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We previously showed that the illusory sense of ownership and agency over a moving
body in immersive virtual reality (displayed in a first-person perspective) can trigger
subjective and physiological reactions on the real subject’s body and, therefore, an acute
improvement of cognitive functions after a single session of high-intensity intermittent
exercise performed exclusively by one’s own virtual body, similar to what happens
when we actually do physical activity. As well as confirming previous results, here,
we aimed at finding in the elderly an increased improvement after a longer virtual
training with similar characteristics. Forty-two healthy older subjects (28 females,
average age = 71.71 years) completed a parallel-group randomized controlled trial
(RCT; UMIN000039843, umin.ac.jp) including an adapted version of the virtual training
previously used: while sitting, participants observed the virtual body in a first-person
perspective (1PP) or a third-person perspective (3PP) performing 20 min of virtual
high-intensity intermittent exercise (vHIE; the avatar switched between fast and slow
walking every 2 min). This was repeated twice a week for 6 weeks. During the vHIE,
we measured the heart rate and administered questionnaires to evaluate illusory body
ownership and agency. Before the beginning of the intervention, immediately after the
first session of vHIE, and at the end of the entire intervention, we evaluated the cognitive
performance at the Stroop task with online recording of the hemodynamic activity over
the left dorsolateral prefrontal cortex. While we confirm previous results regarding the
virtual illusion and its physiological effects, we did not find significant cognitive or neural
improvement immediately after the first vHIE session. As a novelty, in the 1PP group only,
we detected a significant decrease in the response time of the Stroop task in the post-
intervention assessment compared to its baseline; coherently, we found an increased
activation on left dorsolateral prefrontal cortex (lDLPFC) after the entire intervention.
While the current results strengthen the impact of the virtual full-body illusion and its
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physiological consequences on the elderly as well, they might have stronger and more
established body representations. Perhaps, a longer and increased exposure to those
illusions is necessary to initiate the cascade of events that culminates to an improved
cognitive performance.

Keywords: immersive virtual reality, sense of body ownership, sense of agency, executive functions, Stroop task,
functional near-infrared spectroscopy, dorsolateral prefrontal cortex, virtual intervention

INTRODUCTION

The relationship between the sense of body ownership (i.e.,
the conscious subjective feeling of owning one’s own body)
(Gallagher, 2000) and the sense of agency (i.e., the experience
of controlling one’s motor acts and, through them, the external
events) (Haggard, 2017) is intricate. Despite several theories and
experimental efforts having been attempted over time, they can
be organized into three main factions: (1) those who support
the “additive model,” where agency entails the sense of body
ownership, so they are strongly connected, but the sense of
agency includes additional components (Tsakiris et al., 2006;
Longo and Haggard, 2009; Kalckert and Ehrsson, 2014; Ma and
Hommel, 2015; Pia et al., 2016); (2) those who, in contrast,
support the “independence model,” where body ownership and
agency are separate experiences with different neural basis (Farrer
and Frith, 2002; Schwartz et al., 2005; Tsakiris et al., 2010);
and (3) the more recent supporters of the “interactive model,”
where body ownership and agency are partially connected at
the level of sensory-related signals and shared neural network,
but they can be treated as separate experiences at the level of
additional specific processes (Pyasik et al., 2018; Seghezzi et al.,
2019). Even comparing studies that involve the same type of
measurement, there are frequently controversial results (see, for
example, Tsakiris et al., 2010 and Seghezzi et al., 2019 for brain
imaging data or Kalckert and Ehrsson, 2012 and Dummer et al.,
2009 for behavioral data).

However, in most daily life activities, we do not perceive any
discrepancies or mismatches. On the other hand, experimental
situations have demonstrated how these two components can
be deconstructed (also independently of each other) and
reconstructed over an entity different from the actual own body
by exploiting the same multisensory integration process that leads
to the assimilation of the minimal self (Tsakiris, 2010): in the
rubber hand illusion (RHI) (Botvinick and Cohen, 1998), the
sense of body ownership is deconstructed (Moseley et al., 2008,
2012; Burin et al., 2017; Pfister et al., 2020) and reconstructed
over a prosthetic hand that is simultaneously touched (and seen)
with the real subject’s hand (not seen) by integrating body-related
afferent signals (Pyasik et al., 2018, 2019).

Despite the RHI procedure having been revised in several
different ways (Ehrsson, 2007; Kalckert and Ehrsson, 2012; Burin

Abbreviations: RHI, rubber hand illusion; IVR, immersive virtual reality; vHIE,
virtual high-intensity intermittent exercise; 1PP, first-person perspective; 3PP,
third-person perspective; lDLPFC, left dorsolateral prefrontal cortex; HR, heart
rate; TDMS, Two-Dimensional Mood Scale; fNIRS, functional near-infrared
spectroscopy; O2Hb, oxygenated hemoglobin; HHb, deoxygenated hemoglobin;
RT, response time; ER, error rate.

et al., 2017), it has been outdated by its full-body version in
immersive virtual reality (IVR), where the entire body can be
displayed and the illusion can be triggered by the sole visual
stimulation (Maselli and Slater, 2013; Kokkinara et al., 2016;
Slater, 2018; Burin et al., 2019a): through an IVR visor, the
virtual body (also called avatar) can be entirely displayed and
such environment allows the control of several variables (somatic
features of the avatar, spatial location, movement control, etc.)
(Kilteni et al., 2012; Banakou et al., 2013, 2016; Peck et al.,
2013). Crucially, the virtual body can be shown in a first-
person perspective, being spatially coincident with the real one,
overlapping it (if the person wearing the visor looks down to
where his/her body is supposed to be, he/she sees the virtual
body) and immediately creating the illusion of ownership,
without the necessity of additional stimulations (Kokkinara et al.,
2016; Burin et al., 2019a; Neyret et al., 2020). Different with
respect to the RHI, the avatar in IVR can replicate in real-
time complex movements through a tracking system (Banakou
and Slater, 2014). However, it can also reproduce animated
movements (such as walking or running) (Kokkinara et al., 2016),
which can be attributed to one’s motor intention, possibly thanks
to a posteriori reconstruction of the sense of agency (meaning
“this virtual body is mine–the virtual body is moving–those
movements are mine”) (Burin et al., 2019a).

Recent studies have shown that the illusory feeling of
ownership and agency over the virtual body creates the necessary
conditions to induce effects on the physiological (Martini et al.,
2013; Kokkinara et al., 2016; Fossataro et al., 2020) or even
components higher than the mere perceptual level, such as
social (Peck et al., 2013; Banakou et al., 2018), neural (Seinfeld
et al., 2021), or cognitive functions: concerning the latter, in our
previous study, we demonstrated on young healthy participants
acute improvement of cognitive (executive) functions after a
high-intensity intermittent exercise performed exclusively by the
considered-as-own virtual body (Burin et al., 2019c, 2020). We
argued that, despite the participants being completely still, the
feeling of ownership and agency over the virtual body (only
if displayed in a first-person perspective) (Kokkinara et al.,
2016) induced a cascade of events (from the physiological
activation of the heart rate to the increased neural activity
over task-related areas), culminating in the improved cognitive
performance immediately after the virtual exercise, comparable
to what happens after a similar training performed by one’s own
physical body (Hyodo et al., 2016; Kujach et al., 2017). These
results have potential clinical applications, such as improvement
of bodily and cognitive functions for those who cannot perform
physical activity.

Frontiers in Human Neuroscience | www.frontiersin.org 2 May 2021 | Volume 15 | Article 674326

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-674326 May 25, 2021 Time: 20:4 # 3

Burin and Kawashima Virtual Intervention Improves Cognition in Elderly

While the beneficial effects of a physical (or virtual, as in this
case) training seem to be more defined in young participants,
it is still quite unclear whether the same phenomenon can be
observed in the elderly as well for several reasons: from the
perspective of multisensory illusions, such as the RHI, the elderly
can experience it, subjectively and objectively, but they report
different levels of strength of the illusion, probably because of an
altered sense of body ownership (Kuehn et al., 2018; Zeller and
Hullin, 2018; Riemer et al., 2019). Also, from the behavioral and
cortical activation points of view, the differences between young
and old people are not entirely clear: a very recent study described
that, after mild-intensity physical activity, the young as well as the
elderly showed an acute (30 min after the training) improvement
of overall inhibitory functions, specifically at the Stroop task, even
though they might show some differences (Fujihara et al., 2021).
Clearly, whether the same training is also effective if performed
virtually (as with young participants) is unknown. Lastly, despite
the elderly representing the typical control group for neurological
patients (most of them are, in fact, elderly), it is quite complicated
for them to perform this kind of high-intensity exercise (it might,
for example, enhance the risk of falls).

Consequently, questions remain open: does this virtual
exercise benefit a different population, such as the elderly? Are
there differences between the acute and long-term impacts of this
virtual exercise?

In the present study, in order to answer these questions,
we adapted the same virtual training (Burin et al., 2019c,
2020) to test its efficacy on a sample of 42 physically and
neurologically healthy elderly (over 60 years old) and to compare
the acute and long-term impacts on cognitive, physiological, and
neural functions. We conducted a parallel-group randomized
controlled trial (RCT) composed of a 6-week (twice a week)
IVR intervention, each session including 20 min of virtual high-
intensity intermittent exercise (vHIE), alternating the avatar
between fast walking and slowly walking every 2 min: while
the participants were sitting still, they observed the virtual
body, either in a first-person perspective (1PP, the experimental
group) or a third-person perspective (3PP, the control group),
performing the virtual exercise. We measured the heart rate
and administered questionnaires during the virtual training to
evaluate the presence of the full-body illusion on a physiological
and subjective level. We assessed cognitive performance with
the Stroop task [with the online recording of hemodynamic
activity over the left dorsolateral prefrontal cortex (lDLPFC)
with a functional near-infrared spectroscopy (fNIRS) device] at
three time points: before the beginning of the intervention (as
baseline assessment), immediately after the first session of virtual
training (as short-term assessment), and at the end of the entire
intervention (as long-term assessment). We also recorded mood
changes (with the Two-Dimensional Mood test) before and after
each virtual session.

We hypothesized the following: (1) to replicate previous
findings on body ownership/agency and physiological effect in
the elderly population—meaning the 1PP group experiences
ownership and agency over the avatar, which leads to increased
heart rate coherently with the virtual movements, while the
3PP group does not; (2) to replicate previous findings on

acute cognitive benefits—meaning the cognitive performance is
improved immediately after the first session of virtual training
in 1PP combined with an increased activity over the lDLPFC,
confirming the acute cognitive benefits of this training also on
the elderly; and (3) to find an increased cognitive improvement
after the 6-week training in the 1PP group of elderly and not
in the 3PP group.

MATERIALS AND METHODS

The protocol of this parallel-group RCT, developed according to
CONSORT guidelines (Figure 1) and carried out in accordance
with the Declaration of Helsinki, was registered to the University
Hospital Medical Information Network (UMIN) Clinical Trial
Registry (UMIN000039843) on March 18, 2020 and approved by
the Ethics Committee of the Tohoku University Graduate School
of Medicine (application no. 2019-1-956, final approval April 9,
2020). As soon as the participants visited the laboratory for the
first session, in addition to a verbal explanation of the entire
experimental procedure, each of them signed the information
sheet and the informed consent form before the initiation of the
study, agreeing to the conditions of their participation. The raw
data that support the findings of this study are available upon
request to the corresponding author.

Participants
We recruited the participants through an advertisement
published in a local newspaper (Sendai, Japan), so they were
Japanese nationals and native Japanese speakers. A total of 54
people were first screened via phone call: we excluded under
60 years old, those who had a history of neurological, psychiatric,
or motor disorders, and color blindness, and we asked to refrain
from participating those who easily experience motion sickness
or dizziness. Eight of them did not meet the inclusion criteria
or did not accept to the experiment’s conditions; therefore, they
were excluded. We initially recruited and allocated 46 subjects.
While the RCT was ongoing, three participants dropped out for
no explicit reason (one of them was in the experimental group)
and one dropped out because of motion sickness (this subject
was part of the experimental group).

Forty subjects entered and completed the entire RCT and were
included in the analysis (28 females; age: average = 71.71 years,
SD = 5.71 years; education: average = 13.85 years,
SD = 2.24 years). In the Edinburgh Handedness Inventory,
they all resulted right handed (average = 96.21, SD = 9.09). In the
Physical Activity Questionnaire (IPAQ—Short Form), they all
resulted with a score from “moderate” to “high” physical activity
level, indicating their general health and engagement in physical
activity (the subjects who scored “moderate” were 13 in the 1PP
group and 14 in the 3PP group).

After enrollment, the participants were then randomly
allocated to one of two study arms: the first-person perspective
group (hereinafter, 1PP group), the experimental one, and
the third-person perspective group (hereinafter, 3PP group),
the control one. Group assignment occurred using a simple
randomization 1 (experimental):1 (control) ratio, with the
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FIGURE 1 | CONSORT flow diagram of the present registered clinical trial (UMIN000039843).

allocation of participants to each arm based on order of entry into
the study (Summers et al., 2018).

The demographic composition of the groups is as follow:
in the 1PP group, there are 21 subjects (11 females; age:
average = 70.57 years, SD = 6.51 years; education: average = 14.25,
SD = 2.46); in the 3PP group, there are also 21 subjects (17
females; age: average = 72.86 years, SD = 4.65 years; education:
average = 13.45 years, SD = 1.95 years). The t test comparing the
age and education of the two groups resulted not significant (age:
p = 0.19; education: p = 0.26). A chi-square test of independence
showed that there was a significant difference between gender
and group [χ2(1,42) = 3.85, p = 0.04; Yates-corrected χ2 = 2.68,
p = 0.10]. Despite this, we proceeded with the 1:1 ratio group
assignment since we did not have any assumptions related to the
main outcome of the study regarding gender.

