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Figure 1: A participant in front of a mirror: the virtual replicas (left) were designed to match the real setting (right). 

ABSTRACT 
Virtual Reality (VR) allows us to replace our visible body with a 
virtual self-representation (avatar) and to explore its efects on our 
body perception. While the feeling of owning and controlling a 
virtual body is widely researched, how VR afects the awareness of 
internal body signals (body awareness) remains open. Forty partic-
ipants performed moving meditation tasks in reality and VR, either 
facing their mirror image or not. Both the virtual environment 
and avatars photorealistically matched their real counterparts. We 
found a negative efect of VR on body awareness, mediated by feel-
ing embodied in and changed by the avatar. Further, we revealed a 
negative efect of a mirror on body awareness. Our results indicate 

that assessing body awareness should be essential in evaluating VR 
designs and avatar embodiment aiming at mental health, as even a 
scenario as close to reality as possible can distract users from their 
internal body signals. 

CCS CONCEPTS 
• Human-centered computing → Virtual reality; Laboratory 
experiments; Empirical studies in HCI . 

KEYWORDS 
Sense of embodiment, virtual reality, interoception, body ownership, 
agency, body perception, virtual humans 

ACM Reference Format: 
Nina Döllinger, Erik Wolf, Mario Botsch, Marc Erich Latoschik, and Carolin 
Wienrich. 2023. Are Embodied Avatars Harmful to our Self-Experience? 
The Impact of Virtual Embodiment on Body Awareness. In Proceedings of 
the 2023 CHI Conference on Human Factors in Computing Systems (CHI ’23), 
April 23–28, 2023, Hamburg, Germany. ACM, New York, NY, USA, 14 pages. 
https://doi.org/10.1145/3544548.3580918 

Permission to make digital or hard copies of part or all of this work for personal or 
classroom use is granted without fee provided that copies are not made or distributed 
for proft or commercial advantage and that copies bear this notice and the full citation 
on the frst page. Copyrights for third-party components of this work must be honored. 
For all other uses, contact the owner/author(s). 
CHI ’23, April 23–28, 2023, Hamburg, Germany 
© 2023 Copyright held by the owner/author(s). 
ACM ISBN 978-1-4503-9421-5/23/04. 
https://doi.org/10.1145/3544548.3580918 

https://doi.org/10.1145/3544548.3580918
https://doi.org/10.1145/3544548.3580918
mailto:carolin.wienrich@uni-wuerzburg.de
mailto:marc.latoschik@uni-wuerzburg.de
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3544548.3580918&domain=pdf&date_stamp=2023-04-19


CHI ’23, April 23–28, 2023, Hamburg, Germany Döllinger et al. 

1 INTRODUCTION 
Every living being on our planet has a body. Our bodies enable 
us to interact with our environment while continuously providing 
information about that environment, our movements and posture, 
our internal states, and our subjective well-being. A core research 
question of cognitive science deals with the perception of our body. 
Embodiment, the experience of simultaneously being and having a 
body [71], depicts a research perspective that defnes the body as a 
prerequisite for mental processes and examines them concerning 
their bodily foundation and expression. The body is consequently 
defned as an elementary component of human experience and 
self-perception [72]. Recent discussions on VR, avatars, and the 
metaverse raise an additional question: What happens to our bodily 
experience when we suddenly have to act and interact through a 
digital replica instead of our well-known and familiar body? 

VR can replace a person’s physical body with an arbitrary virtual 
self-representation (virtual body or avatar) that can be controlled 
and used to interact with a virtual environment. Through virtual 
bodies, or rather the discrepancy between the virtual and the phys-
ical body, it is possible to manipulate various aspects of body per-
ception. For example, being represented by thinner or larger virtual 
bodies can alter the perception of body size [48, 50, 76], extended or 
misaligned arms and legs to an altered estimation of one’s reaching 
distance [37], or increased latency to an altered perception of one’s 
body weight [33]. Inspired by early experiments on bodily illusions, 
especially the Rubber Hand Illusion (RHI) [8], a substantial fraction 
of VR research deals with the question of what it means to have a 
body, how it feels to possess or embody it – and to what extent a 
virtual body is perceived as a part, extension, or substitute of the 
physical body. The term embodiment extends thereby from having 
and controlling a physical to a virtual body. It is often operational-
ized as a sense of embodiment (SoE), or the “conscious experience of 
self-identifcation (body ownership), controlling one’s body move-
ments (agency) and being located at the position of one’s body in 
[a virtual] environment (self-location)” [52, p. 3547]. 

One aspect of body perception of particular interest in embod-
iment research is body awareness, the ability to recognize subtle 
internal body signals [45]. Body awareness is a core element of 
our self-perception. It is related to psychological and physical well-
being and afects the management of chronic medical conditions 
such as chronic pain [24], eating disorders [35], or anxiety and 
depression [49]. Therefore, the application of VR in various areas of 
life raises the question of the extent to which the embodiment of vir-
tual bodies poses not only a chance but a risk to our body awareness. 
Is the replacement of our own body with a virtual body disturbing? 
Or can it even support body awareness by drawing attention to the 
body through external stimulation? The embodiment of artifcial 
body parts has been shown to interact with body awareness. Filip-
petti and Tsakiris [19] found that the RHI can positively afect body 
awareness, but identifcation with an unfamiliar face leads to a 
reverse efect. Döllinger et al. [15] discovered a positive correlation 
between SoE toward a personalized virtual body and body aware-
ness. However, it has not been investigated systematically to what 
extent the embodiment of a virtual body afects body awareness 
compared to interactions with one’s physical body. Further, there 
has been no research on the efect of the confrontation with one’s 

(virtual) mirror image, a common tool in the embodiment of virtual 
bodies [32], on body awareness. 

In a 2x2 mixed design study with 40 participants, we investi-
gated how embodying a photorealistic virtual body afects body 
awareness compared to interacting with one’s physical body. Par-
ticipants performed a series of body-based movement exercises in 
a real and virtual laboratory. While they viewed, controlled, and 
explored their physical bodies in the real environment, they em-
bodied a photorealistic personalized virtual body in VR. During the 
experience, they were either confronted with an additional third-
person perspective on their body via a (virtual) mirror or not. We 
recorded their self-reported body awareness, SoE, and performance 
in a heartbeat counting task as dependent variables. In doing so, 
we investigate the extent to which the two factors, virtuality and 
perspective, afect body awareness and the role of the SoE within 
these efects. Our work empirically connects body awareness and 
SoE in VR and compares how the sense of embodiment toward vir-
tual bodies difers from that toward real bodies. Our results allow 
us to infer for VR design whether even a VR scenario that is as 
close to reality as possible can distract users from their physical 
bodies. In addition, they challenge the role of a mirror in the design 
of VR-based embodiment and (mental) health scenarios. 

2 RELATED WORK 

2.1 Body Awareness in Mind-Body Therapy 
Our body constantly gathers, processes, and flters information 
about our environment. It is sensitive to the outside temperature, 
the intensity of touch, or the noise of our surroundings. In addition 
to external signals from our environment, signals from inside the 
body maintain our self-awareness [63]. The processing of these in-
ternal body signals, especially the interoceptive and proprioceptive 
signals, is called body awareness. It is defned as the “subjective, 
phenomenological aspect of proprioception and interoception that 
enters conscious awareness and is modifable by mental processes 
such as attention, interpretation, evaluation, beliefs, memories, con-
ditioning, attitudes, and afect” [45, p. 4]. Therefore, body awareness 
is a central part of perceiving the body’s sensations and includes 
the perception of various internal body signals, such as hunger and 
heart activity or other more complex perceptive syndromes. It is 
often captured via self-reports or operationalized as interoceptive 
accuracy (IAC) and assessed via heartbeat-counting tasks. 

