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Abstract: Computer scientists usually describe virtual reality (VR) as a set of fancy hardware and
software technologies. However, psychology and neuroscience are starting to consider VR as the most
advanced form of human-computer interaction allowing individuals to act, communicate and become
present in a computer-generated environment. In this view, the feeling of “being there” experienced
during a VR experience can become a powerful tool for personal change: it offers a dynamic and
social world where individuals can live and share a specific experience. For this reason, the use of
VR in mental health shows promise: different researches support its clinical efficacy for conditions
including anxiety disorders, stress-related disorders, obesity and eating disorders, pain management,
addiction and schizophrenia. However, more research is needed to transform the promises of VR in a
real clinical tool for mental health. This Special Issue aims to present the most recent advances in the
mental health applications of VR, as well as their implications for future patient care.

Keywords: virtual reality; mental health; presence

Computer scientists usually describe virtual reality (VR) as a set of fancy hardware and software
technologies [1]: a computer or mobile device (e.g., a smartphone) with a graphics card capable of
interactive third-dimensional (3D) visualization, controllers, and a head-mounted display (HMD)
embedding one or more trackers. This short description clearly identifies the core technological parts
of a VR system [2]: input devices, output devices, and the virtual environment. Input devices comprise
all the sensors and trackers that sense the individual’s actions (e.g., hand and head movements)
allowing the user to interact with the virtual environment. Output devices include all the technologies
(e.g., head-mounted displays or CAVEs) that provide continuous computer-generated information
to the user. Finally, the virtual environment (VE) is the 3D simulated scenario generated by the
computer or the mobile device. VEs are designed to be explored, so users can interact (e.g., moving,
pushing, picking, rotating, etc.) with their contents. In multi-user virtual environments (MUVEs)
two or more users can share the same simulated scenario and communicate and/or interact inside it.
To allow communication and interaction between users, MUVEs use avatars—personalized graphical
representations of the individuals—that are directly controlled by their movements in real time.
Embodied virtual agents, on the other hand, are graphical representations of the individuals controlled
by the computer itself using an artificial intelligence program.

However, psychology and neuroscience are starting to consider VR as the most advanced form of
human-computer interaction because it allows individuals to act, communicate and become present in
a computer-generated environment [3,4]. In this view, the feeling of “being there” experienced during
a VR experience can become a powerful tool for personal change [5,6]: it offers a dynamic and social

J. Clin. Med. 2020, 9, 3434; doi:10.3390/jcm9113434 www.mdpi.com/journal/jcm1
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world where individuals can live and share a specific experience. For this reason, the use of VR in
mental health shows promise: different researches support its clinical efficacy for conditions including
anxiety disorders, stress-related disorders, obesity and eating disorders, pain management, addiction
and schizophrenia [7–9]. However, the use of VR in clinical practice has long been limited by two main
factors: the lack of usability and the cost of virtual tools [10,11].

The first generation of VR devices, available between 1990 and 2015, was characterized by a
series of significant shortcomings - low display resolution, limited field of view, and uncomfortable
designs—producing different side effects to their users. In particular, motion sickness (due to low
display quality) and neck pains (due to the weight of the HMD), limited the use of this technology
in a clinical setting. Moreover, the first VR systems required expensive HMDs paired with equally
expensive high-end computers usually costing 20,000/50,000 USD. Finally, developing and using a
VR experience required a significant technical knowledge that was typically unavailable in hospitals
and/or clinical centers.

2016 saw the release of the first generation of HMDs targeted at consumers. The Oculus
Rift—an HMD developed and manufactured by Oculus VR, a division of Facebook Inc., and sold for
600 USD—marked a new generation of VR devices (see Table 1) that is revolutionizing how VR is used
in general. In a few years, the cost of a complete VR device—including input, output, and 3D graphic
computation—dropped by tens of thousands of dollars to just a few hundred, the price of the cheapest
standalone VR systems [12]. However, more research is needed to transform the promises of VR in a
real clinical tool for mental health. This Special Issue aims to present the most recent advances in the
mental health applications of VR, as well as their implications for future patient care.

