
ORIGINAL ARTICLE

Virtual Reality          (2025) 29:100 
https://doi.org/10.1007/s10055-025-01154-9

contribute to immunological deficiencies in older people 
(Damiot et al. 2020) and is associated with various health 
issues: chronic diseases (Booth et al. 2012), obesity (Sil-
veira et al. 2022; Swift et al. 2018), obesity and diabetes 
(Venables and Jeukendrup 2009), cardiovascular mortality 
(Abohashem et al. 2022), and mental health (Marconcin et 
al. 2022) including depression (Pearce et al. 2022).

The benefits of increased exercise include improved 
health, mental health, sleep, cardiovascular functioning, 
immune system functioning, and resilience to some cancers 
(Haseler and Haseler 2022). Remedies to enhance exer-
cise include motivational strategies in gyms (Rodrigues 
et al. 2019), digital methods like smartphone applications 
(Negreiros et al. 2022), and exergames, which show promise 
for adolescents (Williams and Ayres 2020) and older people 
(Pacheco et al. 2020; Reis et al. 2019). Virtual reality-based 
exergames also demonstrate potential for improving physi-
cal and mental health (Costa et al. 2019; Pyae 2021).

Another approach to promote exercise is through celebrity 
sponsorship or ‘fitspiration’ on platforms like YouTube, Ins-
tagram, and TikTok. Trustworthiness and attractiveness of 
the influencers are crucial in inducing intentions to exercise 

1  Introduction

Well before covid-19, physical inactivity worldwide was 
already a pandemic (Kohl 3rd et al. 2012), further exac-
erbated by covid-19. The problem of insufficient physical 
activity increased between 2001 and 2016, particularly 
in high-income countries, with 81% of adolescents (aged 
11–17) being insufficiently active (Guthold et al. 2020). A 
survey by Hoffman et al. (2022) found that 37% of U.S. 
adults aged 50–80 reported decreased physical activity 
during the pandemic. The lack of physical activity may 
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Abstract
There is a world-wide deficit in physical exercise with many deleterious effects on health. Methods to enhance the uptake 
of physical exercise include digital applications and celebrity endorsements. Here we introduce a Virtual Reality (VR) 
self-conversation method combined with celebrity endorsement. Participants had a conversation with a virtual represen-
tation of a sporting celebrity to discuss ways of enhancing their exercise routine. However, they took both sides of the 
discussion—embodied as themselves and as the celebrity, swapping between the two bodies. A between groups experiment 
was carried out with three conditions: Video (n = 25), General (n = 20) and Self (n = 20). All participants watched a video 
of the celebrity athlete working out. Participants in the General condition additionally experienced the VR scenario with 
their own self representation as a general sex-matched virtual body. In the Self condition their virtual body was a like-
ness of themselves. The results showed that participants had improved in their exercise routines one week after the VR 
exposure. However, for women the improvement was superior with the General body, and for men with the Self body. The 
difference between the outcomes for males and females is probably due to the greater likelihood of body dissatisfaction 
amongst women. This is an exploratory study of a new technique with promising results.
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(Durau et al. 2022). However, a survey by Sokolova and 
Perez (2021) suggested that social media influencers mainly 
succeed with those who already engage in physical exercise, 
while others watch for entertainment rather than inspiration.

We carried out an experimental study that combines vir-
tual reality (VR) and celebrity influencers in a unique way. 
This study used a self-counselling approach, made possible 
through the use of a VR technique which enables embodi-
ment of people in virtual bodies. VR delivered through a 
wide field-of-view, head-tracked stereo head-mounted dis-
play can place people in a separate reality leading to the 
strong illusion of being in the rendered place (Place Illu-
sion) with the illusion that the virtual events are really 
occurring (Plausibility) (Bystrom et al. 1999; Sanchez-
Vives and Slater 2005; Sheridan 1992; Slater 2009; Slater 
et al. 2022). Participants can be represented by life-sized 
virtual human bodies that visually substitute their own bod-
ies. Hence, through real-time head-tracking, when partici-
pants look down towards themselves they will see a virtual 
body coincident with their (obscured) real body. Through 
real-time body tracking, as they move their own body the 
virtual body moves synchronously and correspondingly. 
Multisensory integration of proprioception (via body move-
ment) synchronous with vision (seeing the virtual body 
move) typically leads to the illusion of body ownership over 
the virtual body, so that it feels as though it is the person’s 
own body. This has been demonstrated multiple times, for 
example (Banakou and Slater 2014; Kokkinara and Slater 
2014; Petkova and Ehrsson 2008; Slater et al. 2010), with 
the theory behind this discussed in (Blanke et al. 2015; 
Ehrsson 2020; Kilteni et al. 2012).

Since in VR it is possible to embody someone in a vir-
tual body, it is possible to embody them sequentially in two 
different bodies, swapping between them, and while in one 
talking to the other, thus maintaining a self-conversation. 
This is the basis of the ConVRSelf paradigm (conversa-
tions with yourself in virtual reality) that we discuss in more 
detail in the next section.

