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Abstract

Introduction

Everyday walking often involves walking with divided attention (i.e., dual-tasking). Exercise
interventions for older adults should mimic these simultaneous physical and cognitive
demands. This proof-of-concept study had a two-fold purpose: 1) identify acute cognitive
and gait benefits of a single session of virtual reality treadmill training (VRTT), relative to
conventional treadmill training (CTT), and 2) identify differences between those who
reduced dual-task costs (i.e., responders) on gait or cognition and those who did not, after
the session.

Methods

Sixty older adults were randomized to complete a single 30-minute session of VRTT (n = 30,
71.246.5 years, 22 females) or CTT (n = 30, 72.0+7.7 years, 21 females). Pre- and post-
exercise session, participants performed single-task walking, single-task cognitive, and
dual-task walking trials while gait and cognition were recorded. Gait variables were gait
speed and gait speed variability. Cognition variables were response reaction time, response
accuracy, and cognitive throughput. Dual-task effects (DTE) on gait and cognition variables
were also calculated.

Results

Post-exercise, there were no group differences (all p>0.05). During single- and dual-task tri-
als, both groups walked faster (single-task: F(1, 58) = 9.560, p = 0.003; dual-task: F(1, 58)
=19.228, p<0.001), responded more quickly (single-task: F(1, 58) = 5.054, p=0.028; dual-
task: F(1, 58) = 8.543, p=0.005), and reduced cognitive throughput (single-task: F(1, 58) =
6.425, p=0.014; dual-task: F(1, 58) = 28.152, p<0.001). Both groups also exhibited reduced
DTE on gait speed (F(1, 58) = 8.066, p=0.006), response accuracy (F(1, 58) =4.123, p=
0.047), and cognitive throughput (F(1, 58) = 6.807, p=0.012). Gait responders and non-
responders did not differ (all p>0.05), but cognitive responders completed fewer years of
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education (#58) =2.114, p=0.039) and better information processing speed (#(58) = -2.265,
p=0.027) than cognitive non-responders.

Conclusions

The results indicate that both VRTT and CTT may acutely improve gait and cognition.
Therefore, older adults will likely benefit from participating in either type of exercise. The
study also provides evidence that baseline cognition can impact training effects on DTE on
cognition.

Introduction

Falls in healthy, older adults are a major public health concern as they often result in serious
injury and overall decline in quality of life. Falls experienced by older adults frequently occur
when walking or when attention is divided between multiple tasks [1], but, perhaps more con-
cerning, the combination of these two scenarios is common. Walking in everyday life fre-
quently involves simultaneous performance of a cognitive task, such as talking to a friend (i.e.,
dual-tasking) [2]. Thus, individuals are often distracted while walking, further increasing the
likelihood of falling [3]. Dual-task walking involves the coordinated allocation of attentional
resources to the simultaneous gait and cognitive tasks, involving executive function, attention,
and visuospatial ability [4]. However, with typical aging, a breakdown of network processes
and connectivity between cortical regions involved in gait and cognitive processes occurs [5,
6]. These changes result in a shift from automatic to more conscious control of gait, thus limit-
ing the attentional resources available to perform simultaneous tasks and resulting in changes
to gait parameters that have been shown to increase risk of falling [4, 7]. Indeed, previous
research has shown that increasing age is associated with slower gait speed and increased gait
speed variability, relative to young adults, and that these gait impairments become even more
pronounced during dual-task walking, further increasing the likelihood of falling in real world
environments [8-10]. Previous research has also shown that dual-task walking ability mediates
the relationship between fear of falling and performance of activities of daily living [11]. There-
fore, it is important for older adults to practice walking while distracted, to mimic everyday life
and to reduce likelihood of falling before falls start occurring.

Conventional fall prevention exercise interventions for older adults aim to increase physical
activity to improve muscle strength, balance, gait speed, and/or coordination [12-15], which
are important for the mechanics of gait and dynamic stability, and conventional physical exer-
cise interventions have been shown to be effective in reducing both fall risk and prevalence
[13, 14]. However, impaired cognition is another significant and common fall risk factor for
typically aging adults [16]. Previous research has provided conflicting conclusions on whether
acute treadmill exercise positively impacts the various domains of cognition and even how
moderating factors of the intervention, such as intensity and duration of exercise, and of par-
ticipant characteristics, such as baseline performance and an individual’s cardiorespiratory fit-
ness, impact the acute effects of treadmill exercise on cognitive domains [17-22]. Only a small
number of fall prevention, fall risk reduction, and acute treadmill exercise interventions
address cognitive impairments that result in reduced ability to perform dual-tasks, such as
shifting attention between walking and talking or visual scanning and planning to negotiate
environmental hazards, which increase ongoing risk of falling. Therefore, there is a need for
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fall prevention and fall risk reduction interventions that address performing dual-tasks, espe-
cially everyday dual-tasks like walking while talking or making visuospatial judgements.

Interventions that incorporate simultaneous physical and cognitive training start to address
this need and have demonstrated improved cognition, improved dual-task walking perfor-
mance, and reduced fall prevalence and fall risk [23-27]. Additionally, several studies have
provided evidence that a single cognitively-demanding exercise session using commercially
available interactive games or virtual reality, commonly called exergaming, can result in acute
cognitive performance enhancements [28-30]. However, multiple reviews of conventional
cognitive-motor dual-task training interventions and cognitively-demanding exergaming
interventions have provided evidence that, although these interventions positively impact cog-
nitive function, there is no consistency across studies in terms of which specific cognitive
domains are positively impacted [31, 32]. The review authors determined that the intervention
length, design, and specificity of training, including the specific cognitive and mobility
demands of the intervention, seem to moderate the impact of the intervention on measured
gait and cognitive outcomes. Additionally, the majority of these studies only track gait or cog-
nitive outcome measures, making it difficult to determine the total effects of the interventions
[23, 24, 26, 28]. One dual-task intervention study that tracked both motor and cognitive out-
comes utilized an interactive game-based training program, which targeted balance, accurate
stepping, executive function, attention, and memory [33]. This intervention resulted in
improved balance, dual-task Timed Up and Go performance, and global cognition. The inter-
vention failed to improve single-task Timed Up and Go performance, though, likely as a result
of the intervention utilizing balance and stepping activities, as opposed to walking, due to con-
straints of the game system. Additionally, the authors tracked dual-task gait performance and
global cognition, but they did not track dual-task cognitive performance. Not tracking dual-
task cognitive performance leaves open the question of whether dual-task gait was actually
improved or if greater attention was shifted to the walking task, to the detriment of dual-task
cognitive performance. Even when authors do track cognitive performance during a dual-task
walking condition, they often use cognitive tasks like serial subtraction [27], which is a test of
executive function but is not an ecologically valid cognitive task for everyday walking [34], or
they only track response accuracy as the measure of cognitive performance [35-37], instead of
also tracking response reaction time. Neglecting to additionally track response reaction time
may obscure some changes in dual-task performance because older adults typically prioritize
maintaining accuracy over speed of response [38], which means reaction time is more likely to
change after an intervention than response accuracy. Therefore, more work is needed to evalu-
ate interventions that target and track both cognitive and motor components of dual-task
walking, especially cognitive and motor components that are relevant and specific to everyday
walking.

