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While there has been a recent onslaught of traditional lab-based fitness measures
in immersive virtual reality (IVR) exergaming research, there remains a paucity in
the field-based fitness domain, which refers to assessments made outside a
formal laboratory setting which are easier, cheaper, and have more practical
application. This study aimed to assess changes in field-based fitness tests
including the 1-mile run, 20-m dash, multiple single-leg hop-stabilization test,
Abalakov jump, and 5-10-5 Pro Agility test during a 1-month workout protocol
and to compare differences between groups assigned to either an IVR machine-
directed exergaming platform or a traditional, self-directed cable-resistance
training control (SELF). Eighteen (7 females) college-aged participants with
little resistance training experience were randomized to IVR or SELF and
worked out thrice weekly for 4 weeks (12 sessions). Wilcoxon rank-sum tests
were performed for continuous variables to assess significance. Compared to
SELF, the IVR group had significantly better performance improvements in 20 m
dash (-0.1svs. 0.0s, p = 0.022), 5-10-5 Pro Agility Test (-0.1s vs. -0.0s, p = 0.003),
Abalakov Jump (5.8 cmvs. 2.0 cm, p = 0.0013), 1-Mile Run (-11.0s vs. =2.0s, p =
0.008), and Multiple Single-Leg Hop-Stabilization Test with their dominant (-9.0s
vs. 1.0s, p = 0.0015) and non-dominant (-8.0s vs. 1.0s, p = 0.003) legs. This
training study demonstrates that IVR exergaming, more so than those that
traditionally resistance train (SELF), can improve many field-based fitness
components including agility, balance and stability, speed/acceleration,
cardiovascular endurance, and lower-body power.
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immersive virtual reality, exergaming, field-based fitness tests, exercise physiology,
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1 Introduction

Exergaming, the gamification of exercise, has notably increased
in popularity over the last decade and is a credible solution in
sedentary
(Warburton et al, 2007). Exergames, especially in conjunction

motivating individuals to become more active
with immersive virtual reality (IVR), aim to attenuate perceived
exertion while maximizing exercise enjoyment, all while increasing
motivation during the workout (Bonetti et al., 2010; Bronner et al.,
2016; McClure and Schofield, 2020). Prior studies within this
laboratory have shown the efficacy of IVR exergaming within
both the commercial and home fitness sectors in young,
apparently healthy populations (18-35 years) (Hu et al, 2021;
Gomez et al., 2022; Mologne et al., 2022). Hu et al. showed that
even a 30-min workout with the IVR exergame platform provided a
highly intense workout, with mean average heart rate of 176 bpm, a
mean max heart rate of 188 bpm, and a mean of 12.9 METs per
session, without high levels of perceived exertion (Hu et al., 2021). A
subsequent study revealed that the IVR exergame platform elicited
myoelectric activity on par with traditional cable resistance training
(Gomez et al., 2022). Most recently, during a 12-week randomized
control training trial using the IVR exergaming platform against a
volume-matched traditional resistance training control group,
favorable adaptations in body composition, cardiometabolic
measures, and muscular strength and endurance were heightened
in the IVR group (Mologne et al., 2022).

Laboratory testing is common within the field of sport and
exercise physiology. An effective lab testing program can identify
an individual’s strengths and weaknesses, which allows for a more
tailored and accurate approach in program design for achieving
their fitness goals (Dolezal et al., 1997). Moreso, it can help an
individual understand the physiology behind their improvements.
However, lab testing is not always feasible since they are not
accessible, require trained examiners using expensive equipment
and interpretation of the data is left to the expert. Field-based
fitness measures, however, are an excellent alternative due to low
economic cost, ease of execution, absence of sophisticated
technical equipment, and minimal time required to conduct
them (Ruiz et al., 2011; Grant et al, 2014; Raghuveer et al,
2020; Prieto-Gonzalez, 2022). These measures are common
throughout the field of exercise physiology and are especially
useful in an athletic environment (Hammami et al., 2022; Ben
Ayed et al,, 2023). Moreover, the benefits of using field-based
measures can be seen in its wide adoption in a variety of
organizations, such as the Presidential Youth Fitness Program,
the United States Military, and the United States Police Force
(“Army Combat Fitness Test, 2024; Police Officer Training -
Preparing for the Physical Abilities Test,” 2016; Presidential
Youth Fitness Program, 2024”). A more recent development in
research regarding field-based fitness measures is the use of novel
adaptive resistance mechanisms that alter a user’s resistance to
maximize tension within a set. This has been shown to improve
peak power and jump height in collegiate basketball players, and is
a unique component of various exergaming platforms (Mologne
et al., 2022; Yamamoto et al., 2023).