2  Background and research questions

The ConVRSelf method is premised on Solomon’s Paradox 
(Grossmann and Kross 2014), the idea is that we give better 
advice to a friend than to ourselves, so that when people are 
able to consider a problem from a third person perspective 
they are able to reach wiser conclusions. Solomon’s Para-
dox forms part of self-distancing theory (Kross and Ayduk 
2017). It has been applied to many situations—for example, 
coping with worries about a health crisis (Kross et al. 2017), 
dealing with criticism (Leitner et al. 2017), post-traumatic 
stress disorder (Wisco et al. 2015), emotional regulation 

(Moser et al. 2017) and depression (Hollar and Siegel 2020). 
Xu et al. (2022) argue that Solomon’s Paradox is based on 
self-transcendence, whereby when, in general, people adopt 
a perspective that transcends the self (whether through fol-
lowing a cause or falling in love) there is dissolving of ego 
boundaries and a greater connectedness with others so that 
one’s personal problems are seen in a wider perspective and 
can be addressed from the perspective of greater psycho-
logical distance. For example, a series of studies reported 
by Liberman et al. (2007) show that the greater the psycho-
logical distance the more that events and situations are rep-
resented by people at a higher level, i.e., in a more abstract 
way, and are thus more amenable to rationality beyond the 
boundaries of too much self-involvement.

The self-counselling technique in VR was initially used 
for personal problem solving by Osimo et al. (2015). Par-
ticipants first embodied a virtual replica of themselves and 
explained a personal issue to a virtual counsellor represent-
ing Sigmund Freud. They then switched to inhabit the coun-
sellor’s avatar, witnessing their own look-alike virtual body 
presenting the problem, and then provided advice from the 
counsellor’s embodied perspective. The conversation con-
tinued with repeated body-swapping. The counsellor’s ava-
tar either resembled Freud with synchronous movements, 
or with asynchronous movements, or was a replica of the 
participant’s own body. Although all conditions yielded 
improvements in problem resolution, the most effective 
involved synchronous movements leading to a strong sense 
of body ownership while embodying the Freud avatar.

Slater et al. (2019) used the same paradigm, but the com-
parison was between talking with Freud as above (synchro-
nous visuomotor feedback) or with a pre-animated Freud, 
without body swapping. This was to test whether simply 
talking about the personal problem would be sufficient to 
result in an improvement. The results showed that the body 
swapping was more effective compared with talking with 
the animated counsellor.

The potential advantage of ConVRSelf is that a perspec-
tive from outside of the self does not have to be imagined, 
but is concrete. From the perspective of the counsellor, par-
ticipants see and hear a representation of themselves talk-
ing, with full body gestures, gaze direction, voice, and now 
that head-mounted displays have inbuilt eye tracking, direct 
accurate eye contact will be possible in the near future. 
Other applications of ConVRSelf have been concerned with 
patients suffering from obesity (Anastasiadou et al. 2024, 
2023), and prisoners interacting with a future version of 
themselves (Van Gelder et al. 2022). However, here we do 
not deal with personal problems identified by the partici-
pants, but with enhancing exercise. LeBron James and Ser-
ena Williams were identified in a pre-experiment survey as 
appropriate people with whom to discuss this issue. Thus 
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this particular application of ConVRSelf could be viewed 
as a combination of the effects of self-distancing plus 
celebrity endorsement or ‘fitspiration’ as discussed in the 
Introduction.

Following from previous findings, in this study, we were 
interested in exploring two main issues: First, we wanted to 
investigate whether the ConVRSelf method, where partici-
pants have a self-conversation with a sports celebrity, would 
be successful in enhancing their exercise regime. Second, 
an issue not addressed in previous ConVRSelf studies, was 
whether or not the participant’s own self-representation 
needs to actually look like the participant, or whether it can 
be a general virtual human body with some characteristics 
in common with the participant (such as age and sex). To 
answer these questions, we carried out an exploratory study 
consisting of an experiment with participants using Con-
VRSelf where the conversation was about their physical 
exercise, and the counsellors were virtual representations 
of celebrity sportspeople–either LeBron James (for men) or 
Serena Williams (for women).

3  Methods

In this section we present information about a pre-experi-
mental survey that was carried out in order to elicit infor-
mation about well-known sports celebrities who could be 
modelled and used as counsellors in the ConVRSelf setup. 
We then discuss the ethics approval, experimental design, 
information about participants and their recruitment. In 
order to measure the success or not of the intervention we 
used a standard instrument which is described next. We then 
discuss the VR hardware used and software implementation. 
This is followed by the experimental procedures. Finally in 
this section we discuss in some detail the statistical methods 
we use, which are Bayesian, and perhaps of less familiarity 
to some readers compared with standard statistical methods.

3.1  The pre-experiment survey

Some weeks prior to the study, we conducted a survey 
through social media amongst the population of potential 
participants. The survey had a single question: “With which 
world-renowned personality would you like to discuss your 
exercise regime?” Respondents could choose from seven 
different options, including Cristiano Ronaldo, Leo Messi, 
LeBron James, Michael Jordan, Serena Williams, Alex Mor-
gan, and the option to add a different athlete of their choice. 
Additionally, we asked participants to specify their gender 
(male, female, or prefer not to say). Out of 101 responses, 
68 were male and 33 were female. The results showed that 
LeBron James was the most popular choice with 32% of the 

votes, followed by Michael Jordan with 18%, Serena Wil-
liams with 12%, Leo Messi with 10%, and Cristiano Ron-
aldo and Alex Morgan with 4% each. The remaining options 
received less than 2% of the votes. This survey determined 
our choice of LeBron James (for male participants) and Ser-
ena Williams (for females) as the celebrity athletes to be 
used in the study.