A cognitively-demanding exercise intervention utilizing semi-immersive virtual reality dur-
ing simultaneous gait on a treadmill may be especially suitable for simulating the distractions
and demands of walking in everyday life. Indeed, semi-immersive virtual reality on a treadmill
can be made not only to replicate the physically- and cognitively-demanding interactions with
the game that exergaming has demonstrated, but also allows for a much greater range of activi-
ties than exergaming systems (i.e., beyond balance and stepping training or interactive cycling
and kayaking ergometers), including walking training that mimics everyday walking demands.
Because of this increased specificity of training, gains are more likely to transfer to improved
ability to perform cognitively-demanding everyday tasks [39], despite the inconclusive results
of acute treadmill training observed in past research. Also, importantly, like exergaming, vir-
tual reality training on a treadmill can be more fun and engaging than typical exercise pro-
grams [40], which could improve compliance during an intervention and long-term
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adherence. The benefits of semi-immersive virtual reality exercise training have only recently
started to be explored, pointing towards virtual reality training resulting in improvements in
gait, cognition, and dual-task walking performance [40-45]. However, the impact of the train-
ing on cognitive performance during dual-task walking has not been examined. The impact of
virtual reality training on both gait and cognitive components of dual-task walking in older
adults, relative to conventional exercise, is thus a novel focus and should be explored.

Therefore, the study aims are twofold. The primary purpose of this single-session proof-of-
concept study was to identify the acute cognitive and gait benefits of a single session of semi-
immersive virtual reality treadmill training (VRTT), relative to a single session of conventional
treadmill training (CTT). We hypothesized that following a single session of VRTT, older
adults will demonstrate improvements in reaction time and accuracy on cognitive tasks and
exhibit reductions in dual-task costs on gait and cognition relative to pre-training session cog-
nitive and gait performances and that more acute benefits would be observed after the VRTT
than after the CTT, based on the many reported benefits of virtual reality training over con-
ventional training and the relevance of the current study’s VRTT to everyday walking [23, 43,
46]. Because previous research has provided evidence that baseline interindividual differences
moderate the acute effects of an intervention but the baseline moderating factors have not
been explored in a dual-task intervention [18, 22], the secondary purpose of this study was to
identify baseline differences between those who reduced their dual-task costs on gait or cogni-
tion and those who did not, from pre- to post-training testing. A better understanding of how
individual characteristics influence acute dual-task training gains will enable the development
of more effective dual-task interventions, designed to mimic everyday demands and reduce
fall risk.

Methods
Trial design

This proof-of-concept study was a parallel-group, single-blind, stratified randomized con-
trolled trial with 1:1 allocation ratio. The randomization was stratified on gender, to control
for established gait speed differences between males and females and the established influence
of gender on exercise-related responses [47, 48]. The randomization sequence was computer-
generated and created by one of the authors before the start of the study. The same author
screened potential participants and then, in the order that they were screened, assigned male
and female participants, separately, via a 1:1 allocation ratio and according to the randomiza-
tion sequence to complete either a VRTT (experimental) or CTT (active control) exercise ses-
sion. Participants were blinded to their group allocation and were informed at the conclusion
of the study whether they were part of the experimental or active control group.

Participants

Older adults, who were at least 60 years of age and had not fallen in the last 12 months, were
recruited from the local community to participate in the study. Other inclusion criteria were
the ability to walk continuously for 8 minutes without the assistance of another person, ability
to follow a three-step command, no pre-existing neurological disorders, no uncorrected hear-
ing or visual impairments, and no orthopedic problems affecting ability to walk. Participants
were recruited without restriction based on age (except >60 years), gender, educational level,
ethnicity, and socioeconomic status. Enrolling older adults who were not prone to falling, but
who would still be at increased risk of falling when performing a visuospatial dual-task [49],
ensured that the results were generalizable to a broad population of older adults, with any
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significant impacts of the intervention likely to be more pronounced in older adults who are
prone to falling.

The study was powered to detect a MANOVA main effect of Time effect size of f = 0.20,
which is based on the reported effect of a single cognitively-demanding exercise session on a
measure of executive function (i.e., verbal fluency) in older adults [28]. Assuming a correlation
among repeated measures of 0.5, the total number of participants needed was 52 (o = 0.05,
power = 0.80). This is a medium effect size and therefore likely to be clinically meaningful.
This study was approved by the Institutional Review Board (protocol number 201802-677),
and all participants provided written informed consent before participating in any study
procedures.

Exercise training session

Participants completed a single 30-minute exercise session of either VRTT (experimental) or
CTT (active control) exercise on the same day as the baseline testing and experimental proce-
dures. The exercise session (VRTT and CTT) included 30 minutes of activity separated into
six, 5-minute sections. Brief resting periods were built into the exercise session, as game set-
tings needed to be set with the initial loading of each of the three different games and needed
to be changed between easier and harder versions of each game. Participants were allowed to
rest for longer between sections if they desired. All rest periods were in addition to the 30 min-
utes of exercise activity that each participant completed. Participants were informed at the con-
clusion of the study whether they were part of the experimental or active control group.