The sample size was estimated using G∗Power 3.1 with a priori
power analysis for an F test with between–within interactions:
considering the Stroop task’s response time as the main outcome,

we set a small to moderate effect size [f (V) = 0.4] (Byun et al.,
2014; Monteiro-Junior et al., 2017a; Burin et al., 2020), so we
calculated a total sample size of 52 subjects (with the α error
probability set at 0.05 and power set at 0.8). We were able to
recruit 46 subjects.

Procedure
The RCT protocol was composed of 12 separate sessions
(Figure 2). We invited participants to visit the laboratory twice a
week (for example, every Monday and Thursday or every Tuesday
and Friday, compatible with their availability) for consequent
weeks, without interruption, to maintain as constant as possible
the duration and timing of the intervention (Mirelman et al.,
2016; Monteiro-Junior et al., 2017b): the volunteers carried
on the actual sessions on average 3.54 days (SD = 0.25 days)
between each other; this resulted in an average of 38.31 days
(SD = 2.34 days) between the first and the last session.
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FIGURE 2 | Schematic procedure of the randomized controlled trial (RCT) (A) with the timeline and measurements for each session of the virtual high-intensity
intermittent exercise (vHIE) intervention (B). After recruitment, the subjects were verbally screened, according to the inclusion criteria for this study, and then allocated
to one of two groups [first-person (1PP) or third-person (3PP) perspectives]. During the first session only (which lasted approximately 1 h), all participants read and
signed the information sheet and consent form, and they received an additional verbal explanation of the entire RCT procedure, giving them the possibility to ask
questions. They also filled out the Edinburgh Handedness Inventory and the International Physical Activity Questionnaire (IPAQ—Short form) for handedness and
level of physical activity, respectively. As baseline assessment, they all underwent the color–word matching Stroop task during the recording of cortical hemodynamic
changes with a functional near-infrared spectroscopy (fNIRS) device over the left dorsolateral prefrontal cortex (lDLPFC). Then, the intervention started (B): all
participants completed the Two-Dimensional Mood Scale (TDMS) including the two subscales for pleasure and arousal. After that, they performed for the first time
the vHIE (with the online recording of the heart rate and subjective questionnaire about sense of ownership and agency) in the 1PP or 3PP, according to the group
allocation. Immediately after that, they filled out a questionnaire about their experience and they repeated the TDMS. As post-session assessment, they all
underwent again the Stroop task with fNIRS recording (A). The procedures of the sessions from the second to the 11th were the same (each lasted about 30 min):
according to the group allocation, participants experienced the vHIE in the 1PP or the 3PP, with the online recording of the heart rate and questionnaires during and
right after the vHIE part. All subjects repeated the TDMS before and after the vHIE for each session (B). As post-intervention assessment, during the 12th session
(which lasted about 15 min), all subjects repeated the Stroop task with the fNIRS recording (A).

Virtual High-Intensity Intermittent Exercise
The IVR setup used in this study was the same as that already
tested in Burin et al. (2020), with the exceptions that, here, the
RCT is a parallel-group design and the same intervention is
repeated for 11 sessions for 20 min each (Mirelman et al., 2016;
Monteiro-Junior et al., 2017b).

During the vHIE part of each session, the participants were
instructed to sit and not to move their bodies, with their feet
resting on the ground and their arms relaxed along the body
side. However, they were allowed to move their neck and rotate
their head in order to always look at the virtual body (Figure 3).
Through the Oculus Rift visor1, they saw a virtual environment,
modeled in Unity3D, composed of a simple open space with a
green floor (simulating a meadow) and a natural-like bright sky.
The gender-matched life-sized humanoid standing bodies were
downloaded from the Microsoft Rocketbox Avatar public library
(Gonzalez-Franco et al., 2020).

The intervention performed by the two groups was the same,
except for the crucial difference made by the visual perspective:
in the 1PP group, the virtual body was displayed in a first-person
perspective, coherently with the real one, spatially overlapping
it (Figure 3A), known to be the crucial condition to induce a

1https://www.oculus.com/

sense of ownership and to create the virtual full-body illusion
(Kokkinara et al., 2016; Burin et al., 2019a, 2020; Neyret et al.,
2020). In the 3PP group, the virtual body was located about
1.5 m to the left of the actual participant’s position, resembling
another person (Figure 3B) and not inducing the same illusion
mentioned in the 1PP group (Pavone et al., 2016; Gonzalez-
Liencres et al., 2020).

The vHIE part was repeated for all sessions, except for the last
one (where subjects did only the post-intervention assessment),
with the same characteristics (Figure 2B): for the first 3 min, the
virtual body is displayed standing, either in 1PP or 3PP, but it does
not move (hereinafter, static phase) in order to familiarize with
the environment, to eventually control for dizziness or sickness
due to the virtual display and to induce the illusion of a sense
of ownership thanks to the perspective, considering that it may
take a few seconds/minutes for the subjective perception, as it
happens with other multisensory illusions (Burin et al., 2018).
For the following 20 min (hereinafter, training phase), the virtual
body in both conditions (1PP and 3PP) alternates 2 min of fast
walking (also called fast phase) and 2 min of slow walking (also
called slow phase) (Kokkinara et al., 2016; Kujach et al., 2017),
while the participant is sitting still. Right after the static phase
of the first session only, the participants were asked to choose a
speed for the fast walking animation that would be appropriate

Frontiers in Human Neuroscience | www.frontiersin.org 5 May 2021 | Volume 15 | Article 674326

https://www.oculus.com/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-674326 May 25, 2021 Time: 20:4 # 6

Burin and Kawashima Virtual Intervention Improves Cognition in Elderly

FIGURE 3 | Virtual bodies in the virtual scenario. (A) The male virtual body displayed in a first-person perspective (1PP) from the same perspective of the participant
(in the bottom left corner, the male participant is sitting and looking down toward himself, where his virtual body is). (B) The female virtual body displayed in a
third-person perspective (3PP) from the perspective of the participant (in the corner, the female participant is sitting and looking to the left side at the virtual body).

for them among four options (1: 3.30 m/s, 2: 4 m/s, 3: 4.30 m/s,
and 4: 5 m/s), while the speed for the slow walking animation was
the same for all subjects (0.5 m/s). Then, the chosen speed for
the fast walking parts was kept constant for the following sessions
for each subject. As previously done (Burin et al., 2020), this
procedure ensured (especially in the experimental group) that the
fast walking animation was subjectively reported as considerably
fast (in order to show a detectable physiological activation), but
not too much to be impossible to perform (in order to not break
the ownership and agency illusion).

We decided that the duration of each training phase was
20 min based on a previous report (Monteiro-Junior et al.,
2017b), but also for safety reasons: because it is not a medical
device but is considered an entertainment system, there are no
international safety guidelines on the use of IVR devices. Based
on previous studies and the experience of the researchers, we
decided to keep the duration of the vHIE part no longer than
30 min (Hamilton et al., 2021).

For the entire duration of the vHIE part of the session,
we repeatedly asked the participants to immediately report
any feeling of discomfort, nausea, sickness, etc. As previously
described, one subject (belonging to the 1PP group) reported
nausea during his/her fourth session; consequently, the
intervention was interrupted (his/her data were discarded and
not included in the analysis reported here).

Heart rate
For the entire duration of the vHIE part of each session
(composed of the static and training phases) and for both groups,
we recorded the heart rate (HR): the increased physiological
activation, even in static conditions, might be a measurable
reflection of the anticipation or preparation of the body to move,
as it happens with motor imagery studies (Wegner and Wheatley,
1999), or a direct effect of the sense of agency over a moving body
performing a physical task that requires physiological activation
(Kokkinara et al., 2016; Burin et al., 2020). In addition, the
recording of the HR in this study was necessary to validate the
actual presence of the virtual illusion (especially in the 1PP group)
with an objective measurement, in addition to the subjective
component (see Section “Online Questionnaire on Sense of Body
Ownership and Agency”), and to check the effectiveness of the
training itself. As previously done (Burin et al., 2020), we used

a Polar H10 (Polar Electro, Kempele, Finland; polar.com), a
very common heart rate monitor used by athletes, connected
via Bluetooth to a smartphone where an ad hoc application
collects the recorded data (flow.polar.com). The HR monitor
was pinned to an elastic strip worn around the chest, before the
beginning of the vHIE part every session, positioning it as close
as possible to the heart.

Online questionnaire on sense of body ownership and agency
The questionnaires administered in this study are the same as
that previously used in Burin et al. (2020). During the static and
training phases of the vHIE for each session, we administered
an online questionnaire in order to check the effectiveness of the
virtual illusion from a subjective perspective, referring specifically
to the illusory sense of body ownership and agency over the
virtual body. The online questionnaire was verbally administered
by the researchers and the subjects had to report their level of
agreement with the questionnaire’s statements on a 1–7 Likert
scale (1 = meaning “totally disagree” and 7 = meaning “totally
agree”). The questionnaire included four statements (from s1 to
s4 in Table 1), two of them about the sense of body ownership and
two about the sense of agency (for each, one is a “real statement”
that checks for the actual presence of the illusion, while the other
is a “control statement”) (Table 1). The same statements were
repeated in a random order at five time points: at 1 min and
30 s after the beginning of the static phase and at 3, 8, 13, and
18 min after the beginning of the training phase, for every single
session. This repetition throughout the session was necessary to
eventually check for differences in the fluctuation of the illusion
(especially in the 1PP group) and potential changes between the
fast (minutes 8 and 13 of the training phase) and slow (minutes 3
and 18 of the training phase) phases.

Offline questionnaire on sense of ownership and agency
Right after the vHIE part of each session, the participants
were asked to complete another questionnaire with more
detailed statements about subjective feelings of movements,
motor control, and physical effort. This questionnaire was self-
administered. As mentioned before, the statements here are the
same as those of Burin et al. (2020), adapted from Kokkinara et al.
(2016) and Burin et al. (2019a) (see Table 2).
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TABLE 1 | Online subjective questionnaire verbally administered during the virtual high-intensity intermittent exercise (vHIE) for each session and group.

Online questionnaire 1PP group: average ± SE 3PP group: average ± SE p value

Static phase s1 Sense of body ownership I feel as if I am looking at my
own body.

4.69 ± 0.39 2.04 ± 0.32 < 0.01*

s2 Sense of body ownership
control

I feel as if the virtual body
belongs to another person.

3.40 ± 0.40 6.08 ± 0.29 < 0.01*

s3 Sense of agency The virtual body moves just as I
want, as if I am controlling it.

3.63 ± 0.36 1.89 ± 0.31 < 0.01*

s4 Sense of agency control I feel as if the virtual body is
controlling my will.

2.30 ± 0.26 1.48 ± 0.17 0.57

Training phase s1 Sense of body ownership I feel as if I am looking at my
own body.

4.74 ± 0.41 2.01 ± 0.34 < 0.01*

s2 Sense of body ownership
control

I feel as if the virtual body
belongs to another person.

3.37 ± 0.42 6.13 ± 0.31 < 0.01*

s3 Sense of agency The virtual body moves just as I
want, as if I am controlling it.

3.69 ± 0.37 1.88 ± 0.31 < 0.01*

s4 Sense of agency control I feel as if the virtual body is
controlling my will.

2.29 ± 0.29 1.49 ± 0.17 0.81

The columns, from left to right, indicate respectively the phase during which the questionnaire was administered, the statement number (for example, s1), the underlying
domains (not disclosed to subjects) and the actual statements (in italic). The results for the first-person perspective (1PP) and third-person perspective (3PP) groups are
expressed as average ± standard error. The data in the table are expressed on the 1–7 Likert scale (not ipsatized data) and each statement is averaged across all the
sessions of the intervention. *Significant p values comparing groups.

We decided to repeat the questionnaires for each session
to control for potential effects of time (meaning, the illusion’s
strength might be different between sessions).

Two-dimensional mood scale
Before and after the vHIE part for each session, the participants
completed the Two-Dimensional Mood Scale (TDMS) to record
mood state changes that might affect physiological responses
(e.g., the heart rate). TDMS includes two subscales: pleasure and
arousal (Sakairi et al., 2013). The participants rated their current
psychological state using a six-point Likert scale from 0 = “Not at
all” to 5 = “Extremely.”

Baseline, Post-session, and Post-intervention
Assessments
The baseline assessment coincided with the beginning of the
first session, while the post-session assessment was performed
after the first repetition of the vHIE part. Lastly, the post-
intervention assessment coincides with the very end of the entire
vHIE intervention, so it was performed during the last (12th)
session, an average of 3.35 days (SD = 1.99 days) after the last
repetition of the vHIE part (Figure 2A).

The baseline assessment ensured evaluating the starting level
abilities for each person and checking the actual presence of the
typical Stroop effect in the sample; then, the comparison with
post-session and post-intervention evaluates the short-term and
the long-term effects of the vHIE intervention. The assessment
was the same for all of the participants: we used the Stroop task
to test executive functions, with the online recording of cortical
hemodynamic changes over lDLPFC.

Stroop task
Like we did in Burin et al. (2020), the Stroop task used was
developed in E-prime 2.0 and was administered and recorded
automatically from a laptop. It includes 30 trials presented in
random order. For each single trial, two words are displayed on

the PC monitor, one above the other: for the 10 neutral trials,
the upper row consists of XXXX printed in red, white, blue,
brown, or yellow ink, and the lower row shows the words “RED,”
“WHITE,” “BLUE,” “BROWN,” or “YELLOW” printed in black.
For the 10 congruent trials, the upper row contains the same
words printed coherently in the same color (e.g., RED written in
red), and the lower row shows the same words printed in black.
For the 10 incongruent trials (the ones that produce cognitive
interference between the color word and the color name, i.e.,
Stroop interference), the word in the upper row is printed in an
incongruent color (e.g., RED written in yellow). All words were
written in Japanese hiragana (except for XXXX). The lower row
is presented 100 ms later than the upper row to achieve sequential
visual attention. Between each trial, an inter-stimulus fixation
cross is shown for a random interval between 9 and 13 s to avoid
prediction (Hyodo et al., 2012; Byun et al., 2014; Kujach et al.,
2017). The words remain on the screen for 3 s, independently of
the subject’s answer. Subjects were instructed to decide whether
the color of the upper word (or XXXX) corresponded to the
color name of the lower word by pressing button 1 on the keypad
to give a “yes” or button 2 a “no” response with their right
forefingers. Fifty percent of the presented stimuli were correct
(the correct answer is “yes”).