In this survey, we chose celebrity athletes based on their 
global fame, recent achievements, and representation in 
various sports, aiming for a well-rounded view of athletic 
role models. The choices also aligned with the most popular 
sports in the country where the study took place: Soccer, 
Basketball, and Tennis. To balance capturing well-known 
figures and allowing personal preferences, we provided a 
mix of options and an ‘Other’ category. The selected ath-
letes are widely recognised internationally, making our 
study relevant to a diverse audience.

3.2  Ethical approval

The main experiment was approved by the Reichman Uni-
versity School of Psychology Review Board, with ethical 
clearance number P_2021110. Participants gave written and 
informed consent and all methods were carried out in accor-
dance with relevant guidelines and regulations. The images 
and data available for this paper do not identify any study 
participants.

3.3  Experimental design

The experimental design was between groups with three 
conditions, Video, General and Self. Those in the Video 
condition watched a motivational video about LeBron 
James (Basketballprosworkouts 2018) or Serena Williams 
(Pain and Gain 2018) that lasted 1 m 30 s. In the General 
condition, participants watched the video followed by a 
ConVRSelf session where their self-representation was 
a general virtual human, matched in declared gender, and 
approximately by age. Those in the Self condition, first 
watched the video, and then entered into a ConVRSelf 
session where their virtual body was designed to look like 
themselves. Participants interacted either with virtual repre-
sentations of LeBron James or Serena Williams depending 
on their self-declared gender. The method is illustrated in 
Fig. 1 and Supplementary Movie S1 ​(​​​h​t​t​p​s​:​/​/​y​o​u​t​u​.​b​e​/​H​R​V​
R​K​b​p​e​v​L​E​​​​​)​. Table 1 shows the sample sizes, age and gen-
der distributions.

Psychology and Communication students from Reich-
man University were recruited through advertisements on 
the experiment recruitment system of the Faculty of Psy-
chology and posts on student Facebook groups. Exclusion 
criteria were people with epilepsy or who were pregnant. 
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Both Hebrew and English speakers were recruited for course 
credits. Further details about the participants are given in 
Supplementary Table S1. This was based on a questionnaire 
administered prior to the VR experience.

Participants in the experimental groups were asked to 
send a photo of their faces according to technical require-
ments (facing the camera directly, evenly lit-no shadow on 

Table 1  Distribution, age and gender of participants by condition
Video General Self

N 25 20 20
Age (Mean ± SD) 25.2 ± 2.71 24.7 ± 2.65 23.5 ± 2.61
No. of women 16 12 15

Fig. 1  Self conversation with a sports celebrity. A The participant is 
embodied and can see his reflection in the virtual mirror to the left. 
He is sitting opposite and converses with virtual LeBron James. B The 
participant is embodied as LeBron James, with a mirror reflection to 
the right, and sees and listens to his own self representation in front 

explaining the problem about exercise. C The participant is embod-
ied and can see her reflection in the mirror to the left, sitting opposite 
virtual Serena Williams. D She is embodied as Serena Williams, seen 
in the mirror to the right, and can watch and listen to her self-repre-
sentation, in front
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The ConVRSelf method requires participants to experi-
ence subjective body ownership with respect to their own 
and the body of the athlete with whom they interacted, and 
that those in the Self condition recognise their own body 
representation as themselves, and in all conditions that they 
recognise the athletes. Further, we needed to check that 
there were no systematic differences with respect to body 
ownership and recognition between the General and Self 
conditions. We are not making inferences about these to the 
general population from which the sample was drawn, it is 
only important to check that this particular sample did expe-
rience body ownership and self-recognition and that these 
did not vary by condition. Hence we only present descrip-
tive results for the questions of Table 2. The ‘movements’ 
questions of Table  2 are a check on how well the body 
tracking worked, since the program was designed so that in 
fact the movements of the currently embodied virtual body 
would be caused by the movements of the participant.

3.5  Main response variable: the Godin Leisure-time 
exercise questionnaire

Participants were asked to rate their levels of physical exer-
cise one week before (‘pre’) and one week after (‘post’) 
their VR exposure using the Godin Leisure-Time Exercise 
questionnaire (Amireault et al. 2015; Godin and Shephard 
1985). This asks participants to assess the number of times 
per week they had engaged in mild, moderate or strenuous 
exercise, as shown in Table 3. The questionnaire is scored 
as:

score = 9 × strenuous + 5 × moderate + 3 × mild� (1)

The scores are interpreted as:

	● Active (Substantial benefits): score ≥ 24

one half of the face, no smile or a smile without teeth, no 
hair should cover the face). The experimenters prepared the 
personalized VR scenario with a look-alike avatar of the 
participants in advance.