The single VRTT sessions were completed on the GRAIL (Motek Medical, Amsterdam,
The Netherlands), a semi-immersive virtual reality system with an instrumented dual-belt
treadmill positioned within and integrated with a 180-degree curved projection screen, in the
Virtual Reality and Clinical Gait Analysis Laboratory at High Point University. Participants
completed two versions, an easier and a harder version, of three different exercise games, for a
total of six exercise sections. All three exercise games were selected from the modules included
with the system and were run through the D-Flow software (Motek Medical, Amsterdam, The
Netherlands). The session started with the Boardwalk game, a self-paced walking module that
entailed participants controlling and matching their gait speed to target speeds while ignoring
distractions, requiring sustained and selective attention. The VRTT session then progressed to
the Italian Alps game, a self-paced walking module that required participants to engage in
identifying and gathering specified items and avoiding distracting items and obstacles. This
involved modulating gait speed, maintaining dynamic balance while walking and simulta-
neously moving from side to side on the treadmill, and utilizing quick information processing
and planning. Finally, the VRTT session finished with the Step on It game, a set-speed walking
module that required participants to correctly step their avatar’s feet into boxes on the screen.
Step length, step width, and cadence were constantly changing, requiring participants to mod-
ulate their spatiotemporal gait parameters, utilize quick information processing, and maintain
sustained attention. For each of the three games, all gait speed targets were based on self-
selected gait speed, as measured during overground walking. Degree of difficulty also pro-
gressed with each subsequent game. Details of the three games are provided in Table 1. These
three games were chosen because of their applicability to the performance of everyday tasks
and fall risk.

The single CTT sessions were also completed on the GRAIL and required participants to
perform the same three exercise games, using the same percentages based on overground self-
selected walking speed and baseline step length and width as utilized with the VRTT group,
but with the video projection and audio sounds turned off. Instead of interacting with the
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Table 1. The three exercise games performed during the VRTT and CTT sessions. During the CTT sessions, partic-
ipants did not encounter the visual distractions, as the video and auditory components were turned off. For each game,
participants performed an easier and a harder version.

Game Description

Boardwalk | Self-paced walking game on an ocean boardwalk. Participants control their walking speed by walking
more quickly, causing the treadmill belts to accelerate, or more slowly, causing the treadmill belts to
decelerate. Participants must match and maintain their walking speed to different target speed ranges,
based on percentages of their self-selected overground walking speed. Participants must attend to the
speed monitor at the center of the screen, which shows the participant’s current speed and the speed
range that they must stay within, while ignoring the distractions in the surrounding ocean and air
space.

« Easier version: three broad speed ranges (0.5"self-selected— 1.0*self-selected speed)
o Harder version: five narrower speed ranges (0.5"self-selected— 1.25*self-selected speed)
« Each version of this game was performed for five minutes

Italian Self-paced walking game in an Italian village street. Participants control their walking speed while also
Alps shifting center of mass, depicted by a wooden cart avatar, to walk on the left and right sides of the
treadmill. Participants must walk and move around the treadmill while gathering needed pizza
ingredients to make pizzas and avoid obstacles in the virtual walking path. Participants must modulate
gait speed and maintain dynamic balance to gather items and avoid obstacles, while utilizing quick
information processing and planning.
« Easier version: needed items placed farther away from obstacles (0.5*self-selected— 1.0*self-selected
speed)
« Harder version: needed items placed immediately before and after obstacles that needed to be
avoided (0.5"self-selected— 1.25*self-selected speed)
« Each version of this game was performed for five minutes

Stepon It | Set-speed walking game on a plane runway. Participants must adjust their step length, step width and
cadence to accurately step their avatar’s feet into boxes on the screen. The walking speed is based on
self-selected overground walking speed, and the system records baseline step length and step width
during a baseline walking period. After the baseline period, step length and width are changed as a
percentage of baseline measures each minute to prompt participants to take long and wide steps, long
and narrow steps, short and narrow steps, and finally short and wide steps. Participants must modulate
their spatiotemporal gait parameters, utilize quick information processing, and attend to the accuracy
of their foot placement on the screen.

« Easier version: long and wide (110% and 140% of baseline length and width, respectively), long
and narrow (120% and 70%), short and narrow (90% and 80%), and short and wide (80% and 150%)
steps

o Harder version: long and wide (130% and 140% of baseline length and width, respectively), long
and narrow (140% and 60%), short and narrow (80% and 90%), and short and wide (70% and 140%)
steps

« Each version of this game was performed for five minutes

https://doi.org/10.1371/journal.pone.0276989.t001

video and auditory components, a research assistant, who could see the D-flow computer
depicting what would have been projected onto the projector screen, instructed participants
on how to modulate gait speed, position and spatiotemporal gait parameters on the treadmill
as dictated by each game. Thus, the CTT session required participants to perform the same
series of motor tasks as the VRTT group at the same training intensity, but without video and
auditory components and instead mimicking a session with a physical therapist or a personal
trainer. Thus, the critical difference between the groups were the cognitively-demanding inter-
active nature of the VRTT session relative to conventional exercise.

Procedures

Participants from both groups completed the same testing and procedures in the Virtual Real-
ity and Clinical Gait Analysis Laboratory at High Point University. At the start of testing,
demographic information was collected. Additionally, participants were assessed to establish
baseline cognitive abilities, motor abilities, visual acuity, and community participation. Specifi-
cally, the Montreal Cognitive Assessment was utilized to assess global cognition [50], the Cod-
ing subtest from the Wechsler Adult Intelligence Scale 4™ edition was utilized to assess
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information processing speed [51], the Comprehensive Trail Making Test was utilized to assess
focused attention and inhibition of distraction [52], and a computerized version of the Stroop
color-word interference test was utilized to assess selective attention and inhibition of habitual
response. For motor abilities, the 10-meter Walk Test was utilized to assess self-selected walk-
ing speed, the Timed Up and Go was utilized to assess functional mobility [53], the Four
Square Step Test was utilized to assess dynamic balance [54], and the 30-second Sit-to-Stand
Test was utilized to assess functional lower extremity strength [55]. Visual acuity was assessed
utilizing the Snellen Test. Finally, for community participation, the Physical Activity Scale for
the Elderly was utilized to assess self-reported physical activity [56], and the Activities-specific
Balance Confidence Scale was utilized to assess balance self-efficacy [57].