Functional near-infrared spectroscopy
While performing the Stroop task during the baseline, post-
session, and post-training assessments, the participants wore a
wearable fNIRS optical topography system (WOT-HS, Hitachi
Corporation and NeU Corporation, Japan) managed by its
software (Hitachi Solutions, Inc.). This system is the same as
that used in the previous study (Burin et al., 2020): the 35
capsules of this device compress near-infrared emitting or high-
sensitivity receiving sensors, organized in three lines (the top and
the bottom lines alternate an emitting and a receiving sensor,
while the central line comprises receivers only), creating a system
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TABLE 2 | Offline subjective questionnaire self-administered immediately after the virtual high-intensity intermittent exercise (vHIE) part for each session in both groups.

Offline questionnaire 1PP group: average ± SE 3PP group: average ± SE p value

s5 Located I felt as if my body was located
where I saw the virtual body to
be.

4.37 ± 0.33 2.49 ± 0.40 0.02*

s6 Sense of ownership I felt that the virtual body was
my own body.

4.15 ± 0.39 2.27 ± 0.37 0.01*

s7 Standing I felt that I was standing upright. 3.98 ± 0.39 2.37 ± 0.31 0.16

s8 My movements I felt that the leg movements of
the virtual body were my
movements.

4.21 ± 0.39 2.41 ± 0.39 0.02*

s9 Sense of agency I felt that the leg movements of
the virtual body were caused by
my movements.

3.59 ± 0.30 2.49 ± 0.29 0.23

s10 Sense of ownership control I felt that the virtual body
belonged to someone else.

3.69 ± 0.32 4.82 ± 0.35 < 0.01*

s11 Effort I felt I had to give extra physical
effort when the virtual body was
walking faster.

3.75 ± 0.34 2.12 ± 0.25 0.04*

s12 Vection I felt that I was moving through
space rather than the world
moving past me.

4.72 ± 0.36 2.58 ± 0.38 0.01*

s13 Walking I felt that I was walking. 4.13 ± 0.33 2.45 ± 0.37 0.04*

s14 Dragged I felt that I was being dragged. 1.79 ± 0.16 1.56 ± 0.17 < 0.01*

s15 Sliding I felt that I was sliding. 2.04 ± 0.19 1.69 ± 0.18 < 0.01*

The columns, from left to right, indicate respectively the statement number (for example, s5, continuing from previous ones), the underlying domains (not disclosed
to subjects) and the actual statements (in italic). The results for the first-person perspective (1PP) and third-person perspective (3PP) groups are expressed as
average ± standard error. The data in the table are expressed on the 1–7 Likert scale (not ipsatized data) and each statement is averaged across all the sessions
of the intervention. *Significant p values comparing groups.

of 34 channels over the lateral and anterior prefrontal cortex. The
device was positioned on the forehead by centering the specific
mark on the bottom line of probes at the frontopolar zone (FPZ;
10% of the distance between the nasion and inion), according to
the international 10–20 system (Klem et al., 1999).

Various previous studies have stressed the importance of
the prefrontal cortex (PFC) and specifically the dorsolateral
prefrontal cortex (DLPFC) in the context of the executive
performance (MacDonald et al., 2000; Hoshi et al., 2001). More
specifically, because of the significance of the lDLPFC in relation
to the executive performance examined, thanks to the Stroop
task (Yanagisawa et al., 2010; Hyodo et al., 2012, 2016), and
the similarity between the previously used tasks and the present
one (Kujach et al., 2017; Burin et al., 2020), we focused the
analysis on lDLPFC. To monitor the cortical hemodynamic
changes in the lDLPFC, we recorded the concentrations of
oxygenated hemoglobin (O2Hb) and deoxygenated hemoglobin
(HHb), expressed in units of millimolar.millimeter (Watanabe
et al., 1995), by applying two short-distance wavelengths of near-
infrared light (850 and 730 nm).

Statistical Analysis
For all analyses, distribution was assessed using a Shapiro–
Wilk test for normality and, accordingly, parametric or non-
parametric analyses were conducted. The significance level was
set at p < 0.05. Post hoc analysis was conducted with Duncan’s
test. All displayed values are average ± standard error (SE).
When necessary, we performed a retrospective power analysis
(between-group effect sizes using G-Power) with specified effect

sizes: Cohen’s d was used for parametric comparisons, while
for non-parametric eta squared (η2) was used (with α error
probability set at 0.05).

Heart Rate Data
The software recorded the HR data as the instantaneous heart
rate changes (expressed in beats per minute, as in Kokkinara
et al., 2016; Burin et al., 2020) at 1 Hz frequency (Malik, 1996)
during the static (3 min) and the training (20 min) phases
of each session. At first, we excluded from the individual raw
data outliers or artifacts, defined as data with values ± 20%
or greater with respect to the adjacent one (Ribeiro et al.,
2018). For each session, the HR recordings (23 min in total)
were divided into the corresponding phases of the vHIE part,
i.e., static (one segment, corresponding to the first 3 min),
fast walking (five segments of 2 min each), and slow walking
(other five segments of 2 min each, temporally alternated
between fast walking and slow walking) phases. For each
segment accordingly obtained, we discarded the first 30 s of
recordings: this procedure ensured considering in the analysis the
actual HR variability directly imputable to the IVR stimulation,
considering that HR is a slow physiological measurement that
requires time to adapt to external events (Wang et al., 2018).
Finally, for each subject, we averaged the obtained segments
corresponding to the same phase (static, fast walking, and slow
walking). Lastly, we subtracted the obtained data for static
(HRst) from the data of fast walking (HRf) and slow walking
(HRs), resulting in dHRf (= HRf - HRst) and dHRs (= HRs -
HRst) for each group.
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Since data were not normally distributed, we ran a Mann–
Whitney U test comparing the two groups.

Online Questionnaire Data
The four online questionnaire statements (from s1 to s4; see
Table 1) have been repeated in a random order during each
session at five time points (during the static phase at 1 min
30 s and during training at 3, 8, 13, and 18 min). The obtained
raw data from each statement underwent an intra-individual
ipsatization procedure (Cattell, 1944): this is a quite common
procedure (also called “standardization per person”) that applies
to subjective measurements (such as questionnaires), and it
allows neutralizing potential response biases in a response set.
The ipsatization was done as follows: every raw value was first
subtracted by the mean rating of the subject responses in all
questions and conditions and then divided by the standard
deviation of the responses in all questions and conditions
(Romano et al., 2014; Burin et al., 2015), obtaining z-scores ± SE.
Although the analysis was performed with z-scores, in Table 1, we
reported the non-ipsatized data (average ± SE) in order to have
a more precise reference of the answers on the 1–7 Likert scale.

In test W, the data resulted as non-normally distributed, so we
ran a Mann–WhitneyU test comparing each statement separately
(separating also the static and training phases) between groups.

Offline Questionnaire Data
The 11 statements of the offline questionnaire (from s5 to s15;
see Table 2) were repeated right after the end of the vHIE part
of each session. As for the online ones, the answers to the offline
questionnaire were ipsatized (Pia et al., 2015), but in Table 2, we
reported non-ipsatized data. The data resulted as non-normally
distributed, so we ran a Mann–Whitney U test comparing each
statement (from s5 to s15) by groups (1PP and 3PP).

TDMS Data
According to the TDMS guidelines, we calculated pleasure and
arousal levels separately (Sakairi et al., 2013). We ran a 11 × 2 × 2
ANOVA with factors session (corresponding to the 11 sessions),
time (pre and post each session), and group (1PP and 3PP) for
each pleasure and arousal data.

Stroop Task’s RT and ER Data
We recorded as outcomes the response time (RT, in milliseconds),
as the difference between the display of the upper row stimulus
and the subject having given an answer, and the error rate (ER, in
percentage of error; missed trials or answered over the time limit
are considered errors).

Concerning the RT measurements of the Stroop task (main
outcome of this study), we first compared the ones recorded
during the baseline assessments. In test W, all RT data resulted
as normally distributed, so we ran a 2 × 2 repeated measures
ANOVA with factors condition (neutral and congruent) and
group (1PP and 3PP). The Stroop task’s crucial outcome is
the so-called Stroop interference, which is assumed to actually
characterize the cognitive process underlying the task itself,
defined as the average of incongruent trials - average of neutral
trials (Zysset et al., 2001). Hence, the 2 × 3 repeated measures
ANOVA with between factor group (1PP and 3PP) and within

factor time of assessment (baseline, post-session, and post-
intervention).

Concerning the ER measurements (expressed in percent of
error) of the Stroop task, we first controlled again whether
there was the typical Stroop interference effect in the sample.
In this case, we ran a Wilcoxon matched pair test to compare
the ER results during the baseline assessment for all subjects
(independently of group assignment). Mainly, we compared with
Mann–Whitney U test the ER between groups (1PP and 3PP)
and the time of assessment (baseline, post-session, and post-
intervention).

fNIRS Data
The optical fNIRS data of the O2Hb and HHb signals (sampling
rate at 10 Hz) were analyzed according to the modified Beer–
Lambert law (Delpy et al., 1988). After processing each channel
singularly (see Burin et al., 2019c for details), we focused on
channels 23, 25, and 26, which are associated with the target area,
lDLPFC (Figure 4A). Because of the time difference between the
fNIRS signals of participants’ responses, we selected for each trial
the averaged changes in the concentrations of O2Hb and HHb
2 s before the onset task as a “rest,” during the “task” (lasting
for 3 s), and 10 s after the onset task as “vascular response”
(Schroeter et al., 2002). In an event-related design, we matched
each trial’s signal with the corresponding Stroop task conditions
and averaged them. As for the Stroop task results, we considered
here the Stroop interference (incongruent–neutral condition).

O2Hb and HHb (expressed in millimolar.millimeter) were
analyzed separately by means of a 2 × 3 ANOVA, with
group (1PP and 3PP) as the categorical factor and time of
assessment (baseline, post-session, and post-training) as the
within-subjects factor.

Correlations Analysis
Lastly, we checked for correlations among the above-mentioned
variables. Because of the elevated number of independent
correlations, we also applied a false discovery rate (FDR)
procedure with α = 0.05 (Benjamini and Hochberg, 1995), so we
displayed the FDR-adjusted p value for each correlation.

At first, we tested for correlations during the vHIE part,
i.e., HR and data of the online questionnaire. Considering each
statement separately (from s1 to s4), we compared the HR
results from the training (fast walking and slow walking phases)
with Spearman’s correlation; then, we ran the same analysis
for the correlations between HR and the offline questionnaire.
Secondly, we correlated the data collected during the assessments,
i.e., Stroop task’s RT and ER with O2Hb signal, with Pearson’s
correlation. Lastly, we correlated the measurements during the
vHIE (HR and questionnaires) with the measurements during
the assessments (RT and ER of Stroop interference and the O2Hb
signal) with Spearman’s correlation.

RESULTS

To test hypothesis 1 about the subjective and physiological
effects of the illusory virtual body on the real one (see Section
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FIGURE 4 | Line plots of the functional near-infrared spectroscopy (fNIRS) Stroop interference-related results over the left dorsolateral prefrontal cortex (lDLPFC) for
the oxygenated hemoglobin (O2Hb) signal. (A) Representation of the fNIRS device’s channels over the prefrontal cortex: red spots (representing channels 23, 25,
and 26) are the ones considered for the analysis of the lDLPFC (channel 23: x = -30, y = 33, z = 51; channel 25: x = -47, y = 16, z = 50; channel 26: x = -43, y = 34,
z = 39). (B) Results of the Stroop interference-related activation of the O2HB signal (in millimolar.millimeter) across the three assessment time points: baseline,
post-session, and post-intervention. Asterisk highlights the significant differences (p < 0.05). Red line refers to the results of the first-person perspective (1PP)
group, while blue line refers to the third-person perspective (3PP) group. Vertical black bars denote plus/minus standard errors. (C) fNIRS data (O2HB signal only)
associated with Stroop interference activation showing the timeline of the averaged trials per group and assessment. Red lines refer to the results in the 1PP group,
while blue lines refer to those of the 3PP group. Dotted lines show results recorded during the baseline assessment, dashed lines refer to post-session, and solid
lines are for post-intervention assessment. The X-axis displays the time in seconds for every trial of the Stroop task: 2 s before the stimulus display, the stimulus is
displayed (from 0 to 2 s) and the next 7 s (where there is an increased peak around 6–8 s in the 1PP post-intervention line). Vertical black bars denote plus/minus
standard errors.

“Introduction”), we analyzed first the data from the online and
offline questionnaires and the heart rate data. Then, to test
hypotheses 2 and 3, we proceeded with the main analysis of the
Stroop test, fNIRS, and TDMS measurements across the three
assessment time points. Lastly, we ran correlations among them.

Heart Rate
Considering that we did not find differences in time, i.e., the main
effect of session, or in the interaction with group, we averaged the
results across sessions for each subject.

In the Mann–Whitney U test comparing the two groups dHRf
was significantly (p < 0.01, 2∗1-sided exact p < 0.01, adjusted
z = 5.27) higher in the 1PP (9.53 ± 0.57) with respect to the
3PP (−1.44 ± 0.57) group. The dHRs did not result significantly

different in the group comparison (1PP: −0.99 ± 0.45; 3PP:
−1.47 ± 0.449) (Figure 5). The retrospective power analysis
resulted in power = 0.95, η2 = 0.80.

As previously mentioned, the participants were allowed to
choose a speed for the fast walking phase animation appropriate
for them: 41 subjects chose speed 1 (3.30 m/s) and only one
subject (in the 1PP group) chose speed 2 (4 m/s).

