepping failures were indeed caused by a lack

of recognition of the future path, measuring eye movement

would be beneficial. If an individual recognizes the future path in

the VR-MTS task but forgets to do so during walking, the

individual would likely gaze at the footfall target at least once

before it is concealed. Future evaluations of gaze behavior while

performing the VR-MTS task should be conducted to explore

this aspect further. Notably, evaluations of gaze behavior is also

helpful to discuss more deeply about the meaning of looking the

path ahead during walking while continuously stepping on

footfall targets. As discussed, performance in stepping on

multiple footfall targets may improve when the gaze is more

prospective (32, 39). However, Stoffregen et al. demonstrated that

it is the direction of looking (i.e., looking forward or looking

down), rather than the physical distance of the visible

surrounding that affects variability in postural sway (17). That is,

variability in postural sway may be greater when individuals look

at a distance than when they look down. Measuring eye

movement while experimentally manipulating how far ahead

participants are looking while performing the VR-MTS task will

inform whether walking with eyes fixed on the distance really

improve performance of the task in older adults beyond the

concern of increased postural sway.

In conclusion, this study indicates that the VR-MTS task

effectively demonstrates how far ahead younger individuals can

recognize targets while walking and stepping onto multiple
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footfall targets. The VR-MTS task developed in this study suggests

the potential for evaluating path recognition in greater detail, a

concept that has previously been discussed at a speculative level

based on gaze behavior. Future studies are necessary to examine

whether such experimental manipulations can effectively evaluate

the path recognition of individuals who have difficulty utilizing

visual information at a distance in a feedforward manner,

particularly among older adults.
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Appendix A

We conducted a preliminary experiment to verify that there

were no critical differences in performance (e.g., the rate of

stepping failure) between the VR-MTS task in the current setting

and the MTS task performed in a real environment. The settings

of the VR-MTS task were identical to those used in this study.

The MTS task performed in the real environment was adjusted

so that the walking path and the locations of the colored squares

matched those of the VR-MTS task. Additionally, the visibility of

the footfall target was not manipulated during the VR-MTS task

in the preliminary experiment. Fifteen young individuals

(27.7 ± 4.1 years old) performed 15 trials for each task. The rate

of stepping failure and head flexion angle across the 15 trials

were measured. Stepping failure was defined as a failure to step

on at least one of the nine footfall targets during a trial. The

head flexion angle was measured as an indicator of downward
Frontiers in Sports and Active Living 10
head tilting while walking. Since direct gaze behavior could not

be measured in the setting, head flexion angle served whether

participants tended to look down. Positive values of the angle

represented the extent of the head was tilt during trial.

McNemar’s test was conducted to analyze the rate of stepping

failure, and a paired t-test was used to evaluate the difference in

head flexion angle. The result showed no significant difference in

the rate of stepping failure between the two tasks. However, the

means e head flexion angle in the VR-MTS task was significantly

higher than in the MTS task. This finding indicates that

participants successfully adapted to the VR-MTS in the current

experimental setup. Notably, the mean head flexion angle was

slightly but significantly different between the two tasks

(59.53 ± 6.72 deg for VR-MTS and 42.44 ± 7.79 deg for the MTS),

suggesting that participants walked with their heads slightly more

tilted downward when performing the VR-MTS.

—————————————————————
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