After baseline assessments, participants completed a series of three tasks both immediately
before and immediately after the exercise training session in a quasi-randomized order: walk-
ing at a self-selected speed (single-task walking), performing a cognitive task while seated (sin-
gle-task cognitive), and performing a cognitive task while simultaneously walking at a self-
selected speed (dual-task walking). The order of the three tasks was quasi-randomized because
the dual-task walking trial was always performed prior to the single-task walking trial. In previ-
ous studies, individuals typically walked faster during a single-task walking trial performed
after a dual-task walking trial, as compared to during a single-task walking trial performed
before a dual-task walking trial [58, 59]. Standardizing the dual-task walking trial to occur
prior to the single-task walking trial ensured that the effect of task order on gait speed and the
dual-task effect on gait speed was consistent across participants. Task order was maintained
for each participant, from pre- to post-exercise session. To determine the acute effects of the
exercising training session, post-testing was completed within 15 minutes after the exercise
session to ensure that those acute effects did not dissipate [19]. All three of the trial conditions
were one minute in duration.

During the walking trials, participants walked continuously for one minute along a
20-meter path that was free of obstructions and allowed for plenty of room to turn at either
end of the path. Walking continuously for one minute resulted in participants taking, on aver-
age 42 (SD 5.2) strides, which is well above the 50 steps (i.e., 25 strides) suggested as the opti-
mal number of steps necessary for reliable estimation of gait variability [60]. Before each
walking trial, participants were instructed to walk at their preferred, comfortable speed and,
before the dual-task walking trial, participants were not given specific prioritization instruc-
tions. Gait data were recorded using a wireless 6-sensor inertial measurement unit system (128
Hz, Opal Sensors, APDM Inc., Portland, OR). Sensors were placed on the dorsum of each foot,
on the lumbosacral junction, on the sternum, and on each wrist. Stride velocity was calculated
for each steady-state stride using the validated Mobility Lab software (APDM Inc.) [61], which
excludes gait startup, gait stopping, and turns. Gait data were then further post-processed in a
custom Matlab (MathWorks, Natick, MA) program to ensure that only one minute of steady-
state gait data were included in the analysis, and to calculate average gait speed (m/s) and gait
speed coefficient of variation (cv, %) for each trial. The primary gait outcome variable was sin-
gle-task and dual-task gait speed, and the secondary gait outcome variable was gait speed cv.

The cognitive test used in this study during the single-task cognitive and dual-task walking
trials was the auditory “clock task”, which is a visuospatial reaction time test [62]. This test was
chosen because of the applicability of visuospatial decision-making during walking in everyday
life to avoid obstacles and plan a walking path. In this test, participants heard a series of
numerical times and were asked to say “yes” if both clock hands were on the same vertical half
of the clock and “no” if the clock hands were on different vertical halves of the clock for each
time. Prior to testing, participants performed two practice blocks of 30 stimuli to become
familiarized to the task. The stimuli were produced using DirectRT software (v2016,
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Empirisoft Corporation, New York, NY) and delivered through wireless headphones (H800,
Logitech, Newark, CA) that also recorded verbal responses via a microphone in the headset.
Participants performed the clock task for one minute while seated in a quiet room during the
single-task cognitive trial and for the entire minute that they were walking during the dual-
task walking trial. Before each cognitive trial, participants were instructed to respond as
quickly and accurately as possible to each stimuli, and, during the dual-task walking trial, par-
ticipants were not given specific prioritization instructions. Response reaction time (ms) was
recorded and response accuracy (%) was calculated. To account for the speed-accuracy trade-
off, a cognitive throughput was calculated as response accuracy divided by average response
reaction time and multiplied by a scaling factor (600 = 60,000/100, to convert the percentage
to a number and reaction time from milliseconds to minutes), in units of number of correct
responses per minute of responding [63]. A higher cognitive throughput value, a combination
of greater accuracy and/or faster reaction time, therefore, indicates better performance. The
primary cognitive outcome variable was single-task and dual-task cognitive throughput, and
the secondary cognitive outcome variables were cognitive response reaction time and cognitive
response accuracy.

To account for changes from single- to dual-task performances, dual-task effects on gait
and cognition were calculated. The dual-task effect on gait speed (DTEgs), on gait speed cv
(DTEGscv), on cognitive response reaction time (DTEgr), on cognitive response accuracy
(DTEacc), and on cognitive throughput (DTEcr) were calculated using gait speed (GS), gait
speed cv (GSCV), cognitive response reaction time (RT), cognitive response accuracy (ACC),
and cognitive throughput (CT) calculated from the single- and dual-task trial conditions as fol-
lows [64]:

(dual — task GS — single — task GS)
single — task GS

DTE = x 100%

—(dual — task GSCV — single — task GSCV)

DTEqsey = single — task GSCV x 100%
DTE,, —(dual — tj;l;iT_—mssi:i;— task RT) « 100%
DTE, . — (dual — tasski;zli,‘zc-t;si];:iec; task ACC) « 100%
DTE,, — (dual — task CT — single — task CT)  100%

single — task CT

For all five DTE values, a negative value indicates a dual-task cost on performance (i.e.,
slower gait speed, more variable gait speed, slower responses, less accurate responses, or less
accurate/slower responses), relative to single-task performance. A positive value indicates a
dual-task benefit on performance, relative to single-task performance. The DTE outcome vari-
ables were DTEGs, DTEGscy, DTErT, DTEacc, and DTEcr, which were all secondary out-
come variables.
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Statistical analysis