Online Questionnaire on Sense of Body
Ownership and Agency
Firstly, we checked eventual differences between sessions
(meaning that ratings to the same statement do not change
across the time of the intervention) and also in the repetitions
of the statements in the training phase (meaning that ratings
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FIGURE 5 | Line plots of the heart rate (HR) results (expressed in beats per
minute). Red line represents the results of the first-person perspective (1PP)
group and blue line is for the results of the third-person perspective (3PP)
group. Left part of the graph shows the results of HR during the fast phase
(dHRf) of the virtual high-intensity intermittent exercise (vHIE) across sessions
and the right one concerns the slow phase (dHRs). For both, the results
shown here are obtained by subtracting the corresponding static phase.
Significant differences (p < 0.05) are highlighted with asterisk. Vertical black
bars denote plus/minus standard errors.

to the same statement do not change across the time of the
same session). We found no relevant differences between sessions
or within the sessions, so we averaged for each subject each
statement separately across sessions for the static phase and also
across repetitions in the same session for the training phase (see
Supplementary Material).

In the Mann–Whitney U test comparing groups, in the static
phase, s1 (about sense of body ownership) was significantly
different (p < 0.01, 2∗1-sided exact p < 0.01, adjusted z = 3.81)
between the 1PP group (2.87 ± 0.33) and the 3PP group
(0.75 ± 0.33), with 1PP higher than the control group. The same
pattern was found for s3, the statement about sense of agency
(p < 0.01, 2∗1-sided exact p < 0.01, adjusted z = 2.88), with
ratings in the 1PP group (1.84 ± 0.31) higher than those of 3PP
(0.59 ± 0.31). In contrast, s2, the control statement on body
ownership, showed the opposite pattern: in 1PP (1.44 ± 0.44),
s2 was significantly lower (p < 0.01, 2∗1-sided exact p < 0.01,
adjusted z = -4.29) than that in the 3PP group (4.74 ± 0.44).
Lastly, s4, the control statement about agency, did not differ
between groups (Figure 6A).

In the training phase, it seems that the pattern of ratings in
the static phase is maintained. s1, about sense of body ownership,
was significantly (p < 0.01, 2∗1-sided exact p < 0.01, adjusted
z = 3.68) higher in the 1PP group (2.91 ± 0.36) than in the 3PP
group (0.72 ± 0.36)., The same goes for s3, the statement about
sense of agency (p < 0.01, 2∗1-sided exact p < 0.01, adjusted
z = 2.95), which was, again, higher in the 1PP group (1.90 ± 0.32)
than in the control group (0.59 ± 0.32). The control statement

s2, the statement on body ownership, was significantly (p < 0.01,
2∗1-sided exact p < 0.01, adjusted z = -4.21) lower in the 1PP
group (1.43 ± 0.45) than in 3PP (4.79 ± 0.45) (Figure 6B).
Again, s4, the control statement about agency, did not differ
between groups. The retrospective power analysis resulted in
power = 0.85, η2 = 0.73.

Despite the above-mentioned significances, if we consider the
non-ipsatized data (see Table 1), in the 1PP group, s1 (statement
about body ownership) during the static phase was rated 4.69/7
and during the training phase was rated 4.74/7, meaning close to
“I slightly agree.” s3 (about sense of agency) in the static phase
was rated 3.63/7 and in the training phase was 3.69/7, meaning
close to “I don’t know” (corresponding to 4/7). If we consider the
groups separately and compare the statements (with Wilcoxon
test), in the 1PP group, s1 (about sense of body ownership)
during the static and also the training phase was not significantly
different from its control (s2), while s3 (about sense of agency)
was significantly higher (static: p < 0.01, z = 2.69; training:
p< 0.01, z = 2.66) than s4 (its control statement) in static (2.30/7)
and training (2.29/7).

Offline Questionnaire on Sense of Body
Ownership and Agency
Firstly, we needed to check whether there was an effect of the
session (meaning that ratings to the same statement do not
change across the time of the intervention): we found no main
effect of sessions or interaction with statement or group, so
we proceeded by averaging the answers to the same statement
across sessions.

In the Mann–Whitney U test comparing between groups, s5,
about sense of being located where the virtual body was, was
significantly different (p = 0.01, 2∗1-sided exact p = 0.02, adjusted
z = 2.35) and higher in the 1PP group (2.08 ± 0.32) with respect
to the 3PP group (0.92 ± 0.27). The same pattern was found
for s6, about sense of body ownership (p = 0.01, 2∗1-sided exact
p = 0.01, adjusted z = 2.52; 1PP: 2.01 ± 0.36; 3PP: 0.70 ± 0.24);
s8, about the ownership of the virtual movements (p = 0.02, 2∗1-
sided exact p = 0.02, adjusted z = 2.20; 1PP: 1.97 ± 0.37; 3PP:
0.85 ± 0.27); s11, about sense of effort (p = 0.03, 2∗1-sided exact
p = 0.04, adjusted z = 2.07; 1PP: 1.55 ± 0.31; 3PP: 0.60 ± 0.18);
s12, concerning the feeling of the movement of the body in the
space, or vection (p = 0.01, 2∗1-sided exact p = 0.01, adjusted
z = 2.47; 1PP: 2.36 ± 0.344; 3PP: 1.01 ± 0.28); and s13, about
the feeling of walking (p = 0.04, 2∗1-sided exact p = 0.04, adjusted
z = 2.05; 1PP: 1.78 ± 0.30; 3PP: 0.89 ± 0.25). The opposite
pattern was shown in s10, the control statement about sense of
body ownership, where ratings in the 1PP group (1.10 ± 0.37)
were significantly lower (p < 0.01, 2∗1-sided exact p < 0.01,
adjusted z = -3.01) than those in the 3PP group (3.24 ± 0.47);
s14, regarding the feeling of being dragged (p < 0.01, 2∗1-sided
exact p < 0.01, adjusted z = -3.33; 1PP: -0.44 ± 0.10; 3PP:
0.05 ± 0.10); and s15, about the feeling of sliding (p < 0.01, 2∗1-
sided exact p < 0.01, adjusted z = -2.70; 1PP: -0.17 ± 0.13; 3PP:
0.18 ± 0.10). Note that the raw data of s14 (about being dragged)
and s15 (about sliding) seem to have the 1PP higher than the 3PP
group, but after the ipsatization process, the pattern was inverted.
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FIGURE 6 | Histograms of the online and offline questionnaires about sense of body ownership and agency results (ipsatized data used in the analysis). (A) Results
of the online questionnaire (from s1 to s4) during the static phase. (B) Results of the online questionnaire (from s1 to s4) during the training phase (averaged between
repetitions). (C) Results of the offline questionnaire (from s5 to s15). All the displayed data represent the average scores between sessions. Red bars represent the
results of the first-person perspective (1PP) group and blue bars the results of the third-person perspective (3PP) group. Significant differences (p < 0.05) are
highlighted with asterisk. Vertical black bars denote plus/minus standard error.

S7 (about standing) and s9 (about sense of agency) did not differ
between groups (Figure 6C). The retrospective power analysis
resulted in power = 0.80, η2 = 0.72.

Two-Dimensional Mood Scale
For pleasure, we found no effect of interaction or main effect
of time, meaning that the pleasure level did not change before
and after each session, so it did not affect the physiological
recording. We found though a main effect of session [F(10,
300) = 12.31, p < 0.01], showing a decline in the level of
pleasure, but independently of the group or before/after the
session itself. Consequently, we averaged the results for pleasure
for pre- and post-sessions, and we confirmed that there are no
significant differences.

As for arousal, we found a comparable pattern: although
there was no effect of interaction, there was a main effect
of session [F(10, 300) = 28.27, p < 0.01], again showing a
decline in the pleasure levels as the intervention continued. We
found no differences in time or group, combining the pre and
post results for all sessions. In summary, no changes in mood
(pleasure and arousal specifically) were detected comparing the

two groups before or after each session, so they unlikely affected
the physiological recordings.

Stroop Task’s RT and ER
Regarding the RT measurements, in 2 × 2 ANOVA to compare
the data recorded during the baseline assessment, the interaction
between factors [F(1, 40) = 6.13, p = 0.02] and also the main
factor condition [F(1, 40) = 95.31, p < 0.01] were significant,
with RT in the neutral condition (1,548.22 ± 45.96 ms) inferior
to that in the incongruent condition (1,933.42 ± 52.25 ms).
The main factor group was not significant. Therefore, we can
conclude that, independently of group assignment, on average,
all subjects showed the typical Stroop interference, before
beginning the RCT.

In the 2 × 3 ANOVA to compare the Stroop interference
between groups and time of assessment, we found that the
effect of interaction was significant [F(2, 80) = 5.24, p < 0.01].
At post hoc comparison, the Stroop interference in the 1PP
group during the post-intervention assessment (270.20 ± 41.78)
was significantly lower (p = 0.01) than that at baseline
(437.80 ± 50.58), but not different with respect to the post-
session assessment (345.07 ± 50.36). Although they clearly have
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opposite patterns (Figure 7A), it is worth noticing that there
were no differences between groups at the assessments, except at
baselines (p = 0.02; 1PP: 437.80 ± 50.58; 3PP: 260.59 ± 50.58).
In the 3PP group, no differences were detected. The retrospective
power analysis resulted in power = 0.80, dz = 0.25.

Regarding the ER measurements, in the Wilcoxon test to
compare the data collected during the baseline assessment, the
comparison between neutral (1.82 ± 0.39) and incongruent
(15.79 ± 1.41) resulted significant (p < 0.01, z = 5.44), with
the incongruent higher than the neutral, therefore showing the
typical Stroop interference also for the ER. If we eventually
compare between groups with the Mann–Whitney U test, we
confirm that there was no difference.

In the Mann–Whitney U test to compare between groups and
time of assessment, ER (incongruent–neutral) was significantly
different (p = 0.04, 2∗1-sided exact p = 0.04, adjusted
z = −2.06) between groups at baseline (1PP: 12.17 ± 1.71;
3PP: 16.51 ± 1.80), but not at post-session or at post-
intervention (Figure 7B).

fNIRS Data
While we did not find any significant difference in HHb, we
found a significant effect of group × condition interaction [F(2,
64) = 3.32, p = 0.04] for O2Hb in the 2 × 3 ANOVA. At post hoc
(Duncan’s test), the only significant difference was between post-
intervention comparing groups (p = 0.01), showing an increased
activation in the 1PP (0.14 ± 0.08) with respect to the 3PP
(−0.09 ± 0.08) group (Figure 4B). The retrospective power
analysis resulted in power = 0.90, dz = 0.40.

There was no difference in activation comparing the baselines
of the two groups. Different with respect to predictions and

the previous results, we did not find any difference in post-
session activation but, as mentioned before, only at post-
training assessment. This result seems to be coherent with
the Stroop task results of RT. Interestingly, plotting the O2Hb
results by trial (showing the timing of activation with respect
to the Stroop task stimulus), there was clearly an increased
activity in post-intervention, 6–8 s after displaying the visual
stimulus (Figure 4C).

Correlations
In Spearman’s correlation (to test for correlations between
measurements during the vHIE), we found that the HR during
the fast walking phase positively correlated with s1 [r = 0.42,
t(N - 2) = 2.94, p = 0.01, FDR-adjusted p = 0.01], s3 [r = 0.41,
t(N - 2) = 2.85, p = 0.01, FDR adjusted p = 0.01], and s4 [r = 0.49,
t(N - 2) = 3.55, p < 0.01, FDR-adjusted p < 0.01]. A negative
correlation was found for s2 [r = -0.43, t(N - 2) = -3.01, p < 0.01,
FDR-adjusted p = 0.01]. We found no significant correlations
between HR and the subjective ratings in the slow walking phase
or between the HR and the questionnaire during the static phase.

Concerning the correlation between HR and the offline
questionnaire’s results, we found positive significant correlations
between HR during the fast walking phase and s5 [r = 0.38,
t(N - 2) = 2.66, p = 0.01, FDR-adjusted p = 0.02], s6 [r = 0.44,
t(N - 2) = 3.10, p < 0.01, FDR-adjusted p = 0.01], s7 [r = 0.38,
t(N - 2) = 2.61, p = 0.01, FDR-adjusted p = 0.01], s8 [r = 0.39,
t(N - 2) = 2.70, p = 0.01, FDR-adjusted p = 0.02], s11 [r = 0.42,
t(N - 2) = 2.96, p = 0.01, FDR-adjusted p = 0.01], s12 [r = 0.44,
t(N - 2) = 3.09, p < 0.01, FDR-adjusted p = 0.01], s13 [r = 0.47,
t(N - 2) = 3.40, p < 0.01, FDR-adjusted p = 0.01], s14 [r = 0.38,
t(N - 2) = 2.63, p = 0.01, FDR-adjusted p = 0.01], and s15 [r = 0.38,
t(N - 2) = 2.58, p = 0.01, FDR-adjusted p = 0.01]. s9 and s10 did

FIGURE 7 | Line plots of the Stroop interference (incongruent–neutral condition) results for the Stroop task’s response time (RT) (A) and error rate (ER) (B). For both,
red line represents the results of the first-person perspective (1PP) group and blue line the results of the third-person perspective (3PP) group. Stroop interference
results for response time (in milliseconds) (A) and error rate (in percent of error) (B) across the three assessment time points: baseline, post-session, and
post-intervention. Significant difference (p < 0.05) is highlighted with asterisk. Vertical black bars denote plus/minus standard errors.
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not correlate with HR, and we found no correlations between
statements and the HR during the slow walking phase, as it
happened for the online questionnaire.

In Pearson’s correlation (to test for correlations between
measurements during the assessment), we found a significant
negative correlation between RT Stroop interference and O2Hb
signal during the baseline assessment (r = -0.39, p = 0.02, FDR-
adjusted p = 0.04) and a significant positive correlation during
the post-session assessment (r = 0.37, p = 0.03, FDR-adjusted
p = 0.03), but we did not find significant correlations during
the post-intervention assessment. As for ER, we did not find
correlations with the O2Hb data.

In Spearman’s correlation (to test for correlations between
measurements during the vHIE and measurements during the
assessment), after the FDR adjustment, only the correlations
between s9 and the O2Hb signal in the post-intervention
assessment resulted significant [r = 0.31, t(N - 2) = 2.03, p = 0.04,
FDR-adjusted p = 0.04].