While the effects of this study’s IVR exergaming platform have
been studied within the realm of laboratory-based fitness and
performance measures, the effects on field-based fitness measures
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are lacking (Hu et al., 2021; Viana et al., 2021; Gomez et al., 2022;
Mologne et al., 2022). The few prior studies that have been
conducted show improvements in agility, balance, and speed as a
result of exergaming interventions in populations such as the elderly,
those with cognitive disabilities, and those with cancer diagnoses
(Smits-Engelsman et al., 2017; de Oliveira et al., 2020; Peng et al,,
2020). Smits-Engelsman and others saw significant improvements in
functional strength, anaerobic fitness, and balance in children with
Developmental Condition Disorder when training with a Nintendo
Wii (Smits-Engelsman et al.,, 2017). Using a game on the Xbox
Kinect, de Oliveira et al. found that use of an exergaming
intervention led to significant improvements in muscle fatigue,
pain, and function in cancer patients (de Oliveira et al., 2020).
Finally, Peng et al. saw that an exergaming mat improved flexibility,
strength, agility, and balance in elderly participants, which
ultimately decreased their risk of falling (Peng et al.,, 2020). Yet,
there remains no studies in which basic field-based fitness metrics
are assessed in the general population after interventions with
exergaming systems using IVR technology.

Several proposed mechanisms explaining improvements in
physical performance attributed to exergaming have been posited.
Fully-immersive virtual reality exergaming, specifically with a user
donning a head-mounted- display (HMD), has been found to

significantly enhance a wuser’s presence, motivation, and
performance in exergaming requiring proprioceptive body
movements (Born et al, 2019). Furthermore, an additive

component that may enhance motivation, enjoyment, and
exercise intensity is the presence of competition. The presence of
a simulated competitor has been suggested to increase exercise
intensity  through increasing intrinsic motivation and,
consequently, effort (Farrow et al, 2019). The exergaming
platform used in the present study incorporates these elements
through the use of fully-immersive virtual reality delivered via a
HMD and simulated competitor throughout the duration of the
exergame. Therefore, we propose that physical performance
improvements will occur as a result of these components that
enhance immersion, motivation, and effort.

This study aimed to assess changes in field-based fitness tests
including the 1-mile run, 20-m dash, multiple single-leg hop-
stabilization test, Abalakov jump, and 5-10-5 Pro Agility test
during a 1-month workout protocol and to compare differences
between groups assigned to either an IVR machine-directed
exergaming platform or a self-directed conventional resistance
training control. We hypothesize that there will be greater
improvements in field-based fitness metrics after 1 month of IVR
versus the conventional resistance training control.

2 Materials and methods
2.1 Participants

Eighteen participants at the University of California at Los-
Angeles (UCLA) and the surrounding community met the following
inclusion criteria: i) apparently healthy men and women, ii)
18-35
training <4 workouts/monthly the past 6 months. Exclusion

years of age, and iii) history of resistance

criteria included: i) significant medical diagnoses, including
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Immersive virtual reality protocol
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Traditional, cable resistance protocol

Follow-up and Analysis (n = 18)

FIGURE 1

CONSORT diagram demonstrating participant flow throughout the study. IVR machine-directed training (IVR), Intervention; self-directed

conventional resistance training (SELF), Control.

cardiovascular, pulmonary, musculoskeletal, or metabolic disorders
that may limit the ability to exercise or increase the cardiovascular
risk of exercising, and ii) use of any drug or supplement known to
enhance anabolic responses. All volunteers completed a pre-
participation physical activity readiness questionnaire (PAR-Q)
and an exercise history questionnaire. The UCLA Institutional
Review Board reviewed and approved the study, and all
participants gave their written informed consent.

2.2 Study design

This was a 4-week, single-blinded, randomized control trial
using a parallel research design. Sedentary college-aged
participants were randomly placed 1:1 into one of two
groups: the intervention, IVR machine-directed training
(IVR) or the control, self-directed conventional resistance
training (SELF), by an investigator independent of the
recruitment of participants using an online-generated
random number program. Allocation was concealed with
the The

participants worked out thrice weekly (i.e., 12 total sessions)

use of consecutively numbered envelopes.
for 45-60 min. Participants were asked to refrain from
additional the the

study (Figure 1).

vigorous activity for course of

2.3 Interventions

Under the direction of the lab director at the UC Fit Digital
Health-Exercise Physiology Research Laboratory at UCLA’s
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FIGURE 2 i
Blackbox VR” servo-based system used by IVR group.