Next we return to the response variables used to evalu-
ate the preconditions for and the effect of the ConVRSelf 
exposure.

3.4  Questionnaires on body ownership, agency and 
recognition

The questions that were asked at the end of the ConVR-
Self session (for those in the General and Self groups, but 
not those in the Video condition) are shown in Table 2. The 
questions ‘down’, ‘mirror’ refer to the degree of body own-
ership in the self body (prefixed by ‘me’) and the counsellor 
body (prefixed by ‘c’). The questions ‘movements’ refer to 
how much participants felt that the movements of their vir-
tual body reflected their own movements. These were also 
a check on how well the body tracking functioned, since it 
was programmed that the movements of the virtual body 
were actually based on real body movements. The questions 
‘recognise’ and ‘cresemble’ refer to how much the virtual 
body of the self was recognised as the self and the counsel-
lor body represented the corresponding celebrity.

Table 2  Questionnaires on body ownership, agency and recognition
Variable Name Question
Own body responses
medown When I was sitting in front of the counsel-

lor: I felt that the virtual body I saw looking 
down was my own body

memirror When I was sitting in front of the counsellor: 
I felt that the virtual body that I saw when I 
looked towards the mirror was my own body

mymovements When I was sitting in front of the counsellor: 
I felt that the movements of the virtual body 
were caused by my own movements

recognise Did you recognize yourself in the vir-
tual body that was sitting in front of the 
counsellor?

Counsellor (celebrity) body responses
cdown When I was in the counsellor’s body: 

although the virtual body did not look like 
me physically, I felt that the virtual body 
that I saw looking down was my own body

cmirror When I was in the counsellor’s body: I 
felt that the virtual body that I saw when I 
looked towards the mirror was my own body

cmovements When I was in the counsellor’s body: I felt 
that the movements of the virtual body were 
caused by my own movements

cresemble To what extent did the counsellor avatar 
resemble in physical appearance Serena/
LeBron?

All scales are 1 to 8 where 1 means strong disagreement and 8 means 
strong agreement

Table 3  The Godin Leisure time exercise questionnaire
During a typical 7-Day period (a week), how many times on the 
average do you do the following kinds of exercise for more than 
15 min during your free time (write on each line the appropriate 
number)
Mild Mild/light exercise (minimal effort) (e.g., 

yoga, archery, fishing from riverbank, bowling, 
horseshoes, golf, snow-mobil, easy walking)

Moderate Moderate exercise (not exhausting) (e.g., 
fast walking, baseball, tennis, easy bicycling, 
volleyball, badminton, easy swimming, alpine 
skiing, popular and folk dancing)

Strenuous Strenuous exercise (heart beats rapidly) (e.g., 
running, jogging, hockey, football, soccer, 
squash, basketball, cross country skiing, judo, 
roller skating, vigorous swimming, vigorous 
long-distance bicycling)

The scores are calculated from Eq. (1)
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enhance the participant’s sense of agency over their virtual 
body. The voices of the participants were recorded, and then 
disguised and replayed when they switched to the athlete’s 
virtual body. In order to accomplish this we used the pitch 
shifting effect of the Unity AudioMixer to reduce the pitch 
of the voice by 2 semitones. The pitch shifting effect has 
a pitch change parameter with a possible range between 
0.5 and 2.0 which represents a change of pitch from one 
Octave deeper to one Octave higher than the original voice. 
By default this value is set to 1.0 which represents no pitch 
change. To achieve a pitch change of 2 semitones lower 
we set the pitch shift value to 1/2n/12 with n = 2 which is 
approximately 0.892. The pitch shifting process keeps the 
original length of the audio.

3.7  Procedures

At their initial meeting with the experimenter participants 
were provided with written and verbal information about 
the experimental procedure and signed the consent form 
if they agreed to participate. They were asked to complete 
a questionnaire about their exercise routine (Godin and 
Shephard 1985) and then watched a video of the athlete 
working out for 1:30 min (LeBron James or Serena Wil-
liams, gender matched). Next, those participants in the Gen-
eral or Self conditions were asked to sit on a chair in front of 
a desk. They were given the following instructions: “When 
you start the VR session, you will meet an athlete, and you 
will have a consulting session, like with a personal trainer 
or a counsellor, where the goal is for you to improve your 
exercise routine. Describe your exercise routine and the 
improvement you want to achieve”.

Participants were told that they would be embodied in 
a virtual body. The experimenter showed them the hand 
controllers and told them that they would need to press the 
central button in the virtual environment each time they 
start or finish speaking. Participants then donned the Quest. 
When embodied in each virtual body (their own and one 
of the athletes) for the first time, they were instructed by 
a pre-recorded voice to carry out certain body movements, 
such as raising their arms or waving, while looking towards 
the virtual mirror and also down towards themselves. This 
embodiment period lasted 30 s.