Body awareness is closely linked to mental health and subjective 
well-being [28] and is negatively related to symptoms of depres-
sion [49], eating disorders [35], or migraine [55]. On the other 
hand, body awareness dysfunctions are associated with increased 
suicidal thoughts and actions [30]. Following these fndings, Gib-
son [25] proposed in a recent discussion that a strengthened IAC 
or body awareness accounts for the benefts of mindfulness prac-
tice in diferent research. The processing of the body’s internal 
signals has become the focus of several therapeutic approaches, 
so-called mind-body therapies, aiming to integrate mind and body 
awareness into daily life via breathing, meditation, or movement ex-
ercises [46]. Although the practical application of body awareness 
in therapy varies widely, in a qualitative study on the defnition of 
body awareness in therapy, Mehling et al. [46] found a great deal 
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of commonality in understanding body awareness among practi-
tioners. Therapists have defned body awareness in two ways, as 
a core element of integrity and an essential part of self-awareness 
and as an individual’s capacity and ability for embodiment. 

Therapeutic approaches aiming to increase or adapt body aware-
ness mostly rely on modifying body awareness via attention regula-
tion. Directing attention to external body signals can facilitate the 
processing of interoception [3, 42]. Especially in the feld of mind-
fulness, some developments and design ideas have been proposed 
to integrate VR into mind-body therapy approaches. In this context, 
VR allows arbitrarily adapting the visible environment or augment-
ing feedback to body movements or physiological measures using 
virtual stimuli. While research in this area has predominantly relied 
on mindfulness, the infuence of virtual bodies on body awareness 
could provide new insights into the mechanisms of body awareness 
and embodiment and how virtual stimuli could help maintain or 
manipulate body awareness in a virtual therapy scenario [4, 14]. 

2.2 Embodying Virtual Bodies 
VR experiences rely on supplementing, modifying, or replacing a 
particular part of body signals with virtual stimuli. Typically, this 
is done by displaying visual stimuli while excluding visual infor-
mation from the real environment. Adapting visual movements 
to the user’s actions establishes a state of congruence between 
the digital (visual) and non-digital (proprioceptive, vestibular, and 
kinesthetic) stimuli [39]. Upon meeting this state, the virtual expe-
rience is perceived as plausible and thus elicits a sense of presence. 
When embodying a virtual body, the congruence of a virtual body’s 
behavior and look can lead to plausibility [43] and a perceptual 
shift towards the virtual body. Kilteni et al. [36, p. 375] defne this 
state as the Sense of Embodiment (SoE), “the sense that emerges 
when [the body’s] properties are processed as if they were the prop-
erties of one’s own biological body”. In the context of our work, the 
question arises whether one’s body perception is infuenced when 
the visual body signals do not come from the own body. Through 
bottom-up processing of congruent visuotactile or visuomotor stim-
ulation, the perception of a virtual body is integrated into one’s 
physical body perception causing the virtual body to be perceived 
as a part, extension, or substitute of the physical body. A typical 
method to enhance the SoE towards a virtual body is the mirror 
metaphor [32]. By adding a mirror to the virtual environment and 
consciously juxtaposing the user with their virtual mirror image, 
the efect of visuomotor or visuotactile congruence is intended to 
be reinforced [57]. 

2.3 The Impact of Avatar Embodiment on Body 
Perception 

In VR, external and internal body signals may be overridden or sup-
pressed by the external signals presented through the embodiment 
of virtual bodies. For example, in a study on temperature sensitivity 
in the palm, Llobera et al. [41] showed that external temperature 
stimuli are processed less dominant during the embodiment of a 
virtual body. In their study, half of the participants were presented 
with a visuomotor congruent virtual body whose movements and 
posture corresponded to their own. In contrast, the other half of 

the participants were presented with an incongruent representa-
tion. It turned out that participants in the congruent condition 
were less sensitive to temperature diferences. The authors stated 
a distraction by the visual stimuli could not explain this efect but 
an integration of the congruent virtual body into the own body 
perception. Concerning the processing of internal body stimuli, 
Kasahara et al. [33] showed in a study on visuomotor congruence 
that delays in the body movement of a virtual body produced a 
feeling of heaviness in one’s physical body. In contrast, faster vir-
tual body movements produced a feeling of physical lightness. In 
addition to the visuomotor congruence between the physical and 
the virtual body, it has been investigated to what extent an inconsis-
tency between dimensions of body parts impacts body perception, 
for example, proprioception and the perception of one’s body po-
sition and dimensions. Van der Veer et al. [68] demonstrated that 
the positioning of virtual body parts relative to the physical body 
might lead to a proprioceptive shift when estimating the position 
of physical body parts. Kilteni et al. [37] showed that the length of 
virtual arms infuences the perception of one’s own reach and body 
space. With remark to an embodiment scenario with virtual bodies, 
various works demonstrated that embodying virtual bodies of dif-
ferent sizes impacts body weight perception and the estimation of 
one’s body size [48, 50, 76]. 

However, it remains unclear whether these infuences on the 
diferent aspects of body perception are equivalent to an impact on 
body awareness. When considering the goal of mind-body inter-
ventions, strengthening the connection between body and mind, 
the question arises of whether VR can be a suitable tool for mental 
health interventions. Suppose body perception is afected by those 
external stimuli. Does the embodiment of virtual bodies and the 
associated distraction from the real body towards a virtual body 
have a disruptive efect on body awareness? 

2.4 The Relationship between Body Awareness 
and Sense of Embodiment 

2.4.1 Body Awareness Afects the Sense of Embodiment. Working 
with artifcial bodies is integral for exploring body awareness and 
embodiment, as it allows us to manipulate and investigate what it 
means to feel, own, or control a body. Consequently, literature on 
this topic initially addresses how body awareness, or IAC, afects 
the adoption of SoE towards artifcial or virtual bodies or body parts, 
mainly using the Rubber Hand Illusion as a tool of exteroceptive 
manipulation. In this method, visuotactile congruent stimulation 
and simultaneous visual occlusion of the physical hand produce 
an SoE toward an artifcial hand. Tsakiris et al. [63] discovered a 
negative relation between IAC and accepting such external stimuli. 
Based on the RHI, they investigated to what extent the individual 
IAC afected the SoE towards the artifcial hand. They found that 
the RHI afected individuals with low IAC more than individuals 
with high IAC. The authors concluded that the infuence of ex-
ternal stimuli is more substantial when the individual processes 
fewer interoceptive signals. In an experiment on body awareness, 
IAC, and the autism spectrum, Schauder et al. [54] replicated the 
results of Tsakiris et al. [63]. Again, IAC negatively afected the 
SoE towards a rubber hand, supporting the proposed trade-of be-
tween internal and external cue processing. While the two previous 
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experiments focused on the embodiment of generic hand models, 
Tajadura-Jiménez and Tsakiris [61] investigated the infuence of 
IAC on SoE towards an unfamiliar face in a so-called enfacement 
illusion. In their study, individuals with low IAC were more likely 
to be infuenced by the interaction with the face and to show more 
SoE towards this face than individuals with low IAC. The infu-
ence of self-reported body awareness on susceptibility to the RHI 
has also been investigated, but no impact was found [10]. In an 
embodiment scenario with virtual bodies in VR, Dewez et al. [13] 
further investigated how self-reported body awareness infuences 
SoE towards a generic virtual body. They found a descriptive but no 
signifcant relationship between body awareness and SoE, similar 
to the relationship between IAC and SoE. 

2.4.2 Embodiment of Virtual Bodies Afects Body Awareness. In 
addition to the studies on the impact of body awareness and IAC 
on SoE, a few investigated the reverse research question of how the 
embodiment of an artifcial body afects body awareness. Filippetti 
and Tsakiris [19] investigated the extent to which visuotactile con-
gruence and a resulting variation in SoE afected body awareness 
using the RHI. They found that congruence of visual and tactile 
stimulation positively afected SoE and body awareness. Partici-
pants performed better in an IAC task after a high congruence 
condition than after a low congruence condition. A pre-post com-
parison revealed an increase in performance in the IAC task, but 
only for participants with a lower IAC at baseline. Thus, individuals 
with initially lower accuracy in detecting internal bodily sensations 
seem to beneft from the exteroceptive body signals of a congruent 
RHI task. In addition, Filippetti and Tsakiris [19] report an adverse 
efect of visuotactile congruence in an enfacement task when using 
the participant’s face but not when using a generic face. When 
embodying a picture of their own face, individuals in the congruent 
condition achieved lower performance in IAC than individuals in 
the incongruent conditions. Overall, the enfacement illusion had 
a negative main efect on IAC for participants with higher IAC at 
baseline. This result contrasts with the results on the RHI. It indi-
cates that including mirror exposure in the embodiment of artifcial 
bodies might lead to diferent efects on body awareness than when 
the face of the artifcial body is not visible. In the context of VR, 
Döllinger et al. [15] tested whether the SoE towards a photorealis-
tically personalized virtual body was related to self-reported body 
awareness or IAC. They found a positive relationship between SoE 
and self-reported body awareness but not between SoE and IAC. 