David Geffen School of Medicine, trained undergraduate
research personnel monitored training and carried out all
field-based fitness measurements. Participants were given the
autonomy to train at any time three times per week preferably
with a rest day between sessions. No controls on dietary intake
were in place aside from the prohibition of any dietary
supplement or directed weight-altering diet for the duration of
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FIGURE 3
Conventional cable/pulley-based crossover machine with dual-

selectorized weight stacks used by SELF group.

the study. All participants were asked to refrain from performing
any moderate-high intensity exercise 24 h prior to baseline and
post-testing.

2.4 Study groups

2.4.1 Intervention group: BlackBox IVR
exergaming (IVR)

The IVR-based cable resistance exergaming platform, Black Box
VR, 2024 (Black Box VR, Boise, ID, USA), employed a servo-based
electromagnetic adaptive resistance mechanism (Figure 2). The
system operated with a head-mounted-display (HMD) (Vive,
Taipei, Taiwan), an automated support pad, and pair of
resistance handles that adjust up and down on articulating
carriages to automatically align at the correct height for all cable
resistance exercises. The system’s HMD and wrist-worn sensors
processed in-game data instantaneously to ensure synchronization
between the user’s actions and the IVR gameplay. An in-game image
of the
Supplementary Image 1.

virtual ~ reality platform can be seen in
Copyrights owned by BlackBox Virtual Reality. Permission of
use was acquired.
Per the company’s website, the exergame was akin to a typical,

two-lane tower defense where the user’s goal was to defend their
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virtual crystal by fighting enemy units while simultaneously trying to
destroy the opponent’s crystal. The execution of six cable resistance
exercises corresponded to in-game attacks that could be used for
offensive or defensive purposes. The damage delivered for each
exercise (i.e., lat-pulldown, standing chest press, standing row,
overhead press, stiff-leg deadlift, and squat) was dependent on
the cable resistance level. Per the manufacturer, the exergame
system’s proprietary software adjusted the resistance when
12-14 repetitions were completed per set at 60%-70% of the
users automatically calculated the predicted one-rep maximum.
These exercises were associated with an elemental category, such
as water, fire, and air, allowing for each user to strategize which
movements were optimal to perform against certain enemies
(i.e, water attack in response to an enemy’s fire hero being
deployed). In-game “heroes” designed to combat enemy units
and damage the opponent’s crystal could be deployed by
performing a sequence of hand movements. The gameplay
strategy (i.e., exercise sequence, repetitions, sets) was entirely user
dependent, which equated to training volumes that varied across
participants.

2.4.2 Control group: self-directed (SELF)

It should be noted that during the IVR exergaming session, each
study participant freely chooses their exercise, exercise sequence,
and ultimately the training volume. Because of this, these variables
(i.e., exercise choice and sequence, sets, repetitions, and time-to-
complete) were computed by the machine’s integrated computer.
This computed training program was suggested to participants to
attempt to match overall load for control participants for each of the
12 training sessions to prevent training dose-response bias in the
outcome measures.

The matched control participants completed their exercises
with  dual-
selectorized weight stacks (Figure 3). Both arms of the machine

using a cable/pulley-based crossover machine
were spaced the same distance as the IVR machine and could be
similarly adjusted vertically. This conventional cable machine
allowed participants to complete the same six exercises as the
IVR platform in near-identical movement patterns. Using an
iPhone app (Airway & UCFit Digital Health-Exercise Physiology
Research Laboratory, Los Angeles, CA, United States), participants
tracked their sessions and training volume.

2.5 Demographic measures

Anthropometry: Body mass was measured on a calibrated
medical scale (accuracy +0.1kg), and height was determined
using a precision stadiometer (Seca, Hanover, MD, United States;
accuracy +0.01 m). Participants were instructed to remove
unnecessary clothing and accessories prior to being weighed, as
well as remove their shoes prior to taking their height
measurements.

Body Composition: Body fat percentage was measured using a
validated octipolar, multi-frequency, multi-segmental bioelectrical
impedance analyzer (BIA) (InBody Co., Seoul, Korea Republic)
(Dolezal et al., 2013). To ensure accuracy, participants adhered to
standard pre-measurement BIA guidelines recommended by the
American Society of Exercise Physiologists (Heyward, 2001). Briefly,

frontiersin.org


https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2024.1290711

Mologne et al.

the test was performed after at least 3 hours of fasting and voiding,
with participants instructed to remain hydrated and not exercise 2 h
before testing. After investigators explained the procedure, the
participant stood upright with their feet on two metallic footpads
while holding a handgrip with both hands. The instrument
measured resistance and reactance using proprietary algorithms.