DISCUSSION

The present study not only aimed at confirming previous results
about the cognitive benefits of virtual training (Burin et al., 2020)
but also intended to provide new knowledge concerning the long-
term effects of this intervention on the elderly population. Here,
we proposed a vHIE intervention, with similar characteristics
to that in Burin et al. (2020) and Burin et al. (2019c): with the
participants sitting still, the virtual body alternated sequences
of fast and slow walking while we measured the heart rate and
questionnaires during the virtual training and Stroop task and the
cortical activity at different time points during the intervention.
The main differences with respect to our previous study are the
target sample and the timing of the intervention: in this case,
we recruited a sample of over 60-year-old participants (organized
into two groups, 1PP and 3PP, according to the visual perspective
of the virtual body), and we modified the intervention itself in
order to repeat the vHIE for 6 weeks, twice a week, for 20 min
each session (instead of the 8 min for one session in the previous
study). Coherently, we repeated the cognitive assessments before
the beginning of the intervention, right after the first session, and
at the end of the entire intervention. We will discuss the present
findings starting from the initial hypothesis made in Section
“Introduction.”

Findings on Body Ownership, Agency,
and Physiological Effect During the vHIE
(Hypothesis 1) Are Confirmed in the
Elderly Across the Long-Term
Intervention
In the present study, we confirm, thanks to the questionnaires’
results, that the full-body illusion can cause a sense of body
ownership over the virtual body, but only when the avatar is
displayed coherently with the participants’ perspective (i.e., in
the 1PP). Here, we confirm that the visual perspective seems to
be the necessary condition for the ownership illusion to arise
(Kokkinara et al., 2016; Burin et al., 2020; Neyret et al., 2020),

while other stimulations, such as tactile, might contribute to
increase it (Maselli and Slater, 2013), but are not as determinant
as the visual channel.

We also confirm here that, despite the discrepancy between
the real (no actions) and virtual (fast and slow walking) actions,
the sense of agency over the virtual movements is, to some extent,
preserved. The possibility to transfer the sense of agency to an
agent other than our own body is not entirely a novelty: revisited
versions of the rubber hand illusion involving movements proved
how the sense of ownership over a fake hand (induced by
visuotactile stimulation) can be so consistent to persist if it moves,
inducing the sense of agency over the embodied movement
(Kalckert and Ehrsson, 2012, Kalckert and Ehrsson, 2014; Burin
et al., 2017). The full-body illusion replicates and strengthens this
result by involving the entire body and allowing the overlap of the
real and the physical body (Ehrsson, 2007; Slater, 2018), thanks
to technologies such as IVR. In this context, while the sense
of ownership is maintained, it is possible to manipulate several
aspects related to the sense of agency. For example, the same
illusion is effective even when there is a discrepancy between
the intended and the executed movements: within certain spatial
or temporal constrains (Burin et al., 2019a), the seen/executed
movements can differ from the intended ones, without disrupting
the sense of agency or even increasing it (Aoyagi et al., 2019).

Different with respect to the previous studies, here, the real
person’s body is still and no instructions were given about any
movements (Kokkinara et al., 2016; Burin et al., 2020), so there is
no motor intention created. Therefore, there is no direct contrast
in the neurocognitive comparator model, which compares the
predicted action and the executed one (Frith et al., 2000). It is
worth noticing that for the 1PP group, the recorded answers to
the questionnaire’s statements related to the sense of agency are,
on average, between 4/7 (“I don’t know”) and 5/7 (“I slightly
agree”), but still higher than those of the 3PP group or with
respect to the control statements: possibly, in a situation of
uncertainty, where the virtual body in the 1PP is considered as
one’s own (see answers to sense of body ownership statements in
Tables 1, 2) and it is moving, people tend to attribute the agency
of the seen movements to themselves, driven by the increased
sense of ownership over the avatar (Burin et al., 2017, 2020). The
absence of a motor plan might have positively contributed to this
phenomenon because the seen movements (performed by one’s
own virtual body) do not directly contrast the plan itself, but they
can somehow integrate and be justified by the increased sense
of body ownership (“this is my body–my body is moving–I am
moving”). In this case, what happens might be an a posteriori
reconstruction of the motor intention, based on the sense of body
ownership, while normally it is a forward process, starting with
the intention itself.

These levels of sense of subjective body ownership and agency
might be sufficient to determine consequent reactions on a
physiological level, i.e., increasing the heart rate coherently with
the virtual movements, despite the participant being completely
still. Even though this phenomenon has been observed in
previous studies (Moseley et al., 2008; Kokkinara et al., 2016;
Matamala-Gomez et al., 2020), here, the virtual movements
alternate sequences of fast and slow walking (2 min each) instead
of having a constant animation at the same speed with a final
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rush, which makes the physiological reaction even more reliable.
The correlations between the heart rate results during the fast
walking phase and the sense of body ownership and agency
during the vHIE indicate that the more one feels the virtual body
and the virtual movements as one’s own, the more the heart
rate increases when the avatar is fast walking, confirming the
link between the subjective experience of the illusion and the
physiological reaction.

It also proves, once again, that the IVR illusion is extremely
effective: in fact, the physiological response to the HIE seems to be
somehow comparable to what happens during the same training
performed in real life (Kujach et al., 2017), even though the heart
rate during the fast walking phase of the vHIE shows peaks much
lower than its real version.

Curiously, ratings of the online and offline questionnaires
seem to be quite similar in the sample of elderly in this study
and that in our previous study with young participants (Burin
et al., 2020). Despite some argued differences in the sense of
body ownership (Riemer et al., 2019) or in the potential strength
of the multisensory illusion in the two populations (Marotta
et al., 2018; Serino et al., 2018; Hide et al., 2021), the virtual
illusion is quite effective independently of age (Palomo et al.,
2018). The same illusion in the elderly is constant across the long-
term study since there are no differences between sessions of the
intervention in both groups. Independently of the experimental
procedures, there might be a certain level of individuality,
personality traits, or undetected components that establish the
singular adherence to the multisensory illusion (Marotta et al.,
2016; Burin et al., 2019b).

Previous Findings on Acute Cognitive
and Neural Benefits of the vHIE
(Hypothesis 2) Are Not Replicated in the
Elderly
In the previous study with vHIE on young participants, the main
outcome resulted from diminished response time at the Stroop
task immediately after one session of virtual training in the 1PP
condition (Burin et al., 2020). Here, right after the first session of
vHIE in the 1PP group, we did not find the same effect replicated
in the senior sample. This result is further set by the absence
of an increased activation over the lDLPFC, as described by the
fNIRS results. Nonetheless, we observed a clear trend from the
baseline (before the beginning of the intervention) to the post-
session assessment, where the response time at the Stroop task
clearly decreased in the experimental group only.

This is the first attempt to compare the short- and long-
term cognitive effects of a training performed virtually, to the
best of our knowledge. While several studies have confirmed the
potential effects of long-term interventions with different types
of training, from exergames to brain trainings (Wollesen et al.,
2020), little is known about the acute effects of virtual motor
trainings on the elderly. A previous study with non-immersive
virtual reality measuring different outcomes, including executive
functions, went in a similar direction with respect to the
current result: institutionalized elderly people did not show an

improvement after a single session of exergames (Monteiro-
Junior et al., 2017b).

Our previous study’s only direct comparison is where young
people showed an acute improvement in cognitive functions
right after 8 min of vHIE in the 1PP condition. Perhaps,
the crucial difference here is the population itself: it is quite
established that body representations are updated less quickly and
efficiently with age because of the deteriorated sensory modalities
(Poliakoff et al., 2006; Kuehn et al., 2018), showing, for example,
a bias in proprioceptive judgment (Riemer et al., 2019), which
may cause falls and reduced manual dexterity. Even in the
context of multisensory illusions, they seem to have difficulties
in merging sensory cues coming from different sources (Hay
et al., 1996; Graham et al., 2014; Kállai et al., 2017). Someone
argued that adolescents and young adults need to have a more
flexible self-perception with respect to the elderly since their
appearance change more quickly (Tajadura-Jiménez et al., 2012),
while someone else supported the associative learning theory
based on the fact that the elderly have a longer experience
of spatiotemporal matching sensory experiences, which in turn
makes the probability of an uncertain situation, such as an
experimentally induced multisensory illusion, a priori less likely
to happen (Armel and Ramachandran, 2003; de Vignemont,
2010). Despite these possible explanations, the rubber hand
illusion and other variations can be effectively induced in the
elderly, as we have shown in this study, with underlying processes
comparable to those in the younger population. It has been
demonstrated that older adults perceive their own hand as closer
to their own body with respect to younger adults before any
kind of visuotactile stimulation; however, this proprioceptive bias
does not correlate with the behavioral (i.e., the proprioceptive
drift) and subjective measurements (i.e., questionnaire), but the
strength of the illusion is persistent in a comparable manner to
young people (Riemer et al., 2019). For these reasons, it might
be possible that the full-body illusion (despite being present
and persistent), but especially its consequences on cognitive
and neural functions, requires more time to adapt in such an
established representation of body and movements, while young
adults are more prone to modifications of their relatively flexible
system. Considering we did not perform assessments other than
the post-session and post-intervention, we cannot argue here
about the exact timing when the cognitive performance actually
improves, i.e., which is the minimum amount of time necessary
for a training, such as this one, to be effective on a cognitive and
neural level. Also, since we did not run a follow-up measurement,
we cannot argue about the stability of this effect. This might be an
issue to be further studied.

Increased Cognitive and Neural
Improvement After the Entire
Intervention (Hypothesis 3) Are Reported
as Long-Term Effects of the vHIE
Performed by One’s Own Virtual Body
As the main outcome of the study, we found a decreased response
time at the Stroop task in the assessment after the 6-week
intervention with respect to the baseline in the 1PP group only.
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This result is doubly confirmed by the fNIRS results, where
an increased activity over the lDLPFC (generally considered as
part of the underlying neural network of the Stroop task) was
detected, again only after the entire intervention, in the 1PP
group. Interestingly, the two results significantly correlate, i.e.,
a shorter response time in the Stroop task corresponds to an
increased neural activation on the lDLPFC. The strength of the
illusion (in terms of sense of body ownership and agency over
the moving virtual body in 1PP) and its repetitions across the
intervention triggered the alterations in the body and movement
representation of the elderly participants, necessary to induce
first the physiological reaction and then the high-level cognitive
response, supported by the neural activation. As argued in Burin
et al. (2020), we believe that the chain of events that culminates
with the improved behavioral output starts with the manipulation
of sense of body ownership and agency, thanks to the virtual
illusion (Slater, 2009), which has been proven to be very effective
in several previous studies on a subjective (Maselli et al., 2016),
motor (Burin et al., 2019a), physiological (Kokkinara et al., 2016;
Martens et al., 2019; Matamala-Gomez et al., 2020), or even social
(Maister et al., 2015; Bedder et al., 2019) level. In this case, we
focused the effectiveness of the illusion on the subjective and
physiological responses as we found especially higher ratings to
the online questionnaire during the vHIE training in the 1PP,
but also an increased heart rate while the virtual body in the
1PP was fast walking (also, the two measurements correlate, i.e.,
the increased heart rate corresponds to higher ratings to s1 and
s3, statements for ownership and agency, respectively). These
two data, combined in consideration of all sessions, confirm the
success of the illusion itself and constitute the first and necessary
“building block” for the illusion to arise (Maselli and Slater, 2013)
and to determine its consequent effects. Comparable to what
happens after a real physical activity (Byun et al., 2014; Kujach
et al., 2017), here, we crucially found an improvement in the
cognitive task, specifically at the response time.

From a neurobiological perspective, it has been described that
intermittent acute physical exercises, with various intensities,
trigger the release of noradrenaline, dopamine, and acetylcholine
from the nuclei, possibly triggered, in turn, by the increased
general physiological activation of the organism (e.g., heart rate)
(Lambourne and Tomporowski, 2010; Dietrich and Audiffren,
2011). These nuclei are structurally and functionally connected
to the hippocampus and prefrontal cortex (Arnsten, 2011). The
latter is critically involved in executive functions and specifically
to those involved in the Stroop task (MacDonald et al., 2000)
and related to physical activity (Yanagisawa et al., 2010; Byun
et al., 2014; Kujach et al., 2017). Here, we confirm these results
by showing an increased activation with a coincident timeline
with respect to the task itself (i.e., in Figure 6, there clearly is
a peak at 6–8 s after the stimulus onset, proving its connection
with the task). Inhibitory control, which is one of the key
functions in the execution of the Stroop task, seems to be
critical to selecting or discarding unrelated information that can
interfere with the completion of a specific goal, and it seems
to decline with age (Friedman and Miyake, 2004). Although,
a recent study proved how overall inhibitory control at the
Stroop task can be improved after an acute training even in

aged people (Fujihara et al., 2021). Because of the behavioral
and neural results of the present study, this neurobiological
explanation might be a potential interpretation; unfortunately, as
it happened in the previous study with young subjects, we did
not find any significant differences in the TDMS, and specifically
in the arousal subscale. This might be explained by the overall
heart rate activation, which was significantly higher during the
running phase, but never really high, and surely not as it happens
with real physical exercise. It is possible that the virtual illusion
created the conditions for the physiological activation, but that
activation was not enough to be reflected in a subjective increase
of the arousal level. Even though the ratio of the heart rate
increase during the 1PP training is way lower with respect
to what happens in real physical activity, we assume that the
subjective illusion and its physiological activation on the real
person’s body was enough to determine the cognitive outcome,
which was sustained and mediated by the neural activation
over the lDLPFC. As previously argued, it also seems that the
repetition of the training was fundamental for the elderly since
we did not find the same effect in the acute but only in the
long-term intervention.