2.5 Summary and Contribution 
The processing of exteroceptive signals from the RHI or embodi-
ment of virtual bodies might partially compete with the processing 
of internal body signals and thus limit body awareness [54, 63]. The 
presented research highlights the importance of visuotactile or vi-
suomotor congruence in the embodiment of artifcial bodies or body 
parts to maintain or even strengthen body awareness. However, 
especially when embodying artifcial faces, visuotactile congruence 
does not rule out a negative infuence on body awareness [19]. Dur-
ing enfacement illusions, congruence might even have an adverse 
efect. In summary, prior work suggests a relationship between IAC 
and SoE and between self-reported body awareness and SoE. How-
ever, research is still pending on how VR afects body awareness 

and IAC compared to reality. It further needs to be investigated to 
what extent the presented perspective on a personalized virtual 
body afects the perceived body awareness and IAC. 

To address these research gaps, we present a study investigating 
the efects of having a mirror image in a body awareness movement 
task in VR. Additionally, we investigate to what extent the embodi-
ment of a highly personalized, photorealistic virtual body afects 
body awareness and IAC. In a 2 × 2 design, we evaluated the efects 
of virtuality and perspective on body awareness. Our participants 
performed movement exercises from Basic Body Awareness Ther-
apy [27] either in a laboratory of the University of Würzburg or in a 
virtual model of that laboratory in VR in counterbalanced order (vir-
tuality). When in VR, they embodied a virtual replica of themselves. 
Half of our participants performed the exercises in front of a mirror, 
and the second half performed them without a mirror (perspec-
tive). As dependent variables, we recorded their self-reported body 
awareness and SoE, measured in experience directly following the 
performed exercises. Additionally, we assessed their self-reported 
body awareness, SoE, and IAC measured after leaving the virtual 
or real laboratory environment. The results of our study intend to 
provide new insights into the efects of VR on body awareness and, 
thus, new insights into the relationship between one’s virtual and 
physical body. Based on the work presented above, we hypothesize 
the following: 
H1.1: The SoE of an individual towards their virtual body in VR 

difers from the SoE towards their physical body in a real-
world environment. 

H1.2: An additional visual perspective on the body, provided by a 
mirror, has a supporting efect on the SoE. 

H2.1: Even when embodying a photorealistic personalized virtual 
body, VR afects body awareness. 

H2.2: An additional visual perspective on the body, provided by a 
mirror, afects body awareness through exteroceptive stimu-
lation. 

H3: The SoE towards a (virtual) body mediates the efects of 
perspective or virtuality on body awareness. 

3 METHODS 

3.1 Ethics 
We conducted our study according to the Declaration of Helsinki 
and received approval from the ethics committee of the Institute 
Human-Computer-Media (MCM) of the University of Würzburg 1. 
Given the prolonged exposure to the mirror image, we referred 
participants during acquisition and after the study to the freely 
available support services from the Anorexia Nervosa and Associ-
ated Disorders organization (ANAD) 2, which they could contact 
in case they felt uncomfortable about their body shape. Partici-
pants were informed in advance about the risks of VR regarding 
simulation sickness and epilepsy symptoms according to the lo-
cal VR-usage guidelines. Before entering VR, participants were 
instructed to report any discomfort they felt during the VR experi-
ence immediately. In addition, we set up an area where participants 
could sit down in silence, hydrate, or lie down if needed. 

1https://www.mcm.uni-wuerzburg.de/forschung/ethikkommission/ 
2https://www.anad.de/ 

https://www.mcm.uni-wuerzburg.de/forschung/ethikkommission/
https://www.anad.de/
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3.2 Participants 
A total of 45 students and employees of the University of Würzburg 
participated in our study and received either course credit or 30 
EUR in return. Ahead of the evaluation, we defned four exclusion 
criteria queried by self-disclosure. Participants were not eligible 
when they (1) had visual impairments not compensated by contact 
lenses, (2) currently sufered from a diagnosed eating or body image 
disorder, (3) had less than three years of experience with the German 
language, or (4) reported simulation sickness symptoms during 
the experiment. We excluded one participant due to their visual 
impairment and four participants due to technical issues during the 
VR session (� = 3) or heart rate tracking (� = 1). Thus, we included 
40 participants (25 female, 15 male) in our analysis. The participants 
were between 19 and 53 years (� = 22.00, �� = 1.48). Twenty-nine 
participants had spent less than 5 hours, seven participants had 
spent 5-10 hours, and 4 participants had spent 10-20 hours in VR. Six 
participants had never used a VR system before their participation. 

3.3 Study Design 
Our study was designed in a 2 × 2 mixed design with the two 
independent variables virtuality and perspective. The frst inde-
pendent variable, virtuality, included two experimental conditions 
performed by each participant: reality and VR. In reality, the tasks 
were performed in the local laboratory, while in VR, they were 
performed in a virtual replica of the local laboratory. The order 
of the two conditions was counterbalanced. The second indepen-
dent variable, perspective, varied between participants. Participants 
performed the tasks described in Section 3.6.1 either in front of a 
(virtual) mirror or without a mirror. Thus, participants only received 
additional external cues about their bodies in the mirror condition. 
As dependent variables, we assessed the participants’ self-reported 
body awareness and their IAC. As a possible mediator between 
the independent and dependent variables, we assessed their SoE 
towards their visible body. As control variables, we captured the 
participants’ body awareness, body consciousness, and IAC prior 
to our experimental tasks and the two VR-related measures of sim-
ulator sickness and avatar uncanniness. 

3.4 Apparatus 

3https://assetstore.unity.com/packages/tools/integration/steamvr-plugin-32647 
4https://assetstore.unity.com/packages/tools/animation/fnal-ik-14290 
5https://github.com/PeterTh/ovr_rawprojection 

3.4.1 Hard- and Sofware. The VR hardware was integrated us-
ing SteamVR version 1.16.10 [67] and the corresponding Unity 
plugin version 2.7.3 3. The VR conditions were implemented using 
Unity 2020.3.11f1 LTS [65]. For calculating the avatar’s general body 
pose, we used the Unity plugin FinalIK version 2.0 4 in conjunction 
with the system architecture introduced by Wolf et al. [74]. 

Our VR setup consisted of an HTC Vive Pro HMD, two handheld 
Valve Index Controllers (Knuckles), and three HTC Vive Track-
ers 3.0. One tracker was attached to the hip and one to each foot. 
All devices were tracked using four SteamVR Base Stations 2.0. The 
HMD provided participants a total feld of view of 108.8 × 111.4 ◦ 

and a resolution of 1440 × 1600 px per eye 5. It ran at a refresh rate 
of 90 Hz. The participants’ fnger poses were tracked by the built-in 
proximity sensors of the Knuckles, while facial expressions were 

not tracked. The setup was driven by a high-end VR-capable work-
station that consisted of an Intel Core i7-9700K CPU, an NVIDIA 
GeForce RTX 2080 Ti, and 32 GB RAM. To answer the question-
naires outside of VR, participants used an ofce workstation with 
a keyboard, mouse, and 24-inch LCD screen. The questionnaires 
were presented with LimeSurvey 4 [40]. For heart rate measures, 
we used the Empatica E4 smartwatch [17]. 

We determined our system’s motion-to-photon latency by frame-
counting [29, 58, 60]. For this purpose, the video signal output of 
the graphics card was split into two signals using an Aten VanCryst 
VS192 display port splitter, one of the signals led to the HMD and 
the other to an ASUS ROG SWIFT PG43UQ low-latency gaming 
monitor. The user’s movements and the corresponding reactions 
on the monitor screen were captured using a Casio EX-ZR200 high-
speed camera recording at 240 fps. The latency was repeatedly 
determined (n= 20) by counting the recorded frames between the 
user’s movements and the virtual body’s reaction while showing 
the virtual mirror and was, on average, 64.79ms (�� = 8.05). 