2.6 Field-based fithess measures

Five field-based fitness tests were performed on an outdoor 400-
m track at UCLA. Participants were instructed to be well rested, not
workout 24 h prior, and to come hydrated with running shoes. This
test battery followed the sequence below and included a 20 min
recovery between each test which resulted in a total test time of
under 90 min.

2.6.1 Multiple single-leg hop-stabilization
test (MSLHST)

The Multiple Single-Leg Hop-Stabilization Test (MSLHST) is a
dynamic and static balance assessment tool. The setup and scoring
for the MSLHST followed the protocol set by Sawle et al. (Sawle
etal., 2017). Potential test scores were determined by the sum of the
balance scores and landing scores, which would range from 0 to
30 and 0-100, respectively. These scores were determined by the
errors committed during a given balance or landing period, wherein
a lower score would indicate less errors (hence, more balance) and a
higher score would indicate more errors. Briefly, standardized verbal
instructions were given by a researcher during the MSLHST setup
and prior to the allowed practice attempts. The MSLHST required
10 numbered boxes to be set up in a sequenced order with the
distance between each of the boxes determined by the participants’
height. Participants were instructed to keep their hands on their iliac
crests throughout the duration of the test. Upon starting the test,
participants were asked to hop according to the series of boxes in
numerical order. A metronome, which represented an auditory cue
every second, set the pace of the test. Once landing on each box,
participants were instructed to try to remain balanced in this
position for a total of 5 seconds, which was counted aloud by the
researcher. One practice attempt was given to the participant for
familiarity, then the participant tested with both their dominant and
non-dominant leg, in random order. Scoring was assessed based on
the balance period and the landing period to determine a relative
measure of balance.

2.6.2 20-M sprint test

The 20-m sprint test is widely used in sports and fitness to
evaluate a person’s linear acceleration and speed (Binnie et al., 2013).
Two cones were set up 20 m apart from one another with the first
cone being positioned 0.3 m ahead of the starting line, as this
method has been recommended by experts in the field (Altmann
et al,, 2015). All participants were instructed to use a standing split-
stance starting position with their dominant leg forward.
Participants were counted down 3-2 - 1- GO’ and accelerated
maximally to the finish line upon hearing the ‘GO’ signal. One
timekeeper, using a smartphone timer, was positioned at the finish
line to time the sprint. A 3-min recovery period was given between
each of the three trials. The average of the three trials was recorded.
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FIGURE 4
Diagram of the 5-10-5 Pro Agility test.

2.6.3 5-10-5 Pro Agility test

The 5-10-5 Pro Agility test is used to assess a person’s change of
direction (i.e., agility), speed, and leg strength. Moran et al. has a
detailed description, however for the sake of brevity, we summarize
the key parts of setup below (Moran et al., 2018). A distance of 10 m
was measured and bisected with a cone, which represented the test’s
starting point. The timing of the test started when the participant
began moving to their left or right. The participant was instructed to
run 5 m either direction and touch one of the end-line cones before
immediately reversing their course to run 10 m to the opposite end.
The participant would subsequently touch the opposite ended cone
and change direction a final time. The test was concluded after the
participant sprinted the 5m back through the initial starting
position (Figure 4). One timekeeper, using a smartphone timer,
was positioned at the start/finish cone to time the trial. A 3-min
recovery period was given between each of the three trials. The
average of the three trials was recorded.

2.6.4 Abalakov Jump

Using a previously validated electronic jump mat (Probotics,
Inc., Huntsville, AL, United States) participants were instructed to
stand on the mat with their feet at hip-width and perform an
Abalakov jump (Leard et al, 2007; Rodriguez-Rosell et al,
2017b). Participants were allowed to prepare for the jump by
bending their knees and loading their subsequent arm swing
before performing an Abalakov jump for maximal height. The
jump height was computed using the computer interfaced with
the jump mat. A total of three trials were conducted with rest
intervals of 30 s between trials, and the average of the three trials was
recorded. Jump height was calculated based on “hang time,” defined
as the time s) from the feet leaving the mat to their return and the
following equation: Ht = €2 * 1.227 where t is hang-time in seconds,
and 1.227 is a constant derived from the acceleration of gravity
(Harman et al., 1991).

2.6.5 1-Mile run

The 1-mile run test measures cardiovascular fitness and the time
to completion is correlated with the gold-standard VO,max
laboratory assessments, as seen with a Cronbach’s alpha of
0.873 and an R = 0.88 in adults aged 18-25 (Cureton et al.,, 1995;
Trinh, 2019). The 1-mile run was conducted on a university track
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TABLE 1 Anthropometric and field-based fitness test results for IVR and SELF.