Independent samples t-tests were used to compare demographics, baseline cognitive abilities,
baseline motor abilities, visual acuity, and community participation in the VRTT and CTT
groups. The dependent variables were gait speed, gait speed cv, cognitive response reaction
time, cognitive response accuracy, cognitive throughput, DTEgs, DTEGscy, DTEgT, DTEAcc,
and DTEcr. Multivariate repeated measures ANOV As were utilized to compare the dependent
gait and cognitive task variables before and after the exercise session for each group (Time x
Group). The assumptions to run a MANOV A were explored. First, each observation was ran-
domly and independently sampled from the population. Second, each dependent variable has
an interval measurement. Third, the multivariate normality assumption was not met. Instead,
the dependent variables were not normally distributed, which is not atypical for gait and cog-
nitive performance data. Outliers in the data were explored, and it was determined that the
two gait variable outliers were different from the three cognitive variable outliers, and none of
those individuals were consistent outliers for all variables. Because MANOV A is robust to vio-
lations of multivariate normality provided there aren’t many outliers and because all of these
outliers were determined to be real performances, these five individuals were not removed
from the analysis. Fourth, Box’s M test of equality of covariance matrices was significant, so
Pillai’s Trace Test was used to examine significance of the omnibus effect. Finally, the depen-
dent variables are appropriately correlated with each other, as evidenced by the majority of the
dependent variables exhibiting correlation coefficients between 0.30 and 0.89. There were two
correlation coefficients observed within the cognitive variables that were greater than 0.9, sug-
gesting multicollinearity could be a problem. To investigate the impact of these variables, they
were removed from the analysis, and the MANOVA was rerun. Other than the loss of one sig-
nificant pairwise comparison involving one of the variables that had been removed, the results
of the reduced cognitive variable MANOVA were not different from the full cognitive variable
MANOVA. Therefore, the two highly correlated variables were determined to not be problem-
atic for the analysis, and the full set of cognitive variables were included in the reported MAN-
OVA. Independent samples t-tests were used to compare demographics, baseline cognitive
abilities, baseline motor abilities, visual acuity, and community participation between those
who reduced their DTEgs and DTE ¢t (responders), separately, and those who did not (non-
responders), from pre- to post-training testing. Difference scores from pre- to post-training
testing DTEGs and DTEcr were used to define gait and cognitive responders and non-
responders [65]. All t-tests and MANOV As were performed using SPSS 27 and o = 0.05.

Results

Sixty-two older adults participated in the study, including 30 in the VRTT group and 32 in the
CTT group. After the start of the exercise session, two of the CTT participants were deemed at
risk of suffering an adverse event and were prevented from completing the exercise session by
one of the researchers. Thus, these two CTT participants did not undergo the post-exercise ses-
sion testing procedures. Therefore, the analyzed sample included 30 older adults in the VRTT
group and 30 older adults in the CTT group, who completed all of the exercise session and test-
ing procedures (Fig 1). There were no significant differences between the groups in terms of
demographics, baseline cognitive abilities, baseline motor abilities, visual acuity, or commu-
nity participation (all p>0.05, Table 2). Therefore, these groups were suitable for comparison.
For the gait variables (i.e., gait speed, gait speed cv, DTEgs, and DTEggcy), the results of
the repeated measures MANOV A indicated that there was a main effect of Time (F(6, 53) =
4.825, p < 0.001, n}f = 0.353) because the effect of time on single-task gait speed (F(1, 58) =

9.560, p = 0.003, 17; = 0.142), dual-task gait speed (F(1, 58) = 19.228, p < 0.001, 17; =0.249), and
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Enrolled

Screened for eligibility (n=97)

Met inclusion criteria (n=32)

* At least 60 years of age

* Nofallsin the last 12
months

Allocated

Excluded (n=35)

* Did not meet inclusion criteria (n=30)

* Declined to participate (n=5)
* Other reason (n=0)

Randomized (n=62)

A4

Allocated to VRTT (n=30)
* Received allocated (n=30)

Allocated to CTT (n=32)
* Received allocated (n=32)

Pre-exercise

session testing

Discontinued intervention (n=0)

Discontinued intervention (n=2)

* Researcher stopped
intervention to preclude an
adverse event (n=2)

Post-exercise
session testing

Analyzed (n=30)

Analyzed (n=30)

Fig 1.

Participant flow diagram.

https://doi.org/10.1371/journal.pone.0276989.9001

DTEgs (F(1, 58) = 8.066, p = 0.006, 1112, = 0.122) was significant (Table 3). Pairwise comparisons
indicated that single-task gait speed was 0.04 m/s faster, dual-task gait speed was 0.09 m/s
faster, and the DTE s was reduced by 3.94% during post-exercise testing relative to pre-exer-
cise testing. There was no main effect of Group (F(6, 53) = 1.750, p = 0.128, 11; =0.165) or a sig-

nificant Group x Time interaction effect (F(6, 53) = 0.221, p = 0.968, 112 =0.024).
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Table 2. Characteristics of participants in the VRTT and CTT groups.

VRTT (n = 30) CTT (n =30) p-value

Demographic Characteristics

Age (years) 71.2+6.5 72.0£7.7 p=0.64

Gender 8 males, 22 females 9 males, 21 females p=0.78

Years of Education 15.9+3.1 16.5+3.6 p=0.49
Cognitive Assessments

Montreal Cognitive Assessment (max. 30) 25 (23-27) 26.0 (23-27) p=0.72

WAIS IV Coding (scaled score, max 19) 12 (10-14) 11 (10-12) p=0.37

Comprehensive Trail Making Test (%) 50 (21-77) 60 (21-73) p=0.89

Stroop Color-word Test Interference Reaction Time (ms) 347.7+116.0 338.3+£104.2 p=0.74
Functional Mobility Assessments

10 Meter Walk Test (m/s) 1.4 (1.2-1.5) 1.3(1.2-1.4) p=0.97

Timed Up and Go (sec) 8.9 (7.8-9.8) 8.9 (8.3-9.8) p=0.76

Four Square Step Test (sec) 9.6+2.0 10.2+2.3 p=0.35

30 Second Sit-to-Stand (#) 13 (11-15) 13 (11-14) p=0.37
Visual Acuity

Mini Snellen Test (with corrective lenses, normal is 20/20) 20/25 (20/40-20/16) 20/30 (20/40-20/20) p=0.43
Community Participation and Self-Efficacy

Physical Activity Scale for the Elderly 174.1+£69.9 161.2+76.4 p=0.50

Activities-Specific Balance Confidence Scale (max. 100%) 95.3 (84.4-98.1) 92.2 (85.6-95.0) p=0.59

The p-values represent the results of independent samples t-tests. Values are Mean+SD or Median(IQR).