In summary, we believe that comparable processes happen
after a “real” physical exercise and after a virtual one, except
that, in the latter, the actual execution of movements is replaced
by the virtual body: the illusion is so strong that the general
bodily arousal (even though it is not subjectively perceived)
might be enough to determine the release of neurotransmitters,
comparable to what happens after a training with one’s own
body. As explained in the first subsection of Section “Discussion,”
we consider the sense of body ownership and agency over the
avatar in the 1PP themselves. Their consequences on the real
body are a crucial key component to connecting the perceptual
level of the virtual illusion with the higher functions. In contrast
with previous studies (Kujach et al., 2017), we cannot argue that
the generic arousal activation supplies to that role because we
did not find any significance of the TDMS. Other studies with
combinations of exergames (such as the Kinect) and physical
exercise, in some cases on the elderly with mild cognitive
impairments, argue that the improved neural efficiency acts
as an intermediate between the improvement of bodily and
global cognitive functions (Ansai et al., 2017; Bacha et al., 2018;
Morita et al., 2018; Liao et al., 2019, 2020; Wollesen et al.,
2020), which might be in line with our results. Nevertheless,
they clearly exploit “real” physical activity, actually performed by
the physical body, or they test VR games acting specifically on
certain cognitive functions, perhaps in combination with physical
exercises: the novelty of our study lies in the manipulation
of the sense of body ownership and agency over the virtual
body, which is the only agent performing the training, while
the real body is still. Despite this contradiction, the illusory
feelings toward the avatar show consequences on different and
higher functions, such as the cognitive one, after the long-
term intervention.

Limitations
We mentioned that the main outcome of this study is the
response time of the Stroop task, although the other behavioral
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component is represented by the accuracy (i.e., percentage of
error). We did not find any significant difference between
assessments for the latter, but only a difference in the baseline
between groups. It shows a pattern similar to the response time,
decreasing after post-session and post-intervention assessments,
but not significantly. This is consistent with the results shown
by young participants (Burin et al., 2020), where it was possibly
due to a contingency or a repetition effect (Hazeltine and
Mordkoff, 2014), which seems to be specific for the error rate
and not for speed.

A similar issue was with regard to the baseline assessments:
for the error rate, as for the response time, we found a difference
between groups, meaning that the two groups do not start from
the same baseline level concerning the Stroop task. Possibly
for this same reason, we did not find a significant difference
in RT in the post-intervention assessment between groups,
but a significant interaction and a significant difference in the
1PP group with respect to its baseline. Nonetheless, they show
opposite patterns, and the main outcome of the response time
correlates with the fNIRS data, the other measurement assessed
during the Stroop task. Although the group allocation was done
before the baseline assessment, it is possible that the selected
participants started from different levels of speed.

The scores concerning the sense of agency statements in both
online and offline questionnaires are between 3 and 4/7, around
the middle point of the Likert scale, meaning uncertainty. In
the online questionnaire, there is still a significant difference
between groups (with 1PP higher than 3PP), but in the offline
questionnaire, at s9, there is no difference between groups. These
results are quite comparable to those in younger participants.
As previously argued, it might be possible that this feeling
of uncertainty about the explicit sense of agency is enough
to attribute to oneself the seen movements, or at least show
their physiological counterpart. It would be possible to further
increase the sense of agency over the moving virtual body by
including additional stimulations, such as vibrotactile feedbacks
in correspondence to the walking–fast walking animation.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of the Tohoku University
Graduate School of Medicine. The patients/participants provided
their written informed consent to participate in this study.
Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

AUTHOR CONTRIBUTIONS

DB and RK conceptualized the study. DB developed and RK
approved the methodology. DB implemented the software,
organized the investigation and the database, performed the
formal analysis, and provided the financial resources. RK was
responsible for supervision. DB wrote the first draft of the
manuscript. DB and RK edited and reviewed the manuscript.
All authors contributed to the manuscript revision, read, and
approved the submitted version.

FUNDING

This work is supported by the Japan Society for the Promotion
of Science JSPS KAKENHI grant (Grant-in-Aid for Early-Career
Scientists, no. 19K20639) to DB. The funder (Japanese Society
for Promotion of Science) has no role in the design or conduct
of the trial. The authors declare that they have no professional
relationships with companies or manufacturers who will benefit
from the results of the present study. The companies providing
technical equipment (Oculus, NeU, and Hitachi) have no role
in designing or conducting the study. A patent application is in
progress for the virtual training at the Japan patent office (no.
P20190109).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2021.674326/full#supplementary-material

REFERENCES
Ansai, J. H., De Andrade, L. P., De Souza Buto, M. S., De Vassimon Barroso, V.,

Farche, A. C. S., Rossi, P. G., et al. (2017). Effects of the addition of a dual task to
a supervised physical exercise program on older adults’ cognitive performance.
J. Aging Phys. Act. 25, 234–239. doi: 10.1123/japa.2016-0094

Aoyagi, K., Wen, W., An, Q., Hamasaki, S., Yamakawa, H., Tamura, Y., et al.
(2019). “Improvement of sense of agency during upper-limb movement for
motor rehabilitation using virtual reality,” in Proceedings of the 41st Annual
International Conference of the IEEE Engineering in Medicine and Biology
Society, EMBS, Berlin, 118–121. doi: 10.1109/EMBC.2019.8856796

Armel, K. C., and Ramachandran, V. S. (2003). Projecting sensations to external
objects: evidence from skin conductance response. Proc. R. Soc. Lond. B Biol.
Sci. 270, 1499–1506. doi: 10.1098/rspb.2003.2364

Arnsten, A. F. T. (2011). Catecholamine influences on dorsolateral prefrontal
cortical networks. Biol. Psychiatry 69, e89–e99. doi: 10.1016/j.biopsych.2011.01.
027

Bacha, J., Gomes, G., de Freitas, T. B., Viveiro, L., da Silva, K. G., Bueno, G. C.,
et al. (2018). Effects of kinect adventures games versus conventional physical
therapy on postural control in elderly people: a randomized controlled trial.
Games Health J. 7, 24–36. doi: 10.1089/g4h.2017.0065

Banakou, D., Groten, R., and Slater, M. (2013). Illusory ownership of a virtual child
body causes overestimation of object sizes and implicit attitude changes. Proc.
Natl. Acad. Sci. U.S.A. 110, 12846–12851. doi: 10.1073/pnas.1306779110

Banakou, D., Hanumanthu, P. D., and Slater, M. (2016). Virtual embodiment of
white people in a black virtual body leads to a sustained reduction in their
implicit racial bias. Front. Hum. Neurosci. 10:601. doi: 10.3389/fnhum.2016.
00601

Frontiers in Human Neuroscience | www.frontiersin.org 17 May 2021 | Volume 15 | Article 674326

https://www.frontiersin.org/articles/10.3389/fnhum.2021.674326/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnhum.2021.674326/full#supplementary-material
https://doi.org/10.1123/japa.2016-0094
https://doi.org/10.1109/EMBC.2019.8856796
https://doi.org/10.1098/rspb.2003.2364
https://doi.org/10.1016/j.biopsych.2011.01.027
https://doi.org/10.1016/j.biopsych.2011.01.027
https://doi.org/10.1089/g4h.2017.0065
https://doi.org/10.1073/pnas.1306779110
https://doi.org/10.3389/fnhum.2016.00601
https://doi.org/10.3389/fnhum.2016.00601
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-674326 May 25, 2021 Time: 20:4 # 18

Burin and Kawashima Virtual Intervention Improves Cognition in Elderly

Banakou, D., Kishore, S., and Slater, M. (2018). Virtually being Einstein results in
an improvement in cognitive task performance and a decrease in age bias. Front.
Psychol. 9:917. doi: 10.3389/fpsyg.2018.00917

Banakou, D., and Slater, M. (2014). Body ownership causes illusory self-attribution
of speaking and influences subsequent real speaking. Proc. Natl. Acad. Sci.
U.S.A. 111, 17678–17683. doi: 10.1073/pnas.1414936111

Bedder, R. L., Bush, D., Banakou, D., Peck, T., Slater, M., and Burgess, N. (2019). A
mechanistic account of bodily resonance and implicit bias. Cognition 184, 1–10.
doi: 10.1016/j.cognition.2018.11.010

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B
(Methodological) 57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Botvinick, M., and Cohen, J. (1998). Rubber hands ‘feel’ touch that eyes see. Nature
391:756. doi: 10.1038/35784

Burin, D., Kilteni, K., Rabuffetti, M., Slater, M., and Pia, L. (2019a). Body ownership
increases the interference between observed and executed movements. PLoS
One 14:e0209899. doi: 10.1371/journal.pone.0209899

Burin, D., Liu, Y., Yamaya, N., and Kawashima, R. (2020). Virtual training
leads to physical, cognitive and neural benefits in healthy adults. Neuroimage
222:117297. doi: 10.1016/j.neuroimage.2020.117297

Burin, D., Livelli, A., Garbarini, F., Fossataro, C., Folegatti, A., Gindri, P.,
et al. (2015). Are movements necessary for the sense of body ownership?
Evidence from the rubber hand illusion in pure hemiplegic patients. PLoS One
10:e0117155. doi: 10.1371/journal.pone.0117155

Burin, D., Pignolo, C., Ales, F., Giromini, L., Pyasik, M., Ghirardello, D., et al.
(2019b). Relationships between personality features and the rubber hand
illusion: an exploratory study. Front. Psychol. 10:2762. doi: 10.3389/fpsyg.2019.
02762

Burin, D., Pyasik, M., Ronga, I., Cavallo, M., Salatino, A., and Pia, L. (2018). As long
as that is my hand, that willed action is mine: timing of agency triggered by body
ownership. Conscious. Cogn. 58, 186–192. doi: 10.1016/j.concog.2017.12.005

Burin, D., Pyasik, M., Salatino, A., and Pia, L. (2017). That’s my hand! Therefore,
that’s my willed action: how body ownership acts upon conscious awareness of
willed actions. Cognition 166, 164–173. doi: 10.1016/j.cognition.2017.05.035

Burin, D., Yamaya, N., Ogitsu, R., and Kawashima, R. (2019c). Virtual training leads
to real acute physical, cognitive, and neural benefits on healthy adults: study
protocol for a randomized controlled trial. Trials 20:559. doi: 10.1186/s13063-
019-3591-1

Byun, K., Hyodo, K., Suwabe, K., Ochi, G., Sakairi, Y., Kato, M., et al. (2014).
Positive effect of acute mild exercise on executive function via arousal-related
prefrontal activations: an fNIRS study. Neuroimage 98, 336–345. doi: 10.1016/j.
neuroimage.2014.04.067

Cattell, R. B. (1944). Psychological measurement: normative, ipsative, interactive.
Psychol. Rev. 51, 292–303. doi: 10.1037/h0057299

de Vignemont, F. (2010). Body schema and body image-Pros and cons.
Neuropsychologia 48, 669–680. doi: 10.1016/j.neuropsychologia.2009.09.022

Delpy, D. T., Cope, M., Van Der Zee, P., Arridge, S., Wray, S., and Wyatt, J.
(1988). Estimation of optical pathlength through tissue from direct time of flight
measurement. Phys. Med. Biol. 33, 1433–1442. doi: 10.1088/0031-9155/33/12/
008

Dietrich, A., and Audiffren, M. (2011). The reticular-activating hypofrontality
(RAH) model of acute exercise. Neurosci. Biobehav. Rev. 35, 1305–1325. doi:
10.1016/j.neubiorev.2011.02.001

Dummer, T., Picot-Annand, A., Neal, T., and Moore, C. (2009). Movement and the
rubber hand illusion. Perception 38, 271–280. doi: 10.1068/p5921

Ehrsson, H. H. (2007). The experimental induction of out-of-body experiences.
Science 317:1048. doi: 10.1126/science.1142175

Farrer, C., and Frith, C. D. (2002). Experiencing oneself vs another person as
being the cause of an action: the neural correlates of the experience of agency.
Neuroimage 15, 596–603. doi: 10.1006/nimg.2001.1009

Fossataro, C., Tieri, G., Grollero, D., Bruno, V., and Garbarini, F. (2020).
Hand blink reflex in virtual reality: the role of vision and proprioception in
modulating defensive responses. Eur. J. Neurosci. 51, 937–951. doi: 10.1111/ejn.
14601

Friedman, N. P., and Miyake, A. (2004). The relations among inhibition and
interference control functions: a latent-variable analysis. J. Exp. Psychol. Gen.
133, 101–135. doi: 10.1037/0096-3445.133.1.101

Frith, C. D., Blakemore, S. J., and Wolpert, D. M. (2000). Abnormalities in the
awareness and control of action. Philos. Trans. R. Soc. Lond. B Biol. Sci. 355,
1771–1788. doi: 10.1098/rstb.2000.0734

Fujihara, H., Megumi, A., and Yasumura, A. (2021). The acute effect of moderate-
intensity exercise on inhibitory control and activation of prefrontal cortex in
younger and older adults. Exp. Brain Res. doi: 10.1007/s00221-021-06086-9
[Epub ahead of print].