Measures SELF (n = 9) IVR (n = 9) P-between Effect size
Baseline 4 Weeks Change P-within Baseline 4 Weeks Change P-within
Anthropometric
Body mass (kg) 703 (11.5) 72.1 (12.1) 0.8 (0.7) 0.546 69.1 (28.3) 65.9 (27.2) 0.1 (2.4) 0.632 0.063 0.40
Body fat (%) 19.2 (2.8) 19.3 (3.4) -0.6 (1.2) 0.340 23.6 (10.7) 215 (13.1) ~1.9 (0.8) 0.008* 0.003* 1.27
Field-based Fitness Tests
20m Dash (s) 3.7 (0.3) 3.7 (0.3) 0.0 (0.1) 0.796 3.7 (0.5) 35 (0.4) ~0.1 (0.1) 0.102 0.022* 1.00
5-10-5 Pro Agility Test (s) 6.0 (0.3) 6.0 (0.3) 0.0 (0.1) 0.863 6.0 (0.4) 5.7 (0.6) ~0.1 (0.2) 0.036* 0.003* 0.63
Abalakov Jump (cm) 55.9 (8.0) 58.0 (8.0) 2.0 (2.0) 0.796 55.9 (13.5) 58.9 (16.0) 58 (3.7) <0.001* 0.0013* 1.28
1-Mile Run (s) 475.0 (162.0) 485.0 (150.0) ~2.0 (14.0) 0.161 417.0 (177.0) 400 (172.0) ~11.0 (7.0) 0.016* 0.008* 0.81
MSLHST (DL) (s) 66.0 (22.0) 65.0 (20.0) 1.0 (5.0) 0.931 63.0 (32.0) 51.0 (24.0) -9.0 (12.0) 0.144 0.015* 1.09
MSLHST (NL) (s) 68.0 (17.0) 70.0 (19.0) ~1.0 (10.0) 0.730 66.0 (29.0) 60.0 (25.0) -8.0 (11.0) 0.047* 0.003* 0.67

Values are median + IQR. MSLHST, Multiple Single-Leg Hop-Stabilization Test; DL, dominant leg; NL, non-dominant leg.

* and bold indicate a statistically significant result.
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(UCLA, Los Angeles, CA). Participants ran as quickly as they could to
complete four laps, with each lap equaling 400 m while trying to keep
a fast, consistent pace. Times were recorded using a hand-timer that
started at an athlete’s first movement and ended when they passed the
1,600 m mark, marking the end of their fourth lap (Lunt et al., 2013).

2.7 Statistical analysis

A power analysis was performed using data from Maridn et al.
(Maridn et al, 2016). Using unpublished data from our lab, we
deemed an improvement of 1 inch (2.2cm) to constitute a
meaningful difference. A sample size of at least 12 was calculated
to achieve a power of 80% with a = 0.05.

Descriptive statistics are presented as the median and
interquartile range (IQR). Given the small sample size in each
group combined with some distributions’ significant deviation
from normality, a non-parametric approach was utilized.
Wilcoxon rank-sum tests and signed-rank tests were performed
for continuous variables between groups and within groups,
respectively. A chi-squared test was executed for the sole
categorical variable (sex). The Benjamini-Hochberg procedure
was employed to maintain the familywise error rate. Statistical
significance was determined by a = 0.05 and all tests were two-
tailed. Effect sizes were calculated. All data were exported to IBM
SPSS Statistics for Windows, version 22 (IBM Corp., Armonk, N.Y.,
USA) for analysis.

2.8 Approval

The study was approved on 20 August 2022 by the Institutional
Board Review of UCLA with IRB number (11-003190).

3 Results

Anthropometric and field-based fitness test results are presented
in Table 1. At baseline, no differences existed between groups in age
(median = 20.0 years, interquartile range = 2.0 years; p = 0.489), or
sex (n = 7 females total; p = 0.629). Additionally, there were no
significant differences in baseline body mass (p = 0.546) nor in body
fat percentage (p = 0.340) between the IVR and SELF groups. In both
groups, average session time (30 min) was identical and every
participant completed all 12 sessions. The IVR group had a non-
significant decrease trend in body mass. Both groups experienced
decreases in body fat %; however, IVR experienced a significantly
greater loss in body fat % compared to the SELF (1.9 (0.8%) vs. —0.6
(1.2%), p = 0.003).