3.4.2 Real Environment. The study was performed in a laboratory 
of the University of Würzburg. In the room’s center, a marker on 
the foor defned the participants’ positions during diferent tasks. 
Following the guidelines for mirror placement of Wolf et al. [73], a 
mirror was placed at a distance of 1.5 meters from the participant. 
Depending on the perspective condition and the task, the mirror 
either showed the participants’ refection or was turned away. Two 
speakers stood on the foor next to the mirror to play audio in-
structions. Two desks were placed on one side of the room next to 
each other. One contained the questionnaire workstation for the 
participants. The other contained the VR workstation. To avoid par-
ticipants’ answers being afected by the experimenter’s presence, 
a privacy screen separated the experimenter’s workstation from 
the participants’ workstation. Additionally, two privacy screens 
were placed between the experimenter and the participants during 
conditions. Thus, the participants could not see the experimenter 
while performing tasks. 

3.4.3 Virtual Environment. We followed Skarbez et al. [56] and 
provided a virtual environment replicating the real laboratory (see 
Figure 1) to control environmental infuences between the VR and 
reality conditions. The virtual environment was spatially aligned to 
the real environment by a custom calibration script. Hence, the po-
sition of the marker and the mirror matched in both environments. 

3.4.4 Virtual Body. To provide a high similarity between the par-
ticipants’ real and virtual bodies, we used the method for fast gen-
eration of photorealistically personalized virtual bodies proposed 
by Achenbach et al. [1]. Using a custom-built multi-DSLR camera 
setup, 96 photos of the participants are taken simultaneously. The 
photos provide the input for generating a dense point cloud of the 
participants using Agisoft Metashape [2]. It serves as the basis for 
modifying a fully rigged template mesh originally taken from the 
Autodesk Character Generator [5] following statistical parameters 
and non-rigid deformation to accurately replicate the participants’ 
body shape. In a further step, a photorealistic texture is generated 
that represents the personalized surface of the body. A more de-
tailed explanation of the whole procedure can be found in Bartl et al. 
[7]. The virtual body was imported into Unity using an FBX-based 

https://assetstore.unity.com/packages/tools/integration/steamvr-plugin-32647
https://assetstore.unity.com/packages/tools/animation/final-ik-14290
https://github.com/PeterTh/ovr_rawprojection
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custom importer and animated in real-time according to the partic-
ipants’ movements using the hard- and software setup described 
above. To this end, we used the embodiment system presented by 
Wolf et al. [74] and evaluated by Döllinger et al. [16]. 

3.5 Measures 
3.5.1 Sense of Embodiment (SoE). We assessed SoE both in expe-
rience and post experience using the Virtual Embodiment Ques-
tionnaire (VEQ) [52]. The VEQ measures SoE on the three dimen-
sions of perceived body ownership (BO), agency (AG), and change 
(CH), each with four items rated on a 7-pt Likert scale. For the in-
experience assessment, we selected one item from each dimension, 
which loaded highest on it, and adapted the scales to range from 1 
to 10. As we presented no virtual body in the reality condition, we 
adapted the wording of the items from “virtual body” to “visible 
body” for both assessments to match all of our conditions. 

3.5.2 Self-Reported Body Awareness. We assessed self-reported 
body awareness ratings both in-experience and post-experience. 
For in-experience measurement, we extracted items from several 
questionnaires matching the following aspects of body awareness: 
noticing external cues (NE), noticing internal cues (NI), body listen-
ing (BL), attention regulation (AR), and visual attention (VA). The 
items were adapted from the State Mindfulness Scale (SMS) [62], the 
State Mindfulness Scale - Physical Activity (SMS-PA) [9], and the 
Objectifed Body Consciousness Scale (OBCS) [47]. The extracted 
items, including sources, are presented in Table 1. 

3.5.3 Interoceptive Accuracy (IAC). In addition to self-reported 
body awareness, we assessed IAC via a heartbeat-counting task [53]. 
Participants were instructed to sit calmly on a chair while resting 
their arms on the chair’s armrest. They were asked to count their 
heartbeats over a trial of 45 sec but not guess if they did not feel 
any. To create an IAC score, we calculated the diference between 
their counting result and their actual heart rate during the time 
span relative to their actual heart rate. 

3.5.4 Control Variables. To control potentially interfering factors, 
we additionally assessed the participants’ everyday life body aware-
ness using the Multidimensional Assessment of Interoceptive Aware-
ness - Version 2 (MAIA) [44] questionnaire. It comprises 32 items 
divided into eight scales: noticing, non-distracting, not-worrying, 

attention regulation, emotional awareness, self-regulation, body 
listening, and trusting. It is measured on a 6-pt Likert scale ranging 
from 0 to 5. Additionally, we assessed the participants’ everyday life 
body consciousness using the Objectifed Body Consciousness Scale 
(OBCS) [47]. It comprises 16 items divided into two dimensions: 
body surveillance and body shame. It is measured on a 7-pt Likert 
scale ranging from 1 to 7. Finally, we controlled the VR-related 
variables simulator sickness and avatar uncanniness. To capture 
potentially occurring simulator sickness caused by latency jitter or 
other sources [59, 60], we included the Simulator Sickness Question-
naire (SSQ) [34]. It comprises 16 items, each querying a diferent 
symptom of simulator sickness, on a 4-pt scale ranging from 0 to 4. 
The total score ranges from 0 to 235.62. For avatar uncanniness, we 
assessed the Uncanny Valley Index (UVI) [31]. It comprises 18 items 
divided into four dimensions, humanness, eeriness, spine-tingling, 
and attractiveness. It is measured on a 7-pt scale ranging from 1 
to 7. Additionally, we added two in-experience items for avatar 
uncanniness presented in Table 1. 

3.6.1 Body Awareness Movement Tasks. 

Table 1: In-experience items for SoE, body awareness, and avatar uncanniness. 

Variable Item Original scale 
Sense of Embodiment 

Body Ownership (BO) It felt like the virtual body was my body. VEQ [52] 
Agency (AG) The virtual body’s movements felt like they were my movements. VEQ [52] 
Change CH I felt like the form or appearance of my own body had changed. VEQ [52] 

Body Awareness 
Noticing external (NE) I noticed various sensations caused by my surroundings (e. g. heat, coolness, the wind on my face) SMS [62] 
Noticing internal (NI) I clearly physically felt what was going on in my body SMS [62] 
Body listening (BL) I listened to what my body was telling me. SMS-PA [9] 
Attention regulation (AR) It was easy for me to pay attention to my body. — 
Visual attention (VA) I focused more on how my body looked than how it felt. OBCS [47] 

Avatar Uncanniness 
Satisfaction I was satisfed with my body. — 
Discomfort I felt uncomfortable in my body. — 

3.6 Tasks 
In both VR and reality, 

participants performed a series of movement exercises based on the 
Basic Body Awareness Therapy exercises from Gyllensten et al. [27]. 
These movement exercises usually aim to increase body awareness 
through small, repetitive body movements. The instructions focus 
on performing the movements slowly and deliberately while sens-
ing the body. For our study, we selected only standing movement 
exercises. Following instructions for a stable, upright stance, par-
ticipants performed the exercises “squat,” “rotation,” “wave,” and 
“push” after each other for 75 to 115 seconds. For squat, participants 
performed a rocking motion of the legs to which they swung their 
arms. For rotation, they performed a rotation of the body around 
its longitudinal axis. Wave involved an up-and-down movement 
of the arms. For push, the subjects stood in step position and per-
formed a forward press movement of the hands. For a more detailed 
description of each task, we refer to the work of Gyllensten et al. 
[27]. After the initial instruction of a movement task, we added 
the instruction to repeat the movement until the next exercise was 
presented. The pause between two instructions lasted 45 sec. 
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3.6.2 Mirror Exposure Task. Participants additionally performed 
a mirror exposure task. It established further exposure to the vir-
tual body to test whether a confrontation with a virtual body in 
comparison to the physical body infuenced body awareness. The 
mirror was turned around for the two conditions without a mirror 
to allow subjects to look at themselves for the frst time during 
the study. In the other two conditions, the environment was not 
changed. Participants were instructed to stand centrally in front of 
the mirror and look at their mirror image for 3 min. 