In most cases, VR is used as a “simulative tool” to recreate ecologically valid scenarios reproducing
feared/critical situations (i.e., fear of speaking in front of an audience) with a precise control over
the stimuli delivery according both to therapeutic strategies and patients’ needs [3,4]. In this way,
patients can enter simulations of the situations that are extremely dangerous to experience in real-life
(i.e., fear of heights), thus extending the boundaries of existing treatments. Moreover, VR permits the
repeated delivery of the same scenarios while allowing the anxiety to attenuate, graded in difficulty and
customized for each specific patient. VR-based treatments including simulations have been successfully
implemented and tested in different clinical trials, especially for treating anxiety disorders [13–17],
stress-related disorders [18], phobias [19], and post-traumatic stress disorders [20,21].

In order to further explore the potential of VR in the exposure therapy for anxiety disorders, in the
current Special Issue Guitard et al. [22] compared the traditional exposure using imagination through
a personalized catastrophic scenario to exposure in VR with a standardized scenario in 28 patients
suffering from generalized anxiety disorder (GAD). In both cases, a neutral scenario served as a
baseline. Their results indicated that the standardized virtual scenario induced higher anxiety when
compared to the neutral one, thus suggesting the possibility of using it for the treatment of patients
suffering from GAD.

In the same vein, Peñate et al. [23] tested whether the exposure to virtual phobic stimuli in a
group of 32 patients with specific phobias (i.e., small animals) would activate the same brain regions as
the exposure to real image stimuli. A specific inspection of the amygdala and insula detected higher
activations in response to real images, but those areas have been activated also in response to virtual
stimuli. Globally, these findings gave additional support for the use of virtual stimuli in cue-exposure
treatments for phobias.
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Moreover, Montana et al. [24] critically reviewed 11 VR-based trainings for the enhancement of
emotion regulation strategies and wellbeing in young and older adults. Included trainings covered
different techniques, such as the Mindfulness-Based Stress Reduction protocol, the biofeedback and
neurofeedback trainings as methods for the regulation of physiological arousal, and the promotion
of outdoor/indoor activities for the enhancement of subjective wellbeing. Globally, the use of VR in
this research field is promising since it allows individuals to learn emotion regulation strategies in the
context of life-like virtual environments.

Finally, Lopez-Valverde et al. [25] critically reviewed 31 studies and provided additional evidence
to the idea that VR can be used as an effective distraction method able reduce pain and anxiety in
patients undergoing a variety of dental treatments.

An expanding area of research is the exploitation of VR for delivering cognitive assessment
and trainings in neurological conditions, i.e., patients suffering from neurodegenerative diseases or
post-stroke individuals. VR has a prominent place among other advanced technologies offering crucial
advantages for implementing cognitive trainings [26–30]. Patients can perform cognitive exercises in
controlled and secure environments, where it is possible to calibrate the difficulty/intensity of the tasks
according to specific patients’ needs. Virtual exercises mimic real-world tasks (i.e., ecological validity)
and they offer greater chances for transferring learnt abilities to real life [31]. These environments offer
also a multisensory stimulation (i.e., vision, touch, motor), with a fruitful rebound on brain plasticity [27].
Several systematic reviews and meta-analyses indicated the efficacy VR for cognitive interventions for
individuals with cognitive impairments and Alzheimer’s Disease [32,33], for alleviating motor and
non-motor symptoms of Parkinson’s Disease [34], or for improving spatial neglect (i.e., failure respond
to contralateral stimuli) in post-stroke individuals [35].

In this perspective, in this Special Issue, Tuena et al. [36] and Montana et al. [37] focused their
efforts in reviewing experimental studies about the use of VR as an instrument for implementing
navigational assessment tasks and trainings. Tuena et al. [36] systematically reviewed 31 experimental
studies about the so-called “virtual enactment effect”, thus providing further support about the
“embodied” potential of VR. Indeed, Brooks and colleagues [38] pioneered the idea that the active
navigation in virtual environments by means of input tools could be considered as an analogous to
the “enactment effect” thanks to the subsequent enhancement of memory performances by motor
information. This systematic review shaded light on the key role of the sensorimotor systems for
spatial and episodic memory assessment and rehabilitation by emphasizing the crucial role played by
VR in future cognitive interventions. Montana and colleagues [37] critically reviewed 16 VR-based
trainings for patients with spatial memory disorders (such as, patients with mild cognitive impairment,
Alzheimer’s disease, traumatic brain injury, multiple sclerosis, stroke, etc.). Although further studies
are needed to strengthen the methodological quality of studies in this research area, promising results
about the possibility of using VR to deliver training to improve navigation and orientation abilities
in several disorders were discussed. In a similar vein, Bevilacqua et al. [39] focused their work
on reviewing existing randomized controlled trials in the field of VR-based training for geriatric
population, considering only non-immersive systems. The idea is that non-immersive systems have
shown to be highly accepted by older people. They critically reviewed 11 trials, thus suggesting that
the application of VR has globally a positive impact on the rehabilitation of the most predominant
geriatric syndromes.