https://doi.org/10.1371/journal.pone.0276989.t002

For the cognitive variables (i.e., cognitive reaction time, cognitive response accuracy, cogni-
tive throughput, DTEgt, DTEscc, and DTEcy), the results of the repeated measures MANOVA
indicated that there was a main effect of Time (F(9, 50) = 4.990, p < 0.001, 172 = 0.473) because
the effect of time on single-task cognitive throughput (F(1, 58) = 6.425, p = 0.014, 117 = 0.100),
dual-task cognitive throughput (F(1, 58) = 28.152, p < 0.001, ni =0.327), DTEzcc (F(1, 58) =
4.123, p = 0.047, 17; = 0.066), single-task reaction time (F(1, 58) = 5.054, p = 0.028, 17; =0.080),
dual-task reaction time (F(1, 58) = 8.543, p = 0.005, 17127 =0.128), and DTEy (F(1, 58) = 6.807,
p=0.012, ; = 0.105) was significant (Table 3). Pairwise comparisons indicated that participants
gave 1.59 more correct answers per minute during the single-task condition, gave 3.26 more
correct answers during the dual-task condition, responded 81.1 ms more quickly during the sin-
gle-task condition, responded 310.4 ms more quickly during the dual-task condition, exhibited
a3.91% smaller DTE s ¢, and exhibited a 8.53% smaller DTEt during post- releative to pre-
exercise session testing. There was no main effect of Group (F(9, 50) = 0.974, p = 0.473, 17 =
0.149) or a significant Group x Time interaction effect (F(9, 50) = 0.815, p = 0.605, 11; =0.128).

In comparing those who reduced their DTEgg from pre- to post-exercise session testing
(gait responders), relative to those who increased their DTEgg (gait non-responders), across
both exercise interventions, there were no significant differences between the 38 gait respond-
ers and 22 non-responders (all p > 0.05). In comparing those who reduced their DTEcr from
pre- to post-exercise session testing (cognitive responders), relative to those who increased
their DTEr (cognitive non-responders), there were differences between the 36 cognitive
responders and 24 cognitive non-responders in terms of years of education completed (#(58) =
2.114, p = 0.039) and WAIS IV Coding scaled scores (#(58) = -2.265, p = 0.027). The cognitive
responders completed an average of 1.8 fewer years of formal education than non-responders
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Table 3. Average gait and cognitive performance for VRTT and CTT participants during single- and dual-task performances before and after the exercise session.

VRTT (n = 30)

Gait Speed (m/s)
Single-Task Walking
Dual-Task Walking
Gait Speed CV (%)
Single-Task Walking
Dual-Task Walking
Dual-Task Effect (%)
DTEgs (%)
DTEgscv (%)
Cognitive Response Reaction Time (ms)
Single-Task Seated
Dual-Task Walking
Cognitive Response Accuracy (%)
Single-Task Seated
Dual-Task Walking
Cognitive Throughput (correct responses per minute)
Single-Task Seated
Dual-Task Walking
Dual-Task Effect (%)
DTEgr (%)
DTEacc (%)
DTEcr (%)

* Indicates a significant main effect of Time at the o = 0.05 level

Values are Mean+SE.

https://doi.org/10.1371/journal.pone.0276989.t003

Pre-exercise

1.28 £ 0.03
1.10 + 0.04

4.06 +0.17
6.78 + 0.45

-14.95 + 1.88
-72.93 £ 11.41

1911.5 + 107.6
2203.5 + 226.9

93.6+1.7
87.7+2.2

30.69 + 1.33
24.85 + 1.33

-16.35 + 3.65
-6.18 + 1.95
-18.11 + 2.80

Post-exercise

1.33 £ 0.03"
1.18 £ 0.04"

3.99 £0.21
6.12 £ 0.54

-11.68 + 1.66"
-61.33 £ 12.26

1803.5 + 132.6"
2047.2 + 113.9*

91.0£2.0
90.7 £ 1.9

31.62 + 1.57*
27.92 + 1.33"

-14.68 + 3.56
0.33 + 1.87"
-9.76 + 3.30"

CTT (n=30)

Pre-exercise

1.25+0.03
1.06 = 0.04

3.66 +0.17
6.26 + 0.45

-14.69 + 1.88
-71.17 + 11.41

2080.6 + 107.6
2608.0 +226.9

945+ 1.7
93.6+2.2

29.27 +1.33
25.19 + 1.33

-20.30 + 3.65
-0.71 £ 1.95
-14.82 + 2.80

Post-exercise

1.28 + 0.03*
1.16 £0.04"

3.62+0.21
5.83 £0.54

-10.09 £1.66"
-60.95 + 12.26

2026.6 + 132.6"
2143.5 £ 113.9*

95.5+2.0
95.5+1.9

31.51 + 1.57*
28.63 + 1.33"

-9.32 + 3.56
0.60 + 1.87*
-6.11 + 3.30"

(15.5 and 17.3 years, respectively) and earned a Coding score that was 1.3 scaled points higher

than the non-responders (11.9 and 10.6, respectively).

Discussion

The primary purpose of this study was to identify the acute cognitive and gait benefits of a sin-
gle session of VRTT, relative to a single session of CTT. There were no differences in the

improvements between the VRTT and CTT groups. Instead, in partial support of our hypothe-
sis, both VRTT and CTT groups improved performances from pre- to post-exercise session. In

terms of gait speed, they walked 0.04 m/s faster during the single-task walking condition and

0.09 m/s faster during the dual-task walking condition after the exercise session, which can

both be considered meaningful changes in gait speed as they are consistent with reported
small and moderate gait speed effects, respectively, for older adults [66]. Because participants
in this study increased their dual-task gait speed even more than their single-task gait speed,
DTEgs was also reduced, which is associated with decreasing risk of falling. These gait

improvements are consistent with previous research that demonstrated faster dual-task gait

speed in individuals with Parkinson’s disease and healthy older adults after a single-session of
split-belt or tied-belt treadmill training [21].

In terms of cognitive performance, both groups gave 1.59 and 3.26 more correct answers
per minute and responded 81.1 ms and 310.4 ms more quickly during single- and dual-task
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conditions, respectively, after the single exercise session. Although there are no published
meaningful changes for cognitive throughput or for reaction time and accuracy of the clock
task, the pre- to post-exercise session changes in cognitive throughput can be considered
meaningful because they exceed the standard error of the mean for single-task (SEM = 0.94)
and dual-task (SEM = 0.93) cognitive throughput before the exercise session for the combined
VRTT and CTT groups. Because the dual-task improvements in cognitive throughput were
greater than the single-task improvements, both groups exhibited reduced dual-task costs on
accuracy and cognitive throughput. These improvements in cognitive performance are consis-
tent with those previously reported in the literature, demonstrating improvements in single-
task reaction time in older adults after an acute bout of aerobic exercise and in dual-task reac-
tion time and response speed/accuracy tradeoff after an acute bout of exercise involving a
more complex walking task [19, 21, 67].