After the embodiment period, participants explained 
to the virtual athlete counsellor their exercise routine, and 
how they wanted to improve it, and then pressed the but-
ton to switch bodies when they had finished speaking. After 
pressing the button, the participants would be embodied in 
the athlete’s body, and from that perspective see and hear 
their virtual body sitting across the table ask about improv-
ing their exercise routine. Then while still in the athlete’s 
body, they could provide a response to themselves. Upon 

	● Moderately active (Some benefits): 14 ≤ score ≤ 23
	● Insufficiently active (Less substantial or low benefits): 

score < 14

3.6  Materials

We used the Meta Quest 1 head-mounted display working 
standalone (i.e., without being connected to a computer). 
This has 1600 × 1440 resolution per eye and weighs 571 g. It 
has full 6 degrees of freedom head tracking, and the partici-
pant’s hand movements are tracked in 6 degrees of freedom 
using separate hand-held controllers. The Oculus Quest 1 
uses the Qualcomm Snapdragon 835 processor for process-
ing so that it does not need to be connected to an external 
computer. Data generated during the execution of a program 
on the Quest 1 can be stored on its internal flash storage. 
Hence programs can run natively and data generated can be 
stored on the Quest itself without the need for any connec-
tion to an external computer.

The VR program was developed in Unity3D 2020.3. The 
participant’s virtual body representation was created using 
an automated method from a photograph of the participant’s 
face by using Reallusion’s Character Creator (​w​w​w​.​r​e​a​l​l​u​
s​i​o​n​.​c​o​m​/​c​h​a​r​a​c​t​e​r​-​c​r​e​a​t​o​r​/) HeadShot Plugin (​w​w​w​.​r​e​a​l​l​u​
s​i​o​n​.​c​o​m​/​c​h​a​r​a​c​t​e​r​-​c​r​e​a​t​o​r​/​h​e​a​d​s​h​o​t), such that the virtual 
character has a strong resemblance to the person’s face. 
The participant’s body shape parameters were estimated by 
a Convolutional Neural Network (CNN) similar to the one 
described in (Alvarez de la Campa Crespo and Spanlang 
2021). The output from Character Creator is a virtual char-
acter in fbx file format that includes a skeleton for body ani-
mation and blendshapes to perform facial expressions. An 
avatar pipeline was created that converts the fbx from Char-
acter Creator to a Unity3D asset bundle in binary format, 
with materials optimised for visualisation on the mobile 
VR headset. The resulting asset bundle that describes the 
participant’s virtual body is loaded at runtime by the VR 
system. Through inverse kinematics techniques (​w​w​w​.​r​o​o​
t​-​m​o​t​i​o​n​.​c​o​m​/​f​i​n​a​l​i​k​d​o​x​/​h​t​m​l​/​i​n​d​e​x​.​h​t​m​l), hands, arms and 
upper body movements of the participants could be inferred 
from the VR tracking system’s real-time tracking data and 
mapped to their virtual representation to give them a sense 
of agency over their virtual body. The virtual environment 
included two virtual mirrors through which the participants 
could observe their virtual body either from their self or the 
celebrity’s perspective. Participants could see their virtual 
representation when looking down towards their body and 
by looking at their virtual body in the virtual mirror.

The audio of the participant’s voice was captured through 
a microphone and in real-time mapped to mouth move-
ments by using a lipsync module (​h​t​t​p​​:​/​/​​d​e​v​e​​l​o​​p​e​r​​.​o​c​u​​l​u​s​​.​c​
o​​m​/​d​​o​c​u​​m​e​n​t​​a​t​​i​o​n​​/​u​n​i​​t​y​/​​a​u​d​​i​o​-​o​v​r​l​i​p​s​y​n​c​-​u​n​i​t​y​/) to further 
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The parameter µ is the general mean. The parameters α, β 
are the main effects of condition and gender respectively, 
and γ is the interaction effect. The parameter λ is the main 
effect of the covariate (prescore). θ allows for interaction 
between condition and the covariate. The values of the 
parameters corresponding to Video are all set to 0, so that 
the model expresses contrasts with respect to Video, i.e.,

α1 = β1 = γ1,j = γi,1 = θ1 = 0
i = 1, 2, 3

Hence the Video condition corresponds to: µi = µ + λxi 
for males and µi = µ + λxi + β2 for females.

This is the standard model corresponding to a two-way 
ANOVA with a covariate. However, since there are outliers 
(see Sect.  3.3), it would be inappropriate to use a normal 
distribution for the yi, and instead we use the Student t dis-
tribution, since with low degrees of freedom the distribution 
has high dispersion and can accommodate outliers. Hence 
the model is:

yi ∼ Student_t (υ, µi, σ) i = 1, 2, . . . , n� (3)

where υ > 0 is the degrees of freedom parameter and σ > 0 
is the scale parameter.

We did include an additional interaction term in the 
model for Gender × prescore but this did not contribute at all 
to the model fit or alter the findings and hence was excluded 
for succinctness. Similarly we did include age as a covariate 
but found no age effect.

We use the Bayesian method to make inferences about 
the parameters of the model. This involves choosing prior 
distributions for each parameter, which are updated by the 
data to produce posterior distributions. We can compute any 
probabilities of interest from the posterior distributions. The 
model includes all response variables simultaneously, so 
there is no issue with multiple comparisons (which results 
in problems in the interpretation of significance levels in 
classical null hypothesis testing). In this model all data is 
used to make all inferences, there are not separate analyses 
for the different conditions nor gender. Bayesian analysis 
provides a framework for making probability statements 
about our parameters of interest, offering a more intuitive 
understanding of the results in the context of our research 
questions, rather than simply quoting P values and reject-
ing or not a null hypothesis. Instead we can compare, for 
example, posterior credible intervals with the priors, and see 
at a glance the impact of the data.