In the same research domain, Thapa et al. [40] demonstrated the efficacy of an immersive VR-based
cognitive training in a sample of 68 individuals with mild cognitive impairment. The proposed VR-based
training (three times/week, 100 min each session) included four types of VR game-based contents to
improve different cognitive functions (i.e., attention, memory and processing speed). Results indicated
that the experimental group exhibited a significant improvement in executive functions, in the gait
speed and in the mobility after the training. Finally, Cabinio et al. [41] tested the potential of a
novel smart aging serious game (SASG) in discriminating older adults suffering from amnestic mild
cognitive impairment from cognitively healthy controls. Results showed similar discriminating
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abilities for SASG and gold standard tests, and a greater discrimination ability compared to non-specific
neuropsychological tests.

As concern the use of VR as “assessment tool”, Alcañiz Raya et al. [42] investigated the possibility
of discriminating children with autism spectrum disorder (ASD) from typically developed children
through body movements’ data analysis in a real-simulated imitation task implemented in VR.
Their results indicated the feasibility of applying machine learning methods and VR-based ecological
tasks to identify body movements’ biomarkers that could contribute to improving ASD diagnosis.

In the same vein, Pedroli et al. [43] tested 29 patients with obsessive-compulsive disorder (OCD)
and 29 controls with traditional neuropsychological tests and a validated protocol implemented in VR
(virtual multiple errands test—VMET) for the assessment of executive functions. They demonstrated
the possibility of discriminating OCD patients from controls using scores from three neuropsychological
tests and two indices from VMET, opening a novel scenario for future protocols based on VR-based
assessment tool and computational techniques.

In the last 40 years, VR has offered innovative solutions also for assessing and treating body
representation disturbances in eating and weight-disorders [4,44,45]. One of the most recent trends
for treating body representation disturbances in patients suffering from anorexia nervosa (AN) is the
exploitation of the so-called VR-based body ownership illusions [46–48]. Advances in technology
permits the experimental induction of embodying an entire virtual body thanks to a multisensory
stimulation experienced both on own real body and on the fake one in a synchronous way.

In this Special Issue, Porras Garcia et al. [49], Scarpina et al. [50], Provenzano et al. [51] and
Matamala-Gomez et al. [52] induced in participants the feeling of being the owner of another fake virtual
body and investigated the impact of such illusion in modulating body percept. Porras Garcia et al. [49]
introduced some variations to the traditional illusion to further increase its illusory strength; they applied
the synchronous multisensory stimulation on the entire participants’ body, and they created a real-size
virtual body, based on each participants’ silhouette. They found that participants showed higher levels
of body concerns and body anxiety after owning the larger-size body, than after owning the real-size
one. The synchronous visuo-tactile group had higher scores in comparison to the asynchronous
one, although the differences did not reach statistical significance. Scarpina et al. [50] employed
the traditional virtual body ownership illusion in 15 participants with obesity and in a sample
of normal-weight participants. Results indicated that participants with obesity as well as controls
successfully experienced the illusion; both groups reported a decrease in the estimation of the abdomen’s
circumference (congruently with avatar size) after the synchronous condition. Globally, these studies
encouraged further research exploiting the use of VR as an “embodied tool” for modulating body
representations in clinical populations, specifically in terms of its potential therapeutic use [46].

In addition, Provenzano et al. [51] applied the illusion with some modifications: they individualized
the avatar according to participants’ bodies and the evaluated the effect of the embodiment strength
using both explicit (i.e., the perceptual and emotional aspects of body image distortion) and implicit
(i.e., body temperature) measures. They found that the embodiment was stronger after synchronous
stimulation for both groups, but it did not reduce body image distortions in patients with AN.
They found that the illusion succeeded in eliciting affective reactions: patients with AN experienced
more negative emotions after embodying the fattest avatar.