Gallagher, S. (2000). Philosophical conceptions of the self: implications for
cognitive science. Trends Cogn. Sci. 4, 14–21. doi: 10.1016/S1364-6613(99)
01417-5

Gonzalez-Franco, M., Ofek, E., Pan, Y., Antley, A., Steed, A., Spanlang, B., et al.
(2020). The rocketbox library and the utility of freely available rigged avatars.
Front. Virtual Real. 1:561558. doi: 10.3389/frvir.2020.561558

Gonzalez-Liencres, C., Zapata, L. E., Iruretagoyena, G., Seinfeld, S., Perez-Mendez,
L., Arroyo-Palacios, J., et al. (2020). Being the victim of intimate partner
violence in virtual reality: first- versus third-person perspective. Front. Psychol.
11:820. doi: 10.3389/fpsyg.2020.00820

Graham, K. T., Martin-Iverson, M. T., Holmes, N. P., and Waters, F. A. (2014).
The projected hand illusion: component structure in a community sample
and association with demographics, cognition, and psychotic-like experiences.
Atten. Percept. Psychophys. 77, 207–219. doi: 10.3758/s13414-014-0748-6

Haggard, P. (2017). Sense of agency in the human brain. Nat. Rev. Neurosci. 18,
196–207. doi: 10.1038/nrn.2017.14

Hamilton, D., McKechnie, J., Edgerton, E., and Wilson, C. (2021). Immersive
virtual reality as a pedagogical tool in education: a systematic literature review
of quantitative learning outcomes and experimental design. J. Comput. Educ. 8,
1–32. doi: 10.1007/s40692-020-00169-2

Hay, L., Bard, C., Fleury, M., and Teasdale, N. (1996). Availability of visual and
proprioceptive afferent messages and postural control in elderly adults. Exp.
Brain Res. 108, 129–139. doi: 10.1007/BF00242910

Hazeltine, E., and Mordkoff, J. T. (2014). Resolved but not forgotten: stroop conflict
dredges up the past. Front. Psychol. 5:1327. doi: 10.3389/fpsyg.2014.01327

Hide, M., Ito, Y., Kuroda, N., Kanda, M., and Teramoto, W. (2021). Multisensory
integration involved in the body perception of community-dwelling older
adults. Sci. Rep. 11, 1581. doi: 10.1038/s41598-021-81121-x

Hoshi, Y., Kobayashi, N., and Tamura, M. (2001). Interpretation of near-infrared
spectroscopy signals: a study with a newly developed perfused rat brain model.
J. Appl. Physiol. (1985) 90, 1657–1662. doi: 10.1152/jappl.2001.90.5.1657

Hyodo, K., Dan, I., Suwabe, K., Kyutoku, Y., Yamada, Y., Akahori, M., et al.
(2012). Acute moderate exercise enhances compensatory brain activation in
older adults. Neurobiol. Aging 33, 2621–2632. doi: 10.1016/j.neurobiolaging.
2011.12.022

Hyodo, K., Suwabe, K., Soya, H., Fukuie, T., and Byun, K. (2016). Possible
neurophysiological mechanisms for mild-exercise-enhanced executive
function: an fNIRS neuroimaging study. J. Phys. Fit. Sports Med. 5, 361–367.
doi: 10.7600/jpfsm.5.361

Kalckert, A., and Ehrsson, H. (2012). Moving a rubber hand that feels like your
own: a dissociation of ownership and agency. Front. Hum. Neurosci. 6:40.
doi: 10.3389/fnhum.2012.00040

Kalckert, A., and Ehrsson, H. H. (2014). The moving rubber hand illusion
revisited: comparing movements and visuotactile stimulation to induce
illusory ownership. Conscious. Cogn. 26, 117–132. doi: 10.1016/j.concog.2014.
02.003

Kállai, J., Kincses, P., Lábadi, B., Dorn, K., Szolcsányi, T., Darnai, G., et al. (2017).
Multisensory integration and age-dependent sensitivity to body representation
modification induced by the rubber hand illusion. Cogn. Process. 18, 349–357.
doi: 10.1007/s10339-017-0827-4

Kilteni, K., Normand, J. M., Sanchez-Vives, M. V., and Slater, M. (2012). Extending
body space in immersive virtual reality: a very long arm illusion. PLoS One
7:e40867. doi: 10.1371/journal.pone.0040867

Klem, G. H., Lueders, H. O., Jasper, H. H., and Elger, C. (1999). The ten-twenty
electrode system of the International Federation. The International Federation
of Clinical Neurophysiology. Electroencephalogr. Clin. Neurophysiol. Supp. 52,
3–6. doi: 10.1016/0013-4694(58)90053-1

Kokkinara, E., Kilteni, K., Blom, K. J., and Slater, M. (2016). First person perspective
of seated participants over a walking virtual body leads to illusory agency over
the walking. Sci. Rep. 6:28879. doi: 10.1038/srep28879

Frontiers in Human Neuroscience | www.frontiersin.org 18 May 2021 | Volume 15 | Article 674326

https://doi.org/10.3389/fpsyg.2018.00917
https://doi.org/10.1073/pnas.1414936111
https://doi.org/10.1016/j.cognition.2018.11.010
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1038/35784
https://doi.org/10.1371/journal.pone.0209899
https://doi.org/10.1016/j.neuroimage.2020.117297
https://doi.org/10.1371/journal.pone.0117155
https://doi.org/10.3389/fpsyg.2019.02762
https://doi.org/10.3389/fpsyg.2019.02762
https://doi.org/10.1016/j.concog.2017.12.005
https://doi.org/10.1016/j.cognition.2017.05.035
https://doi.org/10.1186/s13063-019-3591-1
https://doi.org/10.1186/s13063-019-3591-1
https://doi.org/10.1016/j.neuroimage.2014.04.067
https://doi.org/10.1016/j.neuroimage.2014.04.067
https://doi.org/10.1037/h0057299
https://doi.org/10.1016/j.neuropsychologia.2009.09.022
https://doi.org/10.1088/0031-9155/33/12/008
https://doi.org/10.1088/0031-9155/33/12/008
https://doi.org/10.1016/j.neubiorev.2011.02.001
https://doi.org/10.1016/j.neubiorev.2011.02.001
https://doi.org/10.1068/p5921
https://doi.org/10.1126/science.1142175
https://doi.org/10.1006/nimg.2001.1009
https://doi.org/10.1111/ejn.14601
https://doi.org/10.1111/ejn.14601
https://doi.org/10.1037/0096-3445.133.1.101
https://doi.org/10.1098/rstb.2000.0734
https://doi.org/10.1007/s00221-021-06086-9
https://doi.org/10.1016/S1364-6613(99)01417-5
https://doi.org/10.1016/S1364-6613(99)01417-5
https://doi.org/10.3389/frvir.2020.561558
https://doi.org/10.3389/fpsyg.2020.00820
https://doi.org/10.3758/s13414-014-0748-6
https://doi.org/10.1038/nrn.2017.14
https://doi.org/10.1007/s40692-020-00169-2
https://doi.org/10.1007/BF00242910
https://doi.org/10.3389/fpsyg.2014.01327
https://doi.org/10.1038/s41598-021-81121-x
https://doi.org/10.1152/jappl.2001.90.5.1657
https://doi.org/10.1016/j.neurobiolaging.2011.12.022
https://doi.org/10.1016/j.neurobiolaging.2011.12.022
https://doi.org/10.7600/jpfsm.5.361
https://doi.org/10.3389/fnhum.2012.00040
https://doi.org/10.1016/j.concog.2014.02.003
https://doi.org/10.1016/j.concog.2014.02.003
https://doi.org/10.1007/s10339-017-0827-4
https://doi.org/10.1371/journal.pone.0040867
https://doi.org/10.1016/0013-4694(58)90053-1
https://doi.org/10.1038/srep28879
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-674326 May 25, 2021 Time: 20:4 # 19

Burin and Kawashima Virtual Intervention Improves Cognition in Elderly

Kuehn, E., Perez-Lopez, M. B., Diersch, N., Döhler, J., Wolbers, T., and Riemer, M.
(2018). Embodiment in the aging mind. Neurosci. Biobehav. Rev. 86, 207–225.
doi: 10.1016/j.neubiorev.2017.11.016

Kujach, S., Byun, K., Hyodo, K., Suwabe, K., Fukuie, T., Laskowski, R., et al.
(2017). A transferable high-intensity intermittent exercise improves executive
performance in association with dorsolateral prefrontal activation in young
adults. Neuroimage 169, 117–125. doi: 10.1016/j.neuroimage.2017.12.003

Lambourne, K., and Tomporowski, P. (2010). The effect of exercise-induced
arousal on cognitive task performance: a meta-regression analysis. Brain Res.
1341, 12–24. doi: 10.1016/j.brainres.2010.03.091

Liao, Y. Y., Hsuan Chen, I., Lin, Y. J., Chen, Y., and Hsu, W. C. (2019). Effects
of virtual reality-based physical and cognitive training on executive function
and dual-task gait performance in older adults with mild cognitive impairment:
a randomized control trial. Front. Aging Neurosci. 11:162. doi: 10.3389/fnagi.
2019.00162

Liao, Y. Y., Tseng, H. Y., Lin, Y. J., Wang, C. J., and Hsu, W. C. (2020).
Using virtual reality-based training to improve cognitive function, instrumental
activities of daily living and neural efficiency in older adults with mild cognitive
impairment. Eur. J. Phys. Rehabil. Med. 6, 47–57. doi: 10.23736/S1973-9087.19.
05899-4

Longo, M. R., and Haggard, P. (2009). Sense of agency primes manual motor
responses. Perception 38, 69–78. doi: 10.1068/p6045

Ma, K., and Hommel, B. (2015). The role of agency for perceived ownership in the
virtual hand illusion. Conscious. Cogn. 36, 277–288. doi: 10.1016/j.concog.2015.
07.008

MacDonald, A. W., Cohen, J. D., Andrew Stenger, V., and Carter, C. S. (2000).
Dissociating the role of the dorsolateral prefrontal and anterior cingulate cortex
in cognitive control. Science 288, 1835–1838. doi: 10.1126/science.288.5472.
1835

Maister, L., Slater, M., Sanchez-Vives, M. V., and Tsakiris, M. (2015). Changing
bodies changes minds: owning another body affects social cognition. Trends
Cogn. Sci. 19, 6–12. doi: 10.1016/j.tics.2014.11.001

Malik, M. (1996). Heart rate variability: standards of measurement, physiological
interpretation, and clinical use. Circulation 93, 1043–1065. doi: 10.1161/01.CIR.
93.5.1043

Marotta, A., Tinazzi, M., Cavedini, C., Zampini, M., and Fiorio, M. (2016).
Individual differences in the rubber hand illusion are related to sensory
suggestibility. PLoS One 11:e0168489. doi: 10.1371/journal.pone.0168489

Marotta, A., Zampini, M., Tinazzi, M., and Fiorio, M. (2018). Age-related changes
in the sense of body ownership: new insights from the rubber hand illusion.
PLoS One 13:e0207528. doi: 10.1371/journal.pone.0207528

Martens, M. A. G., Antley, A., Freeman, D., Slater, M., Harrison, P. J.,
and Tunbridge, E. M. (2019). It feels real: physiological responses to a
stressful virtual reality environment and its impact on working memory.
J. Psychopharmacol. 33, 1264–1273. doi: 10.1177/0269881119860156

Martini, M., Perez-Marcos, D., and Sanchez-Vives, M. V. (2013). What colour is
my arm? Changes in skin colour of an embodied virtual arm modulates pain
threshold. Front. Hum. Neurosci. 7:438. doi: 10.3389/fnhum.2013.00438

Maselli, A., Kilteni, K., López-Moliner, J., and Slater, M. (2016). The sense of body
ownership relaxes temporal constraints for multisensory integration. Sci. Rep.
6:30628. doi: 10.1038/srep30628

Maselli, A., and Slater, M. (2013). The building blocks of the full body ownership
illusion. Front. Hum. Neurosci. 7:83. doi: 10.3389/fnhum.2013.00083

Matamala-Gomez, M., Nierula, B., Donegan, T., Slater, M., and Sanchez-Vives,
M. V. (2020). Manipulating the perceived shape and color of a virtual limb can
modulate pain responses. J. Clin. Med. 9:291. doi: 10.3390/jcm9020291

Mirelman, A., Rochester, L., Maidan, I., Del Din, S., Alcock, L., Nieuwhof, F., et al.
(2016). Addition of a non-immersive virtual reality component to treadmill
training to reduce fall risk in older adults (V-TIME): a randomised controlled
trial. Lancet 388, 1170–1182. doi: 10.1016/S0140-6736(16)31325-3

Monteiro-Junior, R. S., da Silva Figueiredo, L. F., Maciel-Pinheiro, P. T., Abud,
E. L. R., Braga, A. E. M. M., Barca, M. L., et al. (2017a). Acute effects of
exergames on cognitive function of institutionalized older persons: a single-
blinded, randomized and controlled pilot study. Aging Clin. Exp. Res. 29,
387–394. doi: 10.1007/s40520-016-0595-5

Monteiro-Junior, R. S., Figueiredo, L. F. D. S., Maciel-Pinheiro, P. T., Abud,
E. L. R., Engedal, K., Barca, M. L., et al. (2017b). Virtual reality–based physical
exercise with exergames (PhysEx) improves mental and physical health of

institutionalized older adults. J. Am. Med. Direct. Assoc. 18, 454.e1–454.e9.
doi: 10.1016/j.jamda.2017.01.001

Morita, E., Yokoyama, H., Imai, D., Takeda, R., Ota, A., Kawai, E., et al. (2018).
Effects of 2-year cognitive–motor dual-task training on cognitive function and
motor ability in healthy elderly people: a pilot study. Brain Sci. 8:86. doi: 10.
3390/brainsci8050086

Moseley, G. L., Gallace, A., and Spence, C. (2012). Bodily illusions in health and
disease: physiological and clinical perspectives and the concept of a cortical
‘body matrix’. Neurosci. Biobehav. Rev. 36, 34–46.

Moseley, G. L., Olthof, N., Venema, A., Don, S., Wijers, M., Gallace, A., et al.
(2008). Psychologically induced cooling of a specific body part caused by the
illusory ownership of an artificial counterpart. Proc. Natl. Acad. Sci. U.S.A. 105,
13169–13173. doi: 10.1073/pnas.0803768105

Neyret, S., Bellido Rivas, A. I., Navarro, X., and Slater, M. (2020). Which
body would you like to have? The impact of embodied perspective on body
perception and body evaluation in immersive virtual reality. Front. Robot. AI
7:31. doi: 10.3389/frobt.2020.00031

Palomo, P., Borrego, A., Cebolla, A., Llorens, R., Demarzo, M., and Baños, R. M.
(2018). Subjective, behavioral, and physiological responses to the rubber hand
illusion do not vary with age in the adult phase. Conscious. Cogn. 58, 90–96.
doi: 10.1016/j.concog.2017.10.014

Pavone, E. F., Tieri, G., Rizza, G., Tidoni, E., Grisoni, L., and Aglioti, S. M. (2016).
Embodying others in immersive virtual reality: electro-cortical signatures
of monitoring the errors in the actions of an avatar seen from a first-
person perspective. J. Neurosci. 36, 268–279. doi: 10.1523/JNEUROSCI.0494-
15.2016

Peck, T. C., Seinfeld, S., Aglioti, S. M., and Slater, M. (2013). Putting yourself in the
skin of a black avatar reduces implicit racial bias. Conscious. Cogn. 22, 779–787.
doi: 10.1016/j.concog.2013.04.016

Pfister, R., Klaffehn, A. L., Kalckert, A., Kunde, W., and Dignath, D. (2020). How
to lose a hand: sensory updating drives disembodiment. Psychonom. Bull. Rev.
doi: 10.3758/s13423-020-01854-0 [Epub ahead of print].