SELF participants experienced no significant differences
between pre-testing and after 4 weeks for the 20m dash, 5-10-
5 Pro Agility Test, Abalakov Jump, 1-Mile Run, and MSLHST for
both dominant and non-dominant legs. IVR participants
experienced significant differences in the 5-10-5 Pro Agility Test,
Abalakov Jump, 1-Mile Run, and MSLHST for their non-dominant
legs. Although 20 m dash and MSLHST for the dominant leg were
not significant, these measurements trended towards improvement
in the IVR group.
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Compared to SELF, the IVR group had significantly better
improvements from baseline to 4 weeks as a result of training in
the 20 m Dash (-0.1 (0.1s) vs. 0.0 (0.1s), p = 0.022), 5-10-5 Pro
Agility Test (=0.1 (0.2s) vs. 0.0 (0.1s), p = 0.003), the Abalakov Jump
(5.8 (3.7 cm) vs. 2.0 (2.0 cm), p = 0.0013), the 1-Mile Run (-11.0
(7.0s) vs. —=2.0 (14.0s), p = 0.008), and the MSLHST for dominant
(=9.0 (12.0s) vs. 1.0 (5.0s), p = 0.015) and non-dominant legs (-8.0
(11.0s) vs. 1.0 (10.0s), p = 0.003).

Table 1 displays data for both the SELF and IVR groups.
Comparison of differences between pre- and post-testing within
the group (SELF or IVR) can be seen in the “P-within” column.
Comparison of differences between pre-and post-testing between
the two groups (SELF vs. IVR) can be seen in the “P-
between” column.

4 Discussion

The current study aimed to assess the role of IVR exergaming on
a multitude of field-based fitness tests and we believe it is the first to
compare results to those that traditionally resistance train. These
results showed that 1 month of IVR training compared to the
matched control, traditional resistance-trained group was
markedly better in improving agility (i.e., 5-10-5 agility test and
multiple single-leg hop-stabilization test), balance and stability
(i.e., multiple single-leg hop-stabilization test), speed/acceleration
(i.e., 20-m sprint test), cardiovascular endurance (i.e., 1-mile time),
and lower-body power (i.e., Abalakov jump). Prior studies have been
conducted that have assessed only a few of these field-based fitness
metrics following an exergaming intervention, with varying results
(Smits-Engelsman et al,, 2017; de Oliveira et al., 2020; Peng et al,,
2020). However, these studies observed different populations than
the current study. We posit that observed improvements in field-
based fitness measures seen by IVR participants, especially the larger
improvements in comparison to the control group, were an outcome
of the immersive virtual reality nature of the exergaming system.

More specifically, we posit that these results were a product of a
decrease in perceived exertion as well as the adaptive resistance
mechanisms within the IVR machine. A benefit of virtual reality
within the realm of exercise is that a heightened enjoyment may
attenuate perceived exertion, which ultimately pushes individuals to
work closer to fatigue (Giakoni-Ramirez et al., 2023). In the past, our
laboratory has observed high rates of workout satisfaction in
conjunction with significant differences in rates of perceived
exertion when comparing IVR exergaming to traditional, cable-
based strength training (Hu et al.,, 2021; Mologne et al., 2022). We
believe this to be an integral reason why the IVR group had a
heightened response to training, as participants were “distracted” by
the gamification and immersion into virtual reality, hence tolerating
a higher intensity and pushing themselves closer to full muscle
fatigue than the control group.

We also believe the adaptive resistance mechanism of the
exergaming platform effectuated strength outcomes in the study
participants. Hu et al. and Mologne et al. elaborate on this IVR
system, explaining that this system dynamically changes the cable
resistance within a set to maximize tension on the user’s muscles.
This adaptive intra-set technology pushes users to near failure every
set, maximizing strength gains (Hu et al., 2021; Mologne et al., 2022).
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Furthermore, this adaptive mechanism automatically promotes
progressive overload, as the IVR system progresses their load as
the user is able to exert more force, even without the user’s
awareness. This, in turn, promotes a higher degree of strength,
even when control subjects are instructed to lift a similar load. We
believe that because this is done without the user’s awareness,
participants are more inclined to lift to failure rather than aim
for a repetition number, one that may not truly indicate their
strength level nor achieve maximal effort. This is seen in the
study, which
significantly improved upper and lower body strength compared

Mologne et al saw IVR wusers experience
to their traditionally trained counterparts (Mologne et al., 2022).
This technology is also being used in other platforms and similar
results have been observed in our lab (Yamamoto et al., 2023).