The prior distributions for the parameters α, β, γ, θ are 
taken as normal with a mean of 0 and a standard deviation 
(SD) of 20. This choice is based on (Lemoine 2019) pro-
viding priors that aim to provide enough flexibility without 

completing this, they would again press the button to switch 
body, return to their own body representation, and then see 
and hear the athlete’s response (i.e., their response) in a 
disguised voice. After replying to the athlete, participants 
would again press the button to be in the athlete’s body. 
This conversation could continue as long as they wanted, 
although they were told that they should do a minimum of 3 
body swaps. No upper limit was imposed on the duration or 
number of body swaps to avoid the possibility of disrupting 
an important moment of the self-conversation. See Supple-
mentary Movie S1 for an illustration of the whole process 
in the VR.

At the end of the VR session, the Quest and the controllers 
were removed, and the participants were asked to complete 
questionnaires on the computer monitor. The experiment-
ers reminded the participants that they would receive their 
course credits after returning the post-questionnaires, which 
would be sent to them one week after the VR session, by 
email.

3.8  Statistical methods

The main response variable is the score of the physical exer-
cise questionnaire of Table 3. Here interest focuses on how 
these scores vary with condition (Video, General, Self), and 
whether there are differences with respect to gender. The 
response variable is postscore taken one week after the VR 
exposure, and prescore, taken one week before the expo-
sure, is included as a covariate. We use a standard analysis 
of variance model, expressing the response variable as an 
affine combination of main and interaction effects.

Let yi be the ith observation on postscore and xi on pre-
score, i = 1, 2, . . . , n. Typically we examine how the mean 
of the response varies with an affine function of the indepen-
dent and explanatory variables. This function of indepen-
dent and explanatory variables is referred to as the ‘linear 
predictor’. Then the linear predictor for the expected value 
of yi( mean, µi) is of the form:

Condition + Gender + Condition × Gender + prescore + Condition × prescore

and formally:

µi = µ + αc[i] + βg[i] + γc[i],g[i] + λxi + θc[i]xi� (2)

where, for the ith individual

c [i] =

{ 1, V ideo
2, General
3, Self

g [i] =
{

1, Male
2, F emale
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4.2  Body ownership, agency and recognition 
questionnaires

The box plots for results of the questions shown in Table 2 
are shown in Fig. 2. The levels of body ownership do not dif-
fer substantially between the lookalike self body, the general 
body and the body of the celebrity counsellors. The ‘move-
ments’ scores are high, indicating that the body tracking and 
mapping the movements to the virtual body worked well. 
Those in the Self condition recognised their virtual body as 
themselves more than those in the General condition, and 
the counsellor virtual bodies were judged to resemble the 
corresponding celebrities. Figure 2C suggests that females 
were more inclined to recognise the general body as them-
selves, but there was not much difference for the self body 
between males and females.

4.3  Physical exercise–descriptive

The basic results for the prescore and postscore variables for 
the Godin Leisure Time Exercise Questionnaire are shown 
in Table  4. Superficially the results suggest only a small 
effect size for the General condition. However, Fig.  3A 
shows substantial differences between the conditions when 
gender is taken into account. In particular the greatest effect 
is for males in the Self condition. Figure 3B shows that the 
relationship between postscore and prescore includes outli-
ers, most especially one (female) participant who had a pre 
score of 84 and a postscore of 18. These outliers are the rea-
son for using the Student t distribution in the model (Eq. 3).

4.4  Results of the statistical model

The summaries of the posterior distributions of the param-
eters are shown in Table 5. Note that the degrees of freedom 
parameter υ has a 95% credible interval between 1.42 and 
7.93, supporting the decision to use the Student t distribu-
tion (for normality υ should be at least 30). Self has a high 
effect size (the mean of the distribution of the α3 parameter) 
and the probability of being positive is 0.952. However, the 
interaction term Self × Female has a large (negative) effect 
size and a high probability of being negative (1 − 0.06 = 0.94). 
This supports the findings from Fig. 3A, that for males the 
Self condition fosters greater exercise than Video or Gen-
eral, but not for females.

The coefficient for interaction term Gender × prescore has 
95% credible interval − 0.32 to 0.25, and the point estimate 
of the coefficient is 0.02. The probability of the parameter 
being positive is just 0.47. Therefore, we have not included 
this term in the model.

The predicted posterior distributions for postscore, with 
prescore set at its median level (which is 23), are shown in 

overly influencing the posterior distributions. Such priors 
are referred to as ‘weakly informative’, ensuring that the 
model is not overly constrained by prior beliefs, yet are still 
proper probability distributions. A SD that is too large can 
lead to over-dispersed priors, while a SD that is too small 
can overly constrain the parameter estimates (Gelman et al. 
2008; Lemoine 2019). A SD of 20 was chosen as it provides 
a balance between these extremes. We also tested differ-
ent values for the SD, but found that variations around this 
choice resulted in almost identical outcomes, thus confirm-
ing the robustness of our results to this prior specification. 
The prior equal-interval 95% credible intervals for these 
parameters are from − 40 to 40.