3.7 Procedure 
The whole procedure of the study is illustrated in Figure 2. It was 
split into four phases: Preparation, reality condition, VR condi-
tion, and Closure. Both experimental conditions were presented in 
counterbalanced order and were executed with or without a mirror. 

3.7.1 Preparation. During preparation, participants received infor-
mation about the local COVID-19 regulation and the study proce-
dure. They consented to the body scan and study participation and 
generated two personal pseudonymization codes to store their body 
scan and study data separately. Participants were then asked to take 
of their shoes. In the next step, the experimenter measured the 
participants’ body height and performed the body scan described 
in Section 3.4.4. After the body scan, participants answered the pre-
questionnaires, including their demographics, prior VR experience, 
and the MAIA, OBCS, and SSQ questionnaires. After answering the 
questionnaires, they performed the IAC task. 

3.7.2 Reality Condition. In the reality condition, the participants 
were led to the center of the laboratory. Here, they performed the 
body awareness movement tasks described in Section 3.6.1. They 
then verbally answered the in-experience questions about body 
awareness, SoE, and avatar uncanniness. The mirror exposure task 
described in Section 3.6.2 followed. The instructions for both tasks 
were presented via pre-recorded audio instructions. The reality ex-
perience took � = 18.26min (�� = 1.71). After the mirror exposure, 
the participants returned to the questionnaire workstation. 

3.7.3 VR Condition. In preparation for the VR condition, the par-
ticipants put on the tracking equipment described in Section 3.4.1. 
After introducing the virtual environment, participants were in-
structed to read a short sentence to test their vision within the 
virtual environment. The calibration of the virtual body followed. 
The participants were instructed to stand in a T-pose with their arms 
stretched to the sides. The instructions for the vision test and the 
calibration were presented verbally and in writing. A whiteboard 
to the left of the mirror displayed the written instructions. After 
calibration, the reality condition was performed analogously to the 
VR condition. The VR experience took � = 19.88 min (�� =1.86). 
After the last exercise, the participants put down the VR equipment 
and returned to the questionnaire workstation. 

After each condition, the participants again performed the IAC 
task. Afterward, they answered the questionnaires SMS and VEQ. 
After the VR condition, they additionally answered the SSQ. At the 
end of the experiment, participants answered the UVI. In total, the 
study took � = 118.38min (�� = 19.19). 

MirrorMirror

MirrorMirror

            Mirror    No MirrorBetween-Subjects

Body Measurements

Body Scan

Information, Consent, Pseudonym

Demograpic, MAIA, OBCS, SSQ

IAC Task

Debriefing, Compensation

UVI

Fitting

Eye Test

Calibration

2

Procedure Within-Subjects VRReality

Body Aw. Movement Tasks

In-Experience Questions

Mirror Exposure Task

IAC Task

SMS, VEQ, SSQ

Figure 2: Overview of the experimental procedure (left) and 
of the repeated part of the exposure phase (right). The icons 
on each step’s right side show the environment in which 
the step was conducted. The icon in the center indicates the 
repetition of steps. 

4 RESULTS 

4.1 Analysis 
4.1.1 Efects of Virtuality and Perspective. We performed the entire 
analysis using R data analysis software. To analyze whether the 
virtuality or the perspective infuenced the recorded measures of 
SoE and body awareness (H1.1, H1.2, H2.1, H2.2), we calculated 
2 × 2 MANOVA models for the in-experience and 2 × 1 MANOVA 
models for the post-experience recorded measures of SoE and body 
awareness. For this purpose, we used the modifed ANOVA-type 
statistic (MATS) for multivariate data proposed by Friedrich et al. 
[20], which is also applicable for repeated measures data. We applied 
the bootstrap approach proposed by Friedrich and Pauly [22] to 
avoid bias due to asymptotic distributions. To compute the model, 
we used the R package MANOVA.RM [21]. For the bootstrap, we 
applied 1000 iterations, each with parametric resampling. MANOVA 
models were interpreted at an alpha of .05. 

For post-hoc comparisons after signifcant main efects, we di-
rected 1 × 2 ANOVA models when only one main efect was signif-
cant or 2×2 ANOVA models when two main efects were signifcant. 
To account for small efects, we did not adjust the alpha value here. 
We calculated generalized �2 (ges) as efect sizes. 

4.1.2 Bayesian Multilayer Mediation. To analyze the extent to 
which the SoE towards the visible body mediated body awareness 
(H3), we considered the variables signifcantly afected by one of 
the two factors. We calculated a Bayesian multilayer mediation 
for each corresponding variable„ a multilevel modeling approach 
presented by Vuorre and Bolger [69], using their R package bmlm.r. 
Bayesian multilayer meditation takes non-independent observa-
tions from repeated measures into account and estimates regression 
models based on Markov Chain Monte Carlo (MCMC) procedures. 
These estimate individual-level and group-level parameters simul-
taneously. We used 2000 iterations for the sampling procedure. We 
report the means of the models’ posterior distribution (Bayesian 
posterior distribution) and associated confdence intervals as esti-
mates. In the results, we report the mediator models that showed 
a signifcant indirect efect based on confdence intervals and the 
respective direct efects. 

https://MANOVA.RM
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4.1.3 Exploratory Analysis. In an additional exploratory analysis, 
we tested to what extent the participants found the encounter 
with their virtual bodies pleasant. For the in-experience measures 
of virtual body uncanniness, we calculated a 2 × 2 mixed design 
ANOVA model each. Again, we tested against an alpha level of .05. 

4.2 Control Variables 
4.2.1 Sample. Table 2 shows the results of all control variables 
for both the mirror and the no mirror group. To ensure that the 
two groups did not difer in their body awareness, we examined 
whether the MAIA was answered diferently in the groups and 
whether performance in the IAC task difered. 

4.2.2 General Efects of VR and Embodiment. We investigated the 
avatar’s overall rating using the UVI. As shown in Table 2, the 
avatars were rated similarly between the mirror and no mirror con-
dition on all dimensions. We found signifcant efects of virtuality 
on in-experience ratings of the visible body. Participants were more 
satisfed with their visible body in reality (� = 7.97, �� = 1.70) than 
in VR (� = 6.30, �� = 2.21), � (1, 38) = 23.620, � < .001, ��� = .157. 
Additionally, participants felt more uncomfortable in their visible 
body in VR (� = 3.17, �� = 2.24) than in reality (� = 2.30, �� = 
1.47), � (1, 38) = 5.729, � = .022, ��� = .052. We found no signifcant 
efects of perspective on in-experience ratings of the visible body, 
neither for satisfaction, � (1, 38) = 0.509, � = .480, ��� = .009, or for 
discomfort, � (1, 38) = 0.131, � = .719, ��� = .002. 

In a pre-post comparison of the SSQ scores, we tested whether 
participants had to be excluded due to simulator sickness. Results 
showed a maximum pre-post diference of 26.18 (�� = −3.74, � = 
−7.67, �� = 19.75) and a maximum post-measure of 104.72 (�� = 

18.70, � = 26.55, �� = 25.01). As the participant with the highest 
increase in SSQ scores was not an outlier in the other scores and the 
two participants who scored maximum in post-measures reported 
only a small increase (11.22) or a decrease (−11.22) in SSQ scores, 
we referred from excluding participants due to simulation sickness. 

Table 2: Descriptive results of all control variables divided 
between groups. 