These gait and cognition results likely provide evidence that both the VRTT and CTT exer-
cise interventions acutely improved performance of both a visuospatial reaction time task and
gait speed in single-task and dual-task conditions. Additionally, these results, especially the
reduction in dual-task costs on gait speed and cognitive throughput, likely provide evidence
that these interventions can acutely improve overall dual-task performance and rule out a sim-
ple shift of attention to the walking task, to the detriment of the cognitive task being simulta-
neously performed. These positive effects are supported by previous research that determined
acute bouts of exercise could improve interference control, improving dual-task performance
because of either an augmentation of overall attentional capacity or an increase in automaticity
of the motor task, allowing for greater attentional resources to be devoted to the cognitive task
[21, 22]. These acute benefits could also likely be transformed into more permanent improve-
ments in gait and cognition [23] if the VRTT and CTT training were administered in a multi-
week exercise program. Because of the everyday importance of making timely decisions based
on visuospatial information in the environment while simultaneously walking, these results
are significant and indicate the potential utility of treadmill training interventions that involve
complex, everyday walking demands. Although, the study design does not rule out the possi-
bility that the acute improvements in gait and cognition were the result of test-retest effects
unrelated to the interventions, the likelihood of this occurrence is limited by practice of the
tasks before testing started. Specifically, participants performed multiple practice trials of the
cognitive task to become familiar to and as fast/accurate as possible at performing the task
before completing the pre-exercise session single-task cognitive trial. Additionally, participants
performed the 10-meter Walk Test at a self-selected speed along the same 20-meter path used
for the single- and dual-task walking trials, prior to completing either the single- or dual-task
walking trials.

As previously mentioned, there were no differences in the improvements between the
VRTT and CTT groups. This study was designed to be a proof-of-concept study, so it was pow-
ered to detect a within-group effect and not to detect between-group or within-between inter-
action effects. However, a post-hoc power analysis using the Time x Group Pillai’s Trace value
(P =0.128) for the cognitive variables provides evidence that the study was adequately powered
to detect a Time x Group interaction effect (post-hoc power = 0.83), if such an interaction
effect had existed. Therefore, the study results are valid, despite the relatively small sample size,
and the lack of differences between the groups is unexpected, given the many reported benefits
of exergaming and virtual reality training, over conventional training [23, 27, 43, 46, 68].
There are many potential reasons why no differences between the groups post-exercise session
may have been observed, though. First, this study was again meant to be a proof-of-concept
study, and thus older adults only participated in a single session of exercise training. While the
acute effects of the two exercise sessions did not differ, if the same two protocols were
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expanded to be delivered multiple times a week for greater than eight weeks as progressively
challenging exercise programs, then the effects of the two programs may have differentiated
themselves more, especially in terms of dual-task performance of gait and cognitive tasks.
Indeed, a meta-analysis focused on the impact of duration on the effectiveness of an exercise
intervention has determined that at least eight weeks of continuous training is often necessary
to differentiate the relative benefits of two different types of exercise [69].

Second, the control group in this study, the CTT group, was an active control, who went
through the same physical training program as the VRTT group. The only difference between
the experiences of the two groups, therefore, was that, in the CTT group, a research assistant
instructed participants on how to change their movements (i.e., modulate their speed, move
from side to side, and change their step length and width), while, in the VRTT group, partici-
pants had to interact with the screen to understand what they were supposed to do and to
make the same changes. Thus, because it required participants to interact with instructions
from a research assistant, the CTT training still may have been cognitively demanding and
more of an open task, similar to the VRTT training, even without the extra interaction with
the screen. Previous research has also provided evidence that an acute exercise session can
result in transient improvements in cognitive performance because of physiological changes,
such as heart rate, brain-derived neurotropic factor, and serotonin in response to exercise, that
have implications for cognitive function [18]. More specifically, the performance of physically
demanding open tasks may result in trophic factors being synthesized and secreted during
these tasks, stimulating neuroplasticity as a result of the differentiation and proliferation of
neurons and potentially increasing the functioning of specific brain circuits related to cogni-
tion [70, 71]. Thus, both groups may have improved their cognitive performances because of
the physical demands of the training protocols, irrespective of the cognitive demands of the
two protocols. Previous research has similarly failed to identify differences between a virtual
reality/exergaming intervention and an active control group in shorter duration interventions
that were a single session or 6-8 weeks in length [28, 40, 41, 72]. A longer duration study may
have elucidated differences between the two interventions, as previously mentioned.

Third, some participants caught on to interacting with the screen more quickly than others,
so not everyone had the same experience with the VRTT session. While many older adults in
the VRTT group caught on very quickly and seemed to enjoy the game-like aspect of the train-
ing protocol, others struggled to understand what they were supposed to do and required a lot
of verbal instructions from the research assistant in order to achieve the goals of each training
game. In other words, not all VRTT participants experienced the same amount of visual inter-
action training, and some of the VRTT participants may have had a more similar experience
to the CTT group (i.e., frequently interacting with and receiving a lot of verbal instructions
from the research assistant) than to the rest of the VRTT group. Monteiro-Junior et al. [28]
similarly reported that a single session may not have been enough time for all of their older
adult participants to understand the exergaming activities performed. It is possible that some
individuals are more inclined to perform and adhere to a virtual reality training program,
while others may benefit more from one-on-one interaction with a trainer or physical thera-
pist. Indeed, a recent systematic review addressing the use of virtual reality and exergaming
systems at home by older adults reported strong but not always perfect retention (ranging
from 70-100%) and adherence (ranging from 63-100%) [73].

Finally, while pre-/post-exercise testing utilized a visuospatial reaction time test and the
VTT was designed to target reactions to visuospatial stimuli, subtle dissimilarities between the
training and testing task may have limited the transfer of the training effects to the outcome
measure, especially in an acute timeframe. Indeed, training is known to lead to highly task-spe-
cific learning and does not always lead to learning of more generalized abilities [74]. In other
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words, because the training focused on making decisions about how to move the body in space
in response to visuospatial stimuli, this learning may not have fully transferred to the cognitive
task, which required making decisions about the location of clock hands visualized in the
mind. The use of a cognitively-demanding motor task as an outcome measure, such as step-
ping over obstacles, may provide evidence of a larger training effect in the VT'T, relative to the
CTT, group.