We posit that the combination of heightened enjoyment,
attenuated perceived exertion, and the adaptive mechanism of
the exergaming system ultimately allowed for a prolonged
tolerance to heavier resistance loads in the IVR group compared
to the control. In doing so, we believe these components
subsequently lead to an increase in strength manifested as
improvements in field-based fitness metrics.

4.1 Agility

IVR participants experienced increased agility and change-of-
direction (COD), as noted by a median decrease of 0.1s in the 5-10-
5 m test. We posit that this is likely a result of increased lower body
strength. Our prior study shows that IVR elicits greater strength
gains for both squat and deadlift than conventional cable resistance
training despite IVR participants having significantly lower rates of
perceived exertion compared to the control (Mologne et al., 2022).
As aforementioned, we believe that user’s attenuated perceived
exertion and the exergaming platforms unique algorithm
optimize training to “near failure” and prior research has shown
that near-failure training can elicit muscle activation similar to
complete failure, while still minimizing injury (Santanielo et al.,
2020). We believe that it is the synergistic qualities of immersive
virtual reality and the adaptive algorithm that therefore play a role in
why the IVR group experienced heightened strength results, and
subsequently, significantly greater results in other field-based
metrics such as agility.

As such, increased agility is often associated with increased
lower limb strength, especially among competitive athletes
(Hammami et al., 2018; Sonoda et al.,, 2018). In a recent
review article, Suchomel and others observed that 35 studies,
78% of the total studied, noted a moderate or greater
relationship between muscular strength and COD ability, with
27 (60%) showing at least a large relationship (Suchomel et al.,
2016). More specifically, resistance training has been shown to
be one of the most effective ways to decrease time in the 5-10-
5 Agility Test (Forster et al., 2022). Exergaming may have a role
as well. A study by Smits-Engelsman et al. displayed that
children, both with and without developmental coordination
disorder, improved in their agility, as tested by the 10-step stair
test, after completing an exergaming intervention with the
Nintendo Wii Fit (Smits-Engelsman et al., 2017) However, as
noted in the cited Suchomel review, there are significant
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limitations to COD testing (Suchomel et al., 2016). This may
attenuate the actual effects that the immersive virtual reality
exergaming system had on participants’ agility and may be more
noticeable in activities like sports themselves rather than
metric tests.

4.2 Balance/stability

The IVR participants of this study had significantly improved
balance, as noted by improvements in the MSLHST for both their
dominant and non-dominant legs, after a month of exergaming
intervention. This was not observed in the SELF group. One
explanation for the increase in balance may once again be a
result of an increase in lower-body strength that is elicited from
the exergaming system (Mologne et al, 2022). A recent meta-
analysis and systematic review by Muehlbauer et al. found that
there are associations between lower body strength and balance
(Muehlbauer et al., 2015). It is plausible that the improvements in
balance seen in the IVR were a result of increased lower-
body strength.

Another possible explanation for this increase in balance is the
use of immersive virtual reality in training. While often in settings of
neurological deficit and rehabilitation, IVR has been shown to be
beneficial in improving patient balance (Mao et al, 2014).
Additionally, recent systematic reviews have shown that virtual
reality-based training enhanced functional balance in elderly
individuals compared to other traditional protocols (Sadeghi
et al., 2021; Liu et al., 2022). While the participants of the
study did not
aforementioned studies, their proprioception was still trained

current have conditions similar to the
with the IVR components during each session, which is a critical
part of balance (Pan et al,, 2011). That is, virtual reality enabled
participants to train both their muscles and their proprioception

simultaneously.

4.3 Speed/acceleration

Participants in the IVR group experienced significantly
improved 20m dash times compared to the SELF group,
indicating an increase in speed and acceleration. It has been well-
documented that muscular strength, especially with the lower body,
plays a large role in power generation and sprint speed (Delecluse,
1997; Cronin and Hansen, 2005; Comfort et al., 2012; Rodriguez-
Rosell et al., 2017a; Yafiez-Garcia et al., 2022). A systematic review
and meta-analysis by Seitz and others note that not only is sprint
speed associated with lower body strength increase, but also that
there is a large correlation between squat strength effect size and
sprint effect size (Seitz et al., 2014). However, it must be noted that
sprinting is a very complex movement and that while muscular
strength was improved, sprinting is unique in that there are other
factors that contribute to sprint speed other than force production,
such as stride frequency and the technical aspect of running (Lockie
etal., 2011). With a lack of translatable functionality between the in-
game movements of the IVR system and high-intensity sprinting,
little improvement in this measure was observed compared to no
changes observed in SELF.
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4.4 Cardiovascular endurance

Both the IVR and SELF groups experienced improvements in their
1-Mile Run time, with the IVR group’s decrease in time being
significantly more (-11.0s vs. =2.0s, p = 0.008). This improvement is
likely to be the result of improved cardiometabolic metrics as well as
improved muscular strength and endurance. In a recent systematic
review and meta-analysis, it was found that generally resistance training
not only improved muscular strength in endurance athletes, but also
running economy, and had direct improvements in performance for
distances between 1,500 and 10,000 m (Alcaraz-Ibanez and Rodriguez-
Pérez, 2018). This is generally observed across scientific literature -
resistance training is beneficial for endurance performance (Balsalobre-
Fernandez et al., 2016; Blagrove et al., 2018).