Mirror No mirror 

Range � (��) � (��) 

Body Awareness 
MAIA Attention regulation [0 – 5] 4.11 (0.60) 4.21 (0.73) 
MAIA Body listening [0 – 5] 3.47 (1.05) 3.80 (0.79) 
MAIA Emotional awareness [0 – 5] 4.49 (0.94) 4.79 (0.67) 
MAIA Self regulation [0 – 5] 3.80 (1.01) 3.99 (0.79) 
MAIA Non-distracting [0 – 5] 1.03 (0.91) 0.92 (0.65) 
MAIA Noticing [0 – 5] 4.59 (0.77) 4.78 (0.51) 
MAIA Not-worrying [0 – 5] 2.44 (0.73) 2.29 (0.72) 
MAIA Trusting [0 – 5] 4.98 (0.85) 4.93 (0.86) 
Interoceptive accuracy [0 – 1] 0.65 (0.19) 0.66 (0.20) 

Body Consciousness 
OBCS Body surveillance [1 – 7] 3.79(0.50) 4.11 (0.64) 
OBCS Body shame [1 – 7] 3.00 (0.46) 2.69 (0.65) 

Simulation Sickness [0 – 220] 30.35 (4.12) 32.9 (5.25) 
Avatar Uncanniness 

UVI Humanness [1 – 7] 4.24 (1.40) 3.83 (1.25) 
UVI Attractiveness [1 – 7] 4.76 (1.00) 4.31 (1.19) 
UVI Eeriness [1 – 7] 4.11 (0.85) 4.45 (1.19) 
UVI Spine-tingling [1 – 7] 4.30 (0.83) 4.13 (0.87) 
In-experience Satisfaction [1 – 10] 6.95 (2.33) 7.32 (1.93) 
In-experience Discomfort [1 – 10] 2.83 (1.92) 2.65 (1.97) 

Döllinger et al. 

4.3 Main Efects of Virtuality and Perspective 
4.3.1 Sense of Embodiment. Table 3 shows the descriptive results of 
our dependent variables divided between the four conditions. In line 
with H1.1, our MANOVA model revealed a signifcant main efect 
of virtuality on SoE, ���� = 120.623, � < .001. Contrary to H1.2, 
it did neither reveal a signifcant main efect of the perspective on 
SoE, ���� = 2.111, � = .521, nor a signifcant interaction between 
virtuality and perspective, ���� = 2.640, � = .416. The post-hoc 
t-tests on virtuality revealed that when measured in-experience, 
perceived body ownership towards the visible body in reality was 
higher than in VR, � (39) = 9.13, � < .001, � = 1.44. Perceived 
agency towards the visible body was higher in reality than in VR, 
� (39) = 7.80, � < .001, � = 1.23. Perceived change of the physical 
body experience via the visible body was lower in reality than in 
VR, � (39) = −2.93, � = .003, � = −0.46. The result is depicted in 
Figure 3, left. 

Confrming H1.1, when measured post-experience, our MANOVA 
model revealed a signifcant efect of virtuality on SoE, ���� = 
34.169, � < .001. The post-hoc t-tests revealed when measured post-
experience, perceived body ownership towards the visible body 
was higher in reality than in VR, � (39) = 4.093, � < .001, � = 0.65, 
perceived agency towards the visible body was higher in reality 
than in VR, � (39) = 4.29, � < .001, ��� = .679. Perceived change of 
the physical body experience via the visible body was signifcantly 
higher in VR than in reality, � (39) = −2.03, � = .025, � = −0.32. 

4.3.2 Body Awareness. When measured in-experience, in line with 
H2.1 and H2.2, our MANOVA model revealed a signifcant main 
efect of virtuality on body awareness ratings, ���� = 14.174, � = 
0.031 and of the perspective on body awareness ratings, ���� = 
27.606, � = .002. We did not fnd a signifcant interaction between 
virtuality and perspective, ���� = 3.665, � = .577. The post-hoc 
ANOVA models revealed some main efects of virtuality. When 
measured in-experience, noticing internal, � (1, 38) = 7.485, � = 
.009, ��� = .055, attention regulation, � (1, 38) = 4.662, � = .037, ��� = 
.044, and visual attention, � (1, 38) = 4.763, � = .035, ��� = .052, 
were rated higher in reality than in VR, see Figure 3, right. For 
noticing external, � (1, 38) = 2.22, � = .144, ��� = .011, and body 
listening, � (1, 38) = 0.169, � = .683, ��� = .002, we did not fnd a 
signifcant impact of virtuality. 

Similarly, post-hoc ANOVA models revealed some main efects 
for perspective. When measured in-experience, participants rated 
their visual attention higher when a mirror was available than when 
no mirror was available, � (1, 38) = 24.255, � < .001, ��� = .264. 
We did not fnd a signifcant efect of the perspective on either 
noticing external, � (1, 38) = 0.070, � = .793, ��� = .001, noticing 
internal, � (1, 38) = 0.064, � = .802, ��� = .001, body listening, 
� (1, 38) = 0.085, � = .773, ��� = .002, or attention regulation, 
� (1, 38) = 0.051, � = .823, ��� < .001. Contrary to H2.1, we did 
not fnd a signifcant efect of virtuality on SMS Body ratings or 
IAC performance, ���� = 1.737, � = .42. 
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Table 3: Descriptive results of all variables compared between conditions. 

VR Reality 
Mirror No mirror Mirror No mirror 

Range � (��) � (��) � (��) � (��) 

Sense of Embodiment (SoE) 
VEQ BO [1 – 7] 4.82 (1.85) 4.65 (1.55) 6.26 (1.27) 5.95 (1.41) 
VEQ Agency [1 – 7] 5.76 (0.85) 5.66 (0.99) 6.61 (0.92) 6.36 (0.88) 
VEQ Change [1 – 7] 2.84 (1.70) 3.34 (1.48) 2.25 (1.28) 2.67 (1.72) 
In-exp. BO [1 – 10] 5.65 (2.56) 5.3 (2.30) 9.45 (1.32) 8.60 (1.76) 
In-exp. Agency [1 – 10] 6.00 (2.10) 6.4 (2.19) 9.60 (1.10) 8.75 (1.74) 
In-exp. Change [1 – 10] 5.30 (2.85) 5.4 (2.09) 3.55 (3.00) 3.80 (2.97) 

Body Awareness 
SMS Body [1 – 75] 3.67 (0.64) 3.60 (0.68) 3.82 (0.57) 3.67 (0.62) 
Noticing External [1 – 10] 4.55 (2.50) 4.00 (2.20) 4.65 (2.23) 4.85 (2.37) 
Noticing Internal [1 – 10] 7.10 (2.00) 7.35 (1.18) 8.15 (1.23) 7.70 (1.42) 
Body Listening [1 – 10] 6.70 (1.75) 6.90 (1.55) 7.15 (1.18) 7.20 (1.54) 
Attention Regulation [1 – 10] 6.80 (1.96) 7.25 (2.12) 8.10 (1.29) 7.45 (1.64) 
Seeing vs. Feeling [1 – 10] 6.40 (2.35) 3.70 (2.23) 5.25 (2.27) 2.85 (1.87) 
Interoceptive Accuracy [0 – 1] 0.66 (0.18) 0.69 (0.16) 0.70 (0.20) 0.73 (0.15) 
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Figure 3: Means and standard deviations of body ownership, 
agency, and change (left) and noticing internal, attention 
regulation, and visual attention (right) in our conditions. 

4.4 Mediator Analysis 
Based on our main efects, we calculated a mediation analyses 
on virtuality as the independent variable, the three dimensions of 
SoE as mediator, and the body awareness ratings noticing internal, 
attention regulation, and visual attention as dependent variable. 

4.4.1 Body Ownership. We tested whether body ownership medi-
ated the efects between virtuality and in-experience body aware-
ness ratings. We did not fnd a signifcant indirect efect between 
virtuality and body awareness through body ownership for noticing 
internal, �posterior = −0.14, �� = 0.19,�� = [−0.55, 0.18], attention 
regulation, �posterior = −0.13, �� = 0.15,�� = [−0.47, 0.12] or 
visual attention, �posterior = 0.06, �� = 0.13,�� = [−0.21, 0.35]. 