The parameters υ and σ are necessarily positive and 
therefore the prior distributions must be defined over the 
positive real line. Following Juárez and Steel (2010), we 
used a Gamma distribution with a shape parameter of 2 and 
a rate parameter of 0.1, yielding prior 95% credible intervals 
of 2.4 to 55.7. The mean of this distribution is 20 and vari-
ance 200 (standard deviation 14.14). Again this is a distri-
bution with wide dispersion, but is, nevertheless, a proper 
probability distribution that allows the data to dominate the 
posteriors.

The model was evaluated using the Stan ​(​​​h​t​t​p​s​:​/​/​m​c​-​s​t​
a​n​.​o​r​g​/​​​​​​)​ probabilistic programming language (Carpenter et 
al. 2016) with R studio (www.rstudio.com) using the rstan 
interface (​h​t​t​p​​s​:​/​​/​m​c​-​​s​t​​a​n​.​​o​r​g​/​​u​s​e​​r​s​/​​i​n​t​e​r​f​a​c​e​s​/​r​s​t​a​n​/). Stan 
uses a Markov Chain Monte Carlo (MCMC) method to 
compute the posterior distributions. It does this in parallel 
over multiple computational threads or chains. It is conven-
tional to use 4 chains with at least 2000 iterations on each 
chain. This means that 2000 observations on each of the 4 
simulated distributions are obtained that provide the poste-
rior distributions. Stan then mixes the results of each chain 
together, if all these simulations are compatible with one 
another. We used 4 chains with 2000 iterations per chain. 
Graphs and Tables were produced using Stata 16.1 (www.
stata.com). See Supplementary Data S1 for the complete 
data and Stan program.

4  Results

4.1  Duration and number of body swaps

The duration of the sessions ranged between 10 and 15 min. 
The number of swaps had been stored on the head-mounted 
displays used for the experiment, but a software update 
unfortunately deleted most of the results of the numbers of 
swaps, so that only 14 cases are left. The number of swaps 
recorded ranged between 4 and 10, with the median 6 and 
interquartile range 6–8.
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Table 6. For males it is clear that the most successful out-
comes in terms of enhancing physical exercise is the Self 
condition, but for females the General condition produces 
the best outcomes.

4.5  Goodness of fit

The statistical model has a good fit to the data. The correla-
tion between the means of the predicted posterior distribu-
tions of postscore with the observed values of postscore is 
0.813 (95% confidence interval 0.711 to 0.882). The R-hat 
statistic is a diagnostic metric used to assess the convergence 
of MCMC sampling in Bayesian models implemented with 
Stan. An R-hat of 1 indicates that the 4 separate simulation 
chains that were used converged and mixed, as explained at 
the end of Sect. 3.8. All R-hat values were equal to 1.

To test goodness of fit we also used the ‘leave one out’ (loo) 
method (Vehtari et al. 2017). Leave-one-out cross-validation 

Fig. 4 for males and females. These posteriors are produced 
from Eq. (2) using the posterior distributions of the parame-
ters. For males the Self condition results in greater probabil-
ity of high scores for those in the Self condition compared 
to General and Video. For females the Self condition has the 
lowest probable scores.

Using these posterior distributions we can find the proba-
bilities of postscore being greater than the median prescore, 
i.e., an improvement over the median. These are shown in 

Table 4  The Godin Leisure time exercise questionnaire and mean ± S.E. 
scores by condition and Cohen’s d for the difference between postscore 
and prescore
Condition Prescore Postscore Cohen’s d
Video 22.5 ± 2.89 23.4 ± 3.90 0.05
General 25.6 ± 3.56 29.2 ± 4.59 0.20
Self 29.5 ± 5.86 30.1 ± 5.81 0.02
The scores are calculated from Eq. (1). (Hedge’s g effect sizes, that 
allow for small sample sizes, give the same results as Cohen’s d)

Fig. 2  Box plots for body ownership, agency and recognition by con-
dition. A Relating to the self body representation B Relating to the 
counsellor body. C The recognise question by condition and gender. 
The thick horizontal lines are medians, the boxes interquartile ranges 

(IQR) and the whiskers range from max (min value, lower quar-
tile − 1.5 × IQR) to min(max value, upper quartile + 1.5 × IQR). Points 
outside this range are shown individually
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all observations, and the Pareto k values are shown in Supple-
mentary Table S2.