The difference between groups might be due to improved
VO2max elicited by the IVR exergaming protocol. In a prior
study conducted by our laboratory, we also observed that
training with an IVR system improved VO2max and rVO2max,
which were likely a result of improved cardiovascular adaptations
and muscle mass, respectively (Cornelissen et al., 2011; Ozaki et al.,
2013; Mologne et al., 2022). This improvement in VO2max is also
posited to be a result of the gamification in the IVR exergaming
system, as participants are engaging in other movements during
their “rest” period; yet, participants may not even realize they are still
exerting themselves when doing so because of this immersive
component. VO2max may account for up to 81.3% of the
variance in endurance performance, as an athlete’s VO2 max sets
their upper limit for endurance performance and an athlete cannot
operate at higher than 100% of their VO2max for sustained times
(Bassett and Howley, 2000; McLaughlin et al., 2010). It is probable
that IVR participants’ improved performance in the 1-mile run as a
result of an increased VO2max in addition to the muscular
adaptations, and a more notable decrease in time may also be
seen with a larger training period.

4.5 Power

Lastly, while both SELF and IVR groups were observed to have
significantly improved power as noted by their improvements in
the Abalakov jump, the IVR group had a significantly higher
improvement (5.8 cm vs. 2.0 cm, p = 0.0013). We posit that this
is once more a product of the significantly increased lower body
strength that is a result of the exergaming system (Mologne et al.,
2022). 1-RM maxes in squats, especially in proportion to body
weight, have been shown to be significantly correlated with
countermovement jump (Nuzzo et al, 2008). Similarly, in a
systematic review and meta-analysis, it was shown that 78% of
studies found at least a moderate relationship between muscular
strength and jump height (Suchomel et al., 2016). It is very
plausible that the improved height is a result of increased lower
body strength.

4.6 Limitations

This study is not without limitations. First, this study had a
small sample size, which may cause a potential Type 2 error as a
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result of being underpowered. The low sample size may have been
influenced by outliers or other significant results that may not
have been observed. Similarly, the study’s population only
included sedentary college individuals and it is unknown if the
same results would be seen in a more active population or a
different age demographic. The study was limited to only 4 weeks
of training - a longer training protocol may have induced more
notable changes than experienced in 4 weeks. Another limitation
of this study is the use of hand-timers, which has been shown to
possible underreport sprint times (Mann et al., 2015). This may
have caused increased variability in hand-recorded times. Lastly,
as aforementioned, some tests to assess field-based fitness, such
as change of direction tests, may not be completely indicative of
what they are testing. Decreases in change of direction test times
may be underestimated as a result of increased strength as most
tests primarily test one measurement of strength, while change of
direction has been shown to be a product of eccentric, concentric,
dynamic, and isometric strength simultaneously (Spiteri et al.,
2014; Suchomel et al., 2016). Despite this, the 5-10-5 Pro Agility
test is still a widely validated metric of change of direction with
high test-retest reliability and correlation to other change of
direction tests, which is why it was used in the present study
(Stewart et al., 2014).

5 Conclusion

While lab measures are common within the field of sport and
exercise physiology, field-based metrics are just as imperative.
They are cheap and easy to conduct, while displaying tangible
improvements to individuals, whether for athletic competition
training or for general health. They also offer a similar
understanding of physiology behind fitness improvements as lab
tests do. Given the shown benefits and wide adoption of field-based
fitness measures within society, it is important to study them
within new exercise modalities, such as IVR exergaming. This
training study demonstrates that an immersive virtual reality
exergaming platform, more so than those that traditionally
resistance train, improve many field-based fitness components
including agility, balance and stability, speed/acceleration,
lower-body power. These
findings, coupled with our previous studies using this specific

cardiovascular endurance, and

IVR exergaming platform that showed large improvements in
upper and lower body muscular strength and endurance,

highlight the potential benefits of using immersive virtual
reality as a fun and engaging exercise modality.
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