4.4.2 Agency. We tested whether agency served as a mediator be-
tween virtuality and body awareness ratings. We found no signif-
cant indirect efect between virtuality and body awareness through 
body ownership for noticing internal, �posterior = −0.18, �� = 
0.16,�� = [−0.54, 0.09], or visual attention, �posterior = 0.08, �� = 
0.13,�� = [−0.16, 0.38]. However, we showed a signifcant indirect 
efect between virtuality and attention regulation through body 
ownership, �posterior = −0.26, �� = 0.17,�� = [−0.64, 0.00] (see 
Figure 4, left). As shown, virtuality predicted attention regulation 
(total efect), �posterior = −2.98, �� = 0.39,�� = [−3.72, −2.22], 
with users rating their attention regulation lower in VR than in 
reality. This efect was attenuated when controlling for agency 
(path c’), �posterior = −2.72, �� = 0.58,�� = [−3.45, −1.96]. Vir-
tuality further predicted agency (path a), �posterior = −0.76, �� = 
0.63,�� = [−1.45, −0.08], with higher ratings of agency in reality 
than in VR. The feeling of agency was related to attention regulation 
(path b), �posterior = 0.34, �� = 0.06,�� = [0.06, 0.62]. 

4.4.3 Change. Finally, we tested whether change served as a me-
diator between virtuality and body awareness ratings. We encoun-
tered a signifcant indirect efect between virtuality and notic-
ing internal through change, �posterior = 0.53, �� = 0.30,�� = 
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[0.06, 1.20], as depicted in Figure 4, center. As shown above, virtual-
ity predicted noticing internal (total efect), �posterior = 1.66, �� = 
0.56,�� = [0.59, 2.83], with users rating their noticing internal 
higher in VR than in reality. This efect was attenuated when con-
trolling for change (path c’), �posterior = 1.13, �� = 0.59,�� = 
[0.04, 2.29]. Again, as shown above, virtuality predicted change 
(path a), �posterior = −0.71, �� = 0.55,�� = [−1.21, −0.20], with 
higher ratings of change in VR than in reality. Additionally, the feel-
ing of change was related to noticing internal (path b), �posterior = 
−0.74, �� = 0.14,�� = [−1.33, −0.13]. Additionally, we found a 
signifcant indirect efect between virtuality and visual attention 
through change, �posterior = 0.51, �� = 0.29,�� = [0.02, 1.16], as 
depicted in Figure 4, right. As shown above, virtuality predicted 
visual attention (total efect), �posterior = 1.68, �� = 0.60,�� = 
[0.49, 2.83], with users rating their feeling higher in reality than in 
VR. This efect was attenuated when controlling for change (path 
c’), �posterior = 1.17, �� = 0.44,�� = [0.06, 2.24]. Again, as shown 
above, virtuality predicted change, (path a), �posterior = 1.00, �� = 
0.47,�� = [0.05, 1.95], with higher ratings of change in VR than 
in reality. Additionally, the feeling of change was related to visual 
attention (path b), �posterior = 0.51, �� = 0.12,�� = [0.23, 0.79]. We 
did not fnd a signifcant indirect efect between virtuality and body 
awareness through change for attention regulation, �posterior = 
0.51, �� = 0.29,�� = [0.02, 1.16]. 
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Figure 4: The left fgure depicts the relative efect of virtuality on attention regulation and the two direct efects of virtuality on 
agency and of agency on attention regulation. The center fgure depicts the relative efect of virtuality on noticing internal and 
the two direct efects of virtuality on change and of change on noticing internal. The right fgure depicts the relative efect of 
virtuality on visual attention and the two direct efects of virtuality on change and of change on virtual attention. 

5 DISCUSSION 
In this paper, we presented a laboratory study on the efects of virtu-
ality, perspective, and SoE on body awareness. We manipulated the 
degree of virtuality between plain reality and immersive VR to test 
whether self-reported body awareness and IAC during and after a 
body awareness task get afected. Additionally, we tested the efects 
of the visual perspective on the (virtual) body, operationalized via 
the presence or absence of a mirror. Mirrors provide a third-person 
perspective on the own body and are often used to enhance the SoE 
towards virtual bodies in VR. In contrast, body awareness tasks usu-
ally do not include mirror exposure. When answered in-experience, 
we found a signifcant negative efect of virtuality on body aware-
ness ratings for noticing internal and attention regulation and a 
positive efect on visual attention. Further, we found a signifcant 
positive efect of the perspective on visual attention. Participants 
focused more on what they saw than what they felt when a mirror 
was present. In our study, feeling agency over a body and being 
changed by exposure to it mediated the efect of virtuality on body 

awareness. While agency partly explained the impact on attention 
regulation, change partly explained the efect on noticing internal 
and visual attention. However, these efects did not last until after 
the experience, as we did not fnd a signifcant impact of virtuality 
on either SMS ratings or heartbeat-counting performance (IAC). In 
the following, we discuss how these results answer whether the 
embodiment of virtual bodies is an opportunity or a threat to body 
awareness and virtual approaches to mind-body therapy. 

5.1 Are Efects of a Mirror Perspective on Body 
Ownership a Myth? 

As expected (H1.1), we found a signifcant efect of virtuality on the 
SoE. Both in-experience and post-experience, participants reported 
feeling more body ownership and agency towards their physical 
body in the real environment than towards their virtual body in 
VR. Additionally, they stated that they experienced more change 
in their bodily experience in VR than in reality. The ratings in the 
reality condition were generally very high for body ownership 
and agency. When assuming that all perception and cognition are 
body-based [72], the feeling of owning and controlling our physical 
body should be at a maximum at all times. However, some partic-
ipants still rated their body ownership and agency in the reality 
condition lower than the maximum score and stated a feeling of 
change, although they did not have to split their body ownership 
between two competing bodies in this condition. There can be var-
ious reasons for this. There are certain states in which people do 
not feel embodied in their physical body or able to control it, such 
as depersonalization or derealization. The mere question of body 
ownership or agency may elicit a questioning of one’s bodily state. 
Similar to the sense of presence in VR compared to reality [66], it 
seems to be possible that people generally do not report full SoE in 
reality. To what extent this should impact the interpretation of SoE 
ratings in virtual reality remains open for future work. 

Contrary to our expectations (H1.2), our participants did not 
report diferent SoE when confronted with their mirror image than 
without it. Similar to our results, two recent studies investigated 
the efects of mirrors on the SoE. Wolf et al. [73] stepwise increased 
the distance to the third-person perspective provided by a virtual 
mirror from two to eight meters and could not fnd any sign of 
a declining SoE. Bartl et al. [6] investigated the efects of virtual 
bodies in VR-based physical exercises and did not fnd an efect of 
placing a virtual mirror in front of the participants. Past research 
shows that confrontation with (virtual) mirrors – while being used 
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and proposed as a tool to reinforce SoE [11, 38, 57, 75] – has not yet 
been investigated extensively until recently. Studies on the impact 
of a third-person perspective on SoE often rely on a perspective 
where the participants see their virtual body only from behind, 
compared to an egocentric frst-person perspective [11, 12, 26]. 
Apparently, both via frst-person or third-person perspective, a 
certain amount of SoE can be achieved via visuomotor or visuotac-
tile congruence. However, depending on the tracking accuracy, the 
frst-person perspective, or alternating between both, lead to higher 
body ownership and agency than the third-person perspective [11]. 

Regarding our study, there are three possible explanations for 
the lack of perspective efects. First, our sample size was relatively 
small, and minor efects such as those visible in the descriptive 
data could have been detected with a larger sample. Second, our 
participants had potentially high expectations concerning the ap-
pearance and movements of their virtual bodies. To our knowledge, 
no research exists on the expectations of VR users toward their per-
sonalized virtual bodies. Thus, while Waltemate et al. [70] found a 
positive efect of personalization on SoE, minor deviations in facial 
features could have impacted the SoE in our study, especially as we 
did not contrast the personalized virtual bodies with generic virtual 
bodies. Future work should investigate whether the embodiment of 
generic or less realistic virtual bodies leads to similar results con-
cerning the existence of a virtual mirror. Third, despite considerable 
technological progress, the embodiment of virtual bodies still does 
not work fawlessly. Contrary to the benefcial efect of mirrors 
in a virtual embodiment lab proposed by Spanlang et al. [57], in a 
study on the efect of mirrors on SoE, Rey et al. [51] found higher 
ratings in SoE in conditions without a mirror than in conditions 
with a mirror. They explained this efect based on the properties 
of the mirror they used. Inoue and Kitazaki [32] propose that SoE 
decreases during exposure to a virtual mirror image when the vir-
tual body does not move synchronously. In our study, we used a 
low-threshold embodiment system with six-point tracking where 
the pose between points was calculated approximately. Thus, minor 
deviations in the posture of arms and legs and missing facial anima-
tions could have gradually reduced SoE over time. Consequently, 
more accurate tracking could be necessary to hold up SoE for such 
tasks. For future work, we recommend showing a mirror image 
only for a short introduction to the virtual body, if at all, to avoid 
possible disturbances caused by minor tracking deviations. 