5  Discussion

In this study participants had a self-conversation about their 
physical activity with a virtual representation of a celebrity 
sportsperson (LeBron James for males and Serena Williams 
for females). To represent themselves they were embodied 
in a virtual body that had a likeness of their own body, or 
in a general sex-matched body also matched roughly for 
age. They engaged in embodied perspective taking from 
their own body representation and that of the celebrity 
body, maintaining a conversation between the two bodies. 
A control group only watched a video of the celebrities. 
Comparing their physical exercise from one week after their 

is a model evaluation technique in which a single observation 
is left out of the dataset, and the model is fit on the remaining 
data. The prediction error for the left-out observation is then 
computed. This process is repeated for all observations in the 
dataset, and the results are used to estimate the model’s out-
of-sample predictive performance. This provides an ‘out-of-
sample’ estimate of fit rather than in-sample as in the case of 
the correlation. Pareto k estimates derived from this analysis 
refer to a diagnostic measure used to assess the validity of the 
leave-one-out cross-validation. The Pareto k statistic helps 
identify observations that may have a significant impact on 
the model’s predictive performance and could potentially be 
influential or poorly fit by the model. The Pareto k statistic is 
calculated for each observation as part of this process. A high 
Pareto k value (greater than 0.7) indicates that the observation 
may have an undue influence on the model or that the model 
may not fit the observation well. We found Pareto k < 0.7 for 

Table 5  Summaries of the posterior distributions of the model parameters showing the posterior means, standard deviations and 95% credible 
intervals
Parameter Coefficient for Mean SD 95% C.I Prob > 0
µ − 2.03 3.48 − 9.31 4.55 0.279
α2 General 1.87 5.47 − 8.87 12.88 0.634
α3 Self 10.56 6.54 − 2.26 23.76 0.952
β2 Female 1.71 3.23 − 4.64 8.07 0.705
γ22 General × Female − 2.37 5.07 − 12.33 7.67 0.317
γ32 Self × Female − 9.23 5.91 − 21.08 2.28 0.060
λ Prescore 1.05 0.13 0.80 1.32 1.000
θ2 General × Prescore 0.07 0.19 − 0.30 0.44 0.662
θ3 Self × Prescore − 0.14 0.17 − 0.47 0.17 0.207
υ d.f 3.33 1.86 1.42 7.93
σ Scale 7.14 1.38 4.72 10.13
Prob > 0 is the probability that the parameter is > 0

Fig. 3  Relationship between postscore, prescore and gender. A Bar chart showing the means and standard errors of the difference postscore–pre-
score for the three conditions and gender. B Scatter diagram of postscore on prescore. The lighter shading is for males and the darker for females
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Although the ConVRSelf method had better results than 
the video only method, the effect is dependent on the ava-
tar’s appearance. For women, the general body, and for men 
the self lookalike body, were more effective in increasing 
the probability of subsequent greater exercise. This points 
to a possible different import of the body appearance 
between men and women. An fMRI study by Burke et al. 
(2019) found that for women their own body is more salient 
compared with men who focus more on the bodies of oth-
ers rather than their own. In a study by Neyret et al. (2020) 
participants saw three different virtual body representations 
in VR: a body based on their own estimates of their body 
shape, their ideal body shape, and their actual body shape 
derived from tracking data. They saw these bodies from 
a first person perspective (i.e., embodied) or from a third 
person perspective. Female participants evaluated their own 
body negatively when they saw it from first person perspec-
tive but not when they saw it from third person perspec-
tive as if it were the body of someone else. This was not 
observed for males.

Similarly, amongst a large non-clinical sample of college 
students body image disturbance was found to be greater 
amongst women than men using the Body Image Distur-
bance Questionnaire (BIDQ) (Cash et al. 2004). The BIDQ 
measures not only dissatisfaction with perceived aspects of 
one’s body appearance (weight, height, facial characteris-
tics) but also how much this affects overall psychosocial 
functioning and the quality of life. A study by Quittkat et al. 
(2019) also found body dissatisfaction was greater amongst 
women than men, and that this was invariant to age: over 

exposure to one week before, males improved more with 
their own body likeness, and females with the general body, 
and the general and look-alike body both resulted in greater 
probability of improvement than the video only condition.

This approach is premised on body ownership, and the 
results found in our experiment are in line with previous 
results, for example (Banakou et al. 2013; Banakou and 
Slater 2014; Slater et al. 2010). It can be seen that even those 
with the general body had high levels of ownership (Fig. 2) 
(medown and cdown) supporting the notion that the driving 
force of the body ownership illusion is multisensory inte-
gration rather than the particular details of the body (Blanke 
et al. 2015). For example, high levels of body ownership 
have been obtained when embodying adults in a child body 
(Banakou et al. 2013), and numerous examples of ‘white’ 
people in a darker skinned body (Banakou et al. 2016; Mais-
ter et al. 2013; Peck et al. 2013) with an overview in Maister 
et al. (2015) and aneural network based explanatory model 
in (Bedder et al. 2019). In all of these examples, the virtual 
body was not designed to look like the real body. However, 
the scores on the ‘mirror’ questions are generally lower than 
have been obtained in other experiments (e.g., Supplemen-
tary Figure C in Slater et al. (2018)).

Table  6  Posterior probabilities of postscore > median (prescore) by 
condition and gender

Males Females
Video 0.384 0.657
General 0.812 0.800
Self 0.929 0.310

Fig. 4  Predicted posterior distributions for postscore for prescore at its median level (23) A Males B Females. The red solid curves are for the self 
condition, green dashed for general and blue dotted for video
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experiment implies that they were known within this popu-
lation of students and volunteers.
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