Pia, L., Garbarini, F., Burin, D., Fossataro, C., and Berti, A. (2015). A predictive
nature for tactile awareness? Insights from damaged and intact central-nervous-
system functioning. Front. Hum. Neurosci. 9:287. doi: 10.3389/fnhum.2015.
00287

Pia, L., Garbarini, F., Fossataro, C., Burin, D., and Berti, A. (2016). Sensing the
body, representing the body: evidence from a neurologically based delusion of
body ownership. Cogn. Neuropsychol. 33, 112–119. doi: 10.1080/02643294.2016.
1185404

Poliakoff, E., Ashworth, S., Lowe, C., and Spence, C. (2006). Vision and touch
in ageing: crossmodal selective attention and visuotactile spatial interactions.
Neuropsychologia 44, 507–517. doi: 10.1016/j.neuropsychologia.2005.
07.004

Pyasik, M., Burin, D., and Pia, L. (2018). On the relation between body ownership
and sense of agency: a link at the level of sensory-related signals. Acta Psychol.
185, 219–228. doi: 10.1016/j.actpsy.2018.03.001

Pyasik, M., Furlanetto, T., and Pia, L. (2019). The role of body-related afferent
signals in human sense of agency. J. Exp. Neurosci. 13:1179069519849907. doi:
10.1177/1179069519849907

Ribeiro, G., dos, S., Neves, V. R., Deresz, L. F., Melo, R. D., Dal Lago, P., et al. (2018).
Can RR intervals editing and selection techniques interfere with the analysis of
heart rate variability? Braz. J. Phys. Ther. 22, 383–390. doi: 10.1016/j.bjpt.2018.
03.008

Riemer, M., Wolbers, T., and Kuehn, E. (2019). Preserved multisensory body
representations in advanced age. Sci. Rep. 9:2663. doi: 10.1038/s41598-019-
39270-7

Romano, D., Pfeiffer, C., Maravita, A., and Blanke, O. (2014). Illusory self-
identification with an avatar reduces arousal responses to painful stimuli. Behav.
Brain Res. 261, 275–281. doi: 10.1016/j.bbr.2013.12.049

Sakairi, Y., Nakatsuka, K., and Shimizu, T. (2013). Development of the
two-dimensional mood scale for self-monitoring and self-regulation of
momentary mood states. Jpn. Psychol. Res. 55, 338–349. doi: 10.1111/jpr.
12021

Schroeter, M. L., Zysset, S., Kupka, T., Kruggel, F., and Von Cramon, D. Y.
(2002). Near-infrared spectroscopy can detect brain activity during a color-
word matching stroop task in an event-related design. Hum. Brain Mapp. 17,
61–71. doi: 10.1002/hbm.10052

Frontiers in Human Neuroscience | www.frontiersin.org 19 May 2021 | Volume 15 | Article 674326

https://doi.org/10.1016/j.neubiorev.2017.11.016
https://doi.org/10.1016/j.neuroimage.2017.12.003
https://doi.org/10.1016/j.brainres.2010.03.091
https://doi.org/10.3389/fnagi.2019.00162
https://doi.org/10.3389/fnagi.2019.00162
https://doi.org/10.23736/S1973-9087.19.05899-4
https://doi.org/10.23736/S1973-9087.19.05899-4
https://doi.org/10.1068/p6045
https://doi.org/10.1016/j.concog.2015.07.008
https://doi.org/10.1016/j.concog.2015.07.008
https://doi.org/10.1126/science.288.5472.1835
https://doi.org/10.1126/science.288.5472.1835
https://doi.org/10.1016/j.tics.2014.11.001
https://doi.org/10.1161/01.CIR.93.5.1043
https://doi.org/10.1161/01.CIR.93.5.1043
https://doi.org/10.1371/journal.pone.0168489
https://doi.org/10.1371/journal.pone.0207528
https://doi.org/10.1177/0269881119860156
https://doi.org/10.3389/fnhum.2013.00438
https://doi.org/10.1038/srep30628
https://doi.org/10.3389/fnhum.2013.00083
https://doi.org/10.3390/jcm9020291
https://doi.org/10.1016/S0140-6736(16)31325-3
https://doi.org/10.1007/s40520-016-0595-5
https://doi.org/10.1016/j.jamda.2017.01.001
https://doi.org/10.3390/brainsci8050086
https://doi.org/10.3390/brainsci8050086
https://doi.org/10.1073/pnas.0803768105
https://doi.org/10.3389/frobt.2020.00031
https://doi.org/10.1016/j.concog.2017.10.014
https://doi.org/10.1523/JNEUROSCI.0494-15.2016
https://doi.org/10.1523/JNEUROSCI.0494-15.2016
https://doi.org/10.1016/j.concog.2013.04.016
https://doi.org/10.3758/s13423-020-01854-0
https://doi.org/10.3389/fnhum.2015.00287
https://doi.org/10.3389/fnhum.2015.00287
https://doi.org/10.1080/02643294.2016.1185404
https://doi.org/10.1080/02643294.2016.1185404
https://doi.org/10.1016/j.neuropsychologia.2005.07.004
https://doi.org/10.1016/j.neuropsychologia.2005.07.004
https://doi.org/10.1016/j.actpsy.2018.03.001
https://doi.org/10.1177/1179069519849907
https://doi.org/10.1177/1179069519849907
https://doi.org/10.1016/j.bjpt.2018.03.008
https://doi.org/10.1016/j.bjpt.2018.03.008
https://doi.org/10.1038/s41598-019-39270-7
https://doi.org/10.1038/s41598-019-39270-7
https://doi.org/10.1016/j.bbr.2013.12.049
https://doi.org/10.1111/jpr.12021
https://doi.org/10.1111/jpr.12021
https://doi.org/10.1002/hbm.10052
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-674326 May 25, 2021 Time: 20:4 # 20

Burin and Kawashima Virtual Intervention Improves Cognition in Elderly

Schwartz, S., Assal, F., Valenza, N., Seghier, M. L., and Vuilleumier, P. (2005).
Illusory persistence of touch after right parietal damage: neural correlates of
tactile awareness. Brain 128, 277–290. doi: 10.1093/brain/awh347

Seghezzi, S., Giannini, G., and Zapparoli, L. (2019). Neurofunctional correlates
of body-ownership and sense of agency: a meta-analytical account of self-
consciousness. Cortex 121, 169–178. doi: 10.1016/j.cortex.2019.08.018

Seinfeld, S., Zhan, M., Poyo-Solanas, M., Barsuola, G., Vaessen, M., Slater, M.,
et al. (2021). Being the victim of virtual abuse changes default mode network
responses to emotional expressions. Cortex 135, 268–284. doi: 10.1016/j.cortex.
2020.11.018

Serino, S., Scarpina, F., Dakanalis, A., Keizer, A., Pedroli, E., Castelnuovo, G., et al.
(2018). The role of age on multisensory bodily experience: an experimental
study with a virtual reality full-body illusion. Cyberpsychol. Behav. Soc. Netw.
21, 304–310. doi: 10.1089/cyber.2017.0674

Slater, M. (2009). Place illusion and plausibility can lead to realistic behaviour in
immersive virtual environments. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364,
3549–3557. doi: 10.1098/rstb.2009.0138

Slater, M. (2018). Immersion and the illusion of presence in virtual reality. Br. J.
Psychol. 109, 431–433. doi: 10.1111/bjop.12305

Summers, M. J., Rainero, I., Vercelli, A. E., Aumayr, G., de Rosario, H., Mönter,
M., et al. (2018). The my active and healthy aging (My-AHA) ICT platform to
detect and prevent frailty in older adults: randomized control trial design and
protocol. Alzheimers Dement. 4, 252–262. doi: 10.1016/j.trci.2018.06.004

Tajadura-Jiménez, A., Longo, M. R., Coleman, R., and Tsakiris, M. (2012).
The person in the mirror: using the enfacement illusion to investigate the
experiential structure of self-identification. Conscious. Cogn. 21, 1725–1738.
doi: 10.1016/j.concog.2012.10.004

Tsakiris, M. (2010). My body in the brain: a neurocognitive model of body-
ownership. Neuropsychologia 48, 703–712. doi: 10.1016/j.neuropsychologia.
2009.09.034

Tsakiris, M., Longo, M. R., and Haggard, P. (2010). Having a body versus moving
your body: neural signatures of agency and body-ownership. Neuropsychologia
48, 2740–2749. doi: 10.1016/j.neuropsychologia.2010.05.021

Tsakiris, M., Prabhu, G., and Haggard, P. (2006). Having a body versus moving your
body: how agency structures body-ownership. Conscious. Cogn. 15, 423–432.
doi: 10.1016/j.concog.2005.09.004

Wang, X., Yan, C., Shi, B., Liu, C., Karmakar, C., and Li, P. (2018). Does the
temporal asymmetry of short-term heart rate variability change during regular
walking? A pilot study of healthy young subjects. Comput. Math. Methods Med.
2018:3543048. doi: 10.1155/2018/3543048

Watanabe, E., Mavanagi, Y., Ito, Y., and Koizumi, H. (1995). Spatial and temporal
analysis of human motor activity using noninvasive NIR topography. Med.
Phys. 22, 1997–2005. doi: 10.1118/1.597496

Wegner, D. M., and Wheatley, T. (1999). Apparent mental causation: sources of the
experience of will. Am. Psychol. 54, 480–492. doi: 10.1037/0003-066X.54.7.480

Wollesen, B., Wildbredt, A., Van Schooten, K. S., Lim, M. L., and Delbaere,
K. (2020). The effects of cognitive-motor training interventions on executive
functions in older people: a systematic review and meta-analysis. Eur. Rev.
Aging Phys. Act. 17:9. doi: 10.1186/s11556-020-00240-y

Yanagisawa, H., Dan, I., Tsuzuki, D., Kato, M., Okamoto, M., Kyutoku,
Y., et al. (2010). Acute moderate exercise elicits increased dorsolateral
prefrontal activation and improves cognitive performance with Stroop
test. Neuroimage 50, 1702–1710. doi: 10.1016/j.neuroimage.2009.
12.023

Zeller, D., and Hullin, M. (2018). Spatial attention and the malleability of bodily
self in the elderly. Conscious. Cogn. 59, 32–39. doi: 10.1016/j.concog.2018.
01.006

Zysset, S., Müller, K., Lohmann, G., and Von Cramon, D. Y. (2001). Color-
word matching stroop task: separating interference and response conflict.
Neuroimage 13, 29–36. doi: 10.1006/nimg.2000.0665

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Burin and Kawashima. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 20 May 2021 | Volume 15 | Article 674326

https://doi.org/10.1093/brain/awh347
https://doi.org/10.1016/j.cortex.2019.08.018
https://doi.org/10.1016/j.cortex.2020.11.018
https://doi.org/10.1016/j.cortex.2020.11.018
https://doi.org/10.1089/cyber.2017.0674
https://doi.org/10.1098/rstb.2009.0138
https://doi.org/10.1111/bjop.12305
https://doi.org/10.1016/j.trci.2018.06.004
https://doi.org/10.1016/j.concog.2012.10.004
https://doi.org/10.1016/j.neuropsychologia.2009.09.034
https://doi.org/10.1016/j.neuropsychologia.2009.09.034
https://doi.org/10.1016/j.neuropsychologia.2010.05.021
https://doi.org/10.1016/j.concog.2005.09.004
https://doi.org/10.1155/2018/3543048
https://doi.org/10.1118/1.597496
https://doi.org/10.1037/0003-066X.54.7.480
https://doi.org/10.1186/s11556-020-00240-y
https://doi.org/10.1016/j.neuroimage.2009.12.023
https://doi.org/10.1016/j.neuroimage.2009.12.023
https://doi.org/10.1016/j.concog.2018.01.006
https://doi.org/10.1016/j.concog.2018.01.006
https://doi.org/10.1006/nimg.2000.0665
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Repeated Exposure to Illusory Sense of Body Ownership and Agency Over a Moving Virtual Body Improves Executive Functioning and Increases Prefrontal Cortex Activity in the Elderly
	Introduction
	Materials and Methods
	Participants
	Procedure
	Virtual High-Intensity Intermittent Exercise
	Heart rate
	Online questionnaire on sense of body ownership and agency
	Offline questionnaire on sense of ownership and agency
	Two-dimensional mood scale

	Baseline, Post-session, and Post-intervention Assessments
	Stroop task
	Functional near-infrared spectroscopy


	Statistical Analysis
	Heart Rate Data
	Online Questionnaire Data
	Offline Questionnaire Data
	TDMS Data
	Stroop Task's RT and ER Data
	fNIRS Data
	Correlations Analysis


	Results
	Heart Rate
	Online Questionnaire on Sense of Body Ownership and Agency
	Offline Questionnaire on Sense of Body Ownership and Agency
	Two-Dimensional Mood Scale
	Stroop Task's RT and ER
	fNIRS Data
	Correlations

	Discussion
	Findings on Body Ownership, Agency, and Physiological Effect During the vHIE (Hypothesis 1) Are Confirmed in the Elderly Across the Long-Term Intervention
	Previous Findings on Acute Cognitive and Neural Benefits of the vHIE (Hypothesis 2) Are Not Replicated in the Elderly
	Increased Cognitive and Neural Improvement After the Entire Intervention (Hypothesis 3) Are Reported as Long-Term Effects of the vHIE Performed by One's Own Virtual Body
	Limitations

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