5.2 Virtuality Afects Body Awareness – Are 
Virtual Bodies Worth Considering in the 
Design of Mind-Body Therapy? 

Using a realistic scenario and photorealistically personalized virtual 
bodies, we found some efects of virtuality on body awareness (H2.1) 
that did not last over the experience. During the experience, our 
participants found it signifcantly more challenging to focus on their 
bodies, reported noticing fewer signals from within their bodies, 
and relied more on what they saw than what they felt in VR than 
in reality. Filippetti and Tsakiris [19] reported a positive efect of 
the RHI on body awareness, operationalized as IAC. We could not 
extend this result to virtual bodies in our study, as we did not fnd 
an efect of virtuality on IAC. Our efects on self-reported body 
awareness indicate a negative impact of virtuality. 

Since we did not work with generic body parts in our setup but 
with personalized virtual bodies, our results are more comparable to 
the second experiment of Filippetti and Tsakiris [19]. They showed 
that prolonged confrontation with images of one’s face in an enface-
ment illusion could harm IAC. While IAC and self-reported body 
awareness are discussed as independent concepts [18], our results 
on self-reported body awareness indicate a similar efect of the 
confrontation with photorealistically personalized virtual bodies 
on body awareness. Still, we did not fnd an efect of virtuality on 
IAC. In our study, the use of a mirror without additional haptic stim-
ulation or the inclusion of facial animations had close to no efect. 
This result contradicts the hypothesis that the confrontation with 
one’s face would be a causal factor in diferences in body awareness 
(H2.2). While participants reported that they paid more attention 
to their visuals than to their other bodily sensations, they did not 
report reduced body awareness in the other measures. Future work 
could investigate how the personalization of virtual bodies con-
tributes to the found efects. In previous work, personalization has 
afected SoE positively [70] and IAC negatively [19]. However, the 
extent to which it afects body awareness when embodying a virtual 
body has not yet been investigated. In addition, future work should 
address to what extent not only latency but posture accuracy and 
tracking performance [23] afect body awareness. Previous studies 
mainly focused on the efects of visuotactile congruence, while 
no transfer to virtual bodies and visuomotor congruence has been 
performed yet. It may be concluded that virtuality, at least for our 
realistic scenario, had neither a lasting supportive nor a disruptive 
efect on body awareness. Further, providing a mirror to supposedly 
strengthen the SoE did not afect body awareness negatively. To en-
sure that the focus during a virtual mind-body exercise remains on 
the body’s sensations, and as the positive efect of prolonged mirror 
exposure on SoE is questionable, we would still argue against using 
a mirror during the whole length of virtual exercises. 

Future research will bring further insights into how virtual body 
design can support users in maintaining body awareness. Although 
we found only a partial impact of VR on body awareness, caution 
should be exercised when using virtual bodies in VR-based mind-
body exercises. When creating such scenarios, designers should 
consider how the VR environment, the performed task, and the 
virtual body itself afect body awareness. For example, if a mirror 
is task-immanent, designers should identify solutions to draw at-
tention back to internal body signals. When an avatar is used to 
guide the user, its appearance and behavior should aim to draw 
attention to the body while avoiding visual distractions. Depending 
on the intended outcome, designers should carefully consider to 
what extent a distraction from internal body signals is likely to 
happen, problematic, or even desirable. 

5.3 SoE Mediates the Efects of Virtuality on 
Body Awareness 

Based on the work of Filippetti and Tsakiris [19] and Döllinger et al. 
[15], we expected that a manipulation of the SoE would mediate 
the perceived body awareness in our tasks (H3). Our results partly 
confrmed this assumption as we found signifcant mediating efects 
of SoE on each of the variables that were afected by virtuality. We 
found a signifcant partial mediating efect of perceived agency on 
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attention regulation and a signifcant partial mediating efect of 
perceived change on noticing internal and visual attention. While 
a higher agency was associated with a higher attention regulation, 
higher change ratings were associated with less noticing internal 
and more attention to visual signals. However, we did not fnd 
mediating efects for the efect of perspective on body awareness. 
The result is consistent with Döllinger et al. [15], who found a 
positive correlation between body ownership and agency and body 
awareness (assessed via SMS). However, it extends the fndings as 
we could show that not only was SoE related to body awareness 
ratings but also explained part of the efects of virtuality on body 
awareness. The negative correlation between change and noticing 
internal is particularly interesting. When embodying virtual bodies, 
we are confronted with potentially contradicting signals about our 
bodies. If these lead us to perceive our body as changed, the visual 
signals seem to have more infuence than the internal signals. This 
result thus fts well with the assumptions of research on individual 
diferences in SoE towards a rubber hand or virtual body [13, 54, 63, 
64]. It supports the hypothesis that external and internal stimuli 
compete in such scenarios. While prior work focused on individual 
capacity to process external signals, we showed that, at least in the 
short term, increased processing of external stimuli appears to be 
associated with reduced processing of internal stimuli. 

5.4 Limitations 
In addition to the limitations already mentioned above, such as the 
sample size or possible tracking imprecision, we would like to men-
tion a few limitations of our study design. Our results are limited to 
virtual experiences where the virtual environment and the virtual 
body of the participants strongly resemble reality. In developing the 
virtual environment, we replicated the local laboratory as closely 
as possible and created personalized photorealistic virtual replicas 
of the participants. This level of realism and personalization is not 
feasible in most cases. Work on virtually supported mind-body in-
terventions presents very heterogeneous virtual environments and 
virtual bodies that are adapted to the goal of the task rather than to 
the user or do not include virtual bodies at all [14]. To generalize 
our results, it is necessary to replicate them in diverse virtual spaces, 
with less personalized or generic virtual bodies, or even without an 
anthropomorphic self-representation. We can only conclude that 
even in a scenario like ours, a negative infuence of the embodiment 
of virtual bodies on body awareness cannot be excluded completely. 
In addition to the degree of realism, our choice of tasks also limits 
our results. The subjects in our study performed tasks designed to 
increase body awareness specifcally. Since we focused on the appli-
cation context of mind-body therapies, we initially limited our task 
selection. However, it remains to be investigated whether a more 
substantial efect on body awareness has to be expected in other 
tasks that are less movement- or body-focused. For further applica-
tion, it would be vital to conduct investigations on body awareness 
in diferent virtual scenarios. Finally, our design is limited because 
a mirror exposure was performed at the end of each condition to 
highlight the diference between virtuality and reality more clearly. 
However, it limits the results on the infuence of perspective to the 
extent that the post-experience surveys could not be investigated 
concerning perspective. 

6 CONCLUSION 
Virtual reality (VR) allows for replacing the visual information 
about our body with an arbitrary virtual self-representation (virtual 
body). In our study, we showed how embodying a photorealistically 
personalized virtual body afects the awareness of one’s internal 
body signals (body awareness) and how the sense of embodiment 
is involved in the efects of virtuality and perspective on body 
awareness. Our results reveal that individuals perceive a lower 
sense of embodiment towards their virtual body in a virtual scenario 
than towards their real body in reality. They further indicate that 
individuals are slightly less aware of their internal body signals 
during the embodiment of a virtual body than in reality. A method 
often used to increase the sense of embodiment, a virtual mirror, 
did not positively afect the sense of embodiment in our study but 
caused individuals to focus more on their appearance than on their 
internal body signals. Finally, we could show that the sense of 
embodiment, and especially the feeling of being physically changed 
during an experience, mediates the efects of VR on body awareness. 
Future work should investigate whether the efects we found also 
appear with less personalized or generic virtual bodies in diverse 
virtual experiences. It should further investigate whether they also 
occur in diferent tasks that are not dedicated to body movement 
or body awareness. 
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