While it is possible that no differences were observed between the groups for the above-
mentioned reasons, individuals within each group were also variable in how they responded to
the intervention, likely contributing to the lack of group differences. To better understand this
interindividual variability, the secondary purpose of this study was to analyze the baseline dif-
ferences between those who reduced their dual-task costs on gait or cognition and those who
did not, from pre- to post-training testing. Although there were no differences between gait
responders and non-responders, there were differences between cognitive responders and
non-responders. Specifically, the 36 cognitive responders completed an average of 1.8 fewer
years of formal education and earned a Coding score that was 1.3 scaled points higher than the
24 non-responders. Responders completed an average of 15.5 years and non-responders com-
pleted an average of 17.3 years, which is not a large disparity, but the number of years roughly
equate to earning a Bachelor’s degree (i.e., 16 years of education) and a 1-year Master’s degree
(i.e., 17 years of education), which could be indicative of different levels of education achieved.
More specifically, it appears that non-responders were more likely to pursue a post-graduate
degree than responders. This distinction is significant because, although all individuals typi-
cally exhibit similar rates of cognitive decline, individuals with higher levels of formal educa-
tion have been shown to start adulthood with better cognitive functioning and higher levels of
cognitive reserve and thus take longer to decline, as they age, below a significant functional
threshold than do individuals with lower levels of formal education [75]. While this relation-
ship at first seems counterintuitive, in looking at Fig 2, it becomes apparent that non-respond-
ers typically exhibited dual-task benefits or smaller dual-task costs on cognitive throughput,
relative to responders, during the pre-exercise session testing. Therefore, it could be inferred
that those with higher levels of formal education did in fact exhibit higher levels of cognitive
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Fig 2. The relationship between years of education completed and DTE.r measured during pre-exercise session testing. Subgroups
indicate how dual-task effects on cognition changed after the exercise session, relative to pre-exercise session values.
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reserve, resulting in less dual-task costs on cognition during pre-exercise session testing and
thus may not have had as much room to improve their dual-task effects on cognitive through-
put as did the responders, who generally exhibited greater dual-task costs during pre-testing.
These results are in agreement with those of Bamidis et al. [76] who determined that individu-
als who exhibit a higher baseline performance are less likely to increase their cognitive perfor-
mance after an intervention due to a potential ceiling effect, relative to individuals who
exhibited a lower baseline performance. Additionally, the groups differed in their information
processing speed, as defined by the Coding subtest, scoring an average difference of 1.3 scaled
points. While visuospatial reasoning and reaction time were important to the VRTT training
and pre-/post-cognitive outcome measure, information processing speed is also an important
component of a reaction time test like the clock task. Perhaps the responders, with their greater
initial dual-task costs on cognitive throughput and faster information processing speed (Fig 3),
were able to make faster gains with training. Of interest, processing speed is less related to
acquired knowledge and education level than some other cognitive functions and has been
shown to be more the result of age-related neurobiological degeneration [75, 77]. Therefore, it
appears that both higher cognitive functioning at early adulthood and age-related declines in
cognitive function impact the ability of older adults to reduce the DTE on cognition with acute
training. In future studies, it would be interesting to see if both of these aspects of cognitive
functioning maintain their influence on training outcomes during more long-term training.

Limitations

This study is limited by a few factors. First, the short duration of the study limited the ability to
identify potential differences between the experimental and control groups on dual-task per-
formances because both interventions were similarly active, as previously noted. However, this
study was designed to be a proof-of-concept study to determine if VRTT could result in acute
improvements, which it did, regardless of the fact that it did not differ from the CTT in its
acute effects. Future research should examine the long-term effects of these two interventions
after an 8-12 week intervention. Second, some individuals may catch on more quickly and

X
T 20 o .
u'JG u u o m  Cognitive non-responder
e o "
D 0- ------------ . --------------- ! -------------------- Cognltlve responder
c . AN
2 | O, m B
-20 - | | n A
g 20 . Q
) o} ] o
o o}
7]
© 407 0° o
3] o o)
X o}
o o}
é '60 T T T T T T T
o 4 6 8 10 12 14 16 18

Coding Scaled Score

Fig 3. The relationship between Coding scaled scores and DTEcr measured during pre-exercise session testing. Subgroups indicate
how dual-task effects on cognition changed after the exercise session, relative to pre-exercise session values.
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thus benefit more from VTT than others after a single session. With a larger study sample, we
could have separated the VRTT group into two subgroups: those who acclimated quickly to
interacting with the virtual reality and those who needed more consistent instruction through-
out early training. Subsequent comparisons of the CTT group and the two VRTT subgroups
would have allowed us to evaluate 1) conventional versus 2) quick acclimations to virtual real-
ity versus 3) more instructions needed for virtual reality training. Third, subtle differences
between the visuospatial training and the visuospatial outcome measure may have limited
transfer of the learning during training to improve post-exercise testing. Greater transfer of
learning may have been evident in the VIT group, relative to the CTT group, with the use of a
cognitively-demanding motor task, like stepping over obstacles, as an outcome measure.
Future research will include an analysis of stepping over obstacles as an outcome measure.
Finally, this study enrolled older adults who had not fallen in the last year to ensure generaliz-
ability of the results to a broad population of older adults. While enrolling older adults prone
to falling into the study could have resulted in interesting findings, it also could have made
interpretation of the findings difficult because the causes of falls are multifactorial (e.g., vestib-
ular issues, muscle weakness, vision impairments, etc.). Future research should explore the
efficacy of VRTT in older adults prone to falling for various reasons.

Conclusions

The results of this study provide evidence that there are no differences in the acute effects on
gait and cognition after a single session of VRTT or CTT. Instead, similar improvements in
gait and cognition during both single- and dual-task performances, as well as reductions in the
dual-task effects on both gait and cognition, were observed following the VRTT and CTT
training sessions. Therefore, it may be inferred from these results that older adults should be
able to choose from either virtual reality treadmill training or more conventional one-on-one
training using a treadmill, as they are likely to benefit from either. The results of the study also
provide evidence that level of formal education completed and information processing speed
can impact whether or not older adults reduce the dual-task effects on cognition after a single
session of exercise training. The differential impact of virtual reality versus conventional train-
ing and the impact of cognitive functioning on training outcomes should be further explored
during more long-term training.
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