VR-based bodily illusions are useful also for modulating the pain threshold in healthy subjects,
with potential therapeutic implications for individuals with chronic pain. Matamala-Gomez et al. [52]
aimed at deeper understanding the mechanisms of visual distortion on pain response in 27 healthy
participants; in particular, they reproduced the telescoping effect in amputees (i.e., phantom limbs can
be perceived as gradually retracting inside the stump). Results indicated that embodying a distorted
virtual arm increased an autonomic response (i.e., skin conductance response) to a threatening event
(i.e., virtual needle) with respect to embodying a normal control arm, but when participants embodied
a reddened-distorted virtual arm, the skin conductance response was comparatively reduced in
response to the threat. These findings provided further support to the use of VR for the modulation
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of pain responses by systematically changing the representation of the telescoped limb, with crucial
implications for its use in integrated treatments to reduce chronic pain in clinical population.

Finally, a recent Cochrane review indicated that VR could play a role to provide schizophrenic
patients with customized interventions able to increase their compliance by enhancing their cognitive
skills [53]. Findings from studies carried out so far are promising, but there is an urgent need of
high-quality studies.

In this domain, in this Special Issue, Drori et al. [54] presented and tested a novel VR paradigm to
investigate the sense of reality (SoR), i.e., the ability to discriminate between true and false perceptions,
that is a central criterion in the assessment of neurological and psychiatric health. They induced
hallucination-like visual experiences and tested their effects using both objective and subjective
measures of SoR. Results indicated a novel psychophysical link between the sensitivity to alterations
of reality and prodromal psychotic symptoms.

In the same perspective, Stern et al. [55] focused their attention on one aspect of the bodily self,
namely the sense of agency (i.e., the feeling of controlling our body’s actions). Starting from literature
suggesting that the sense of agency is impaired in psychosis, with stress influencing this relationship,
they found that an increased alteration of the virtual hand was significantly associated with a decrease
in subjective ratings of sense of agency and body ownership. Moreover, they found that sense of
agency was not related to the trait anxiety neither to induced stress.

In conclusion, while VR applications such as those discussed in the articles above are addressing
very specific ways of supporting mental health, we believe that a new era in computing, one that
aims directly at improving people’s psychological mental health will only be possible when we will
able to exploit all the potential of this exciting technology. More, the design goal of achieving VR
experiences for assessment and treatment in mental health requires an interdisciplinary approach,
integrating knowledge and ideas from disciplines such as computer graphic, neuroscience, social and
cognitive psychology, multi-sensory perception, cognition, multimedia development, and healthcare.
In order to build VR tools which can effectively improve our approach to mental health, it will
be necessary to incorporate and integrate ongoing insights from these fields into next-generation
research exploiting all the dimensions of VR. In fact, VR is at the same time a simulative technology,
a cognitive technology, and an embodied technology [3]. These features will make VR the perfect tool
for experiential assessment and learning with great clinical potential. We hope that this new breed of
artifacts will build on the work described in this special issue.
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Abstract: Background. The effective illusory ownership over an artificial body in modulating body
representations in healthy and eating disorders population has been repeatedly reported in recent
literature. In this study, we extended this research in the field of obesity: specifically, we investigated
whether ownership over a virtual body with a skinny abdomen might be successfully experienced by
participants affected by obesity. Methods. Fifteen participants with obesity and fifteen healthy-weight
participants took part at this study in which the VR-Full-Body Illusion was adopted. The strength
of illusion was investigated through the traditional Embodiment Questionnaire, while changes in
bodily experience were measured through a body size estimation task. Results. Participants with
obesity as well as healthy-weight participants reported to experience the illusion. About the body size
estimation task, both groups reported changes only in the estimation of the abdomen’s circumference
after the experimental condition, in absence of any another difference. Discussion. Participants with
obesity reported to experience the illusion over a skinny avatar, but the modulation of the bodily
experience seems controversial. Future lines of research exploiting this technique for modulating
body representations in obesity, specifically in terms of potential therapeutic use, were discussed.

Keywords: body representation; obesity; health; virtual reality; full body illusion

1. Introduction

The efficacy of the illusory ownership over an artificial body (i.e., body-ownership illusion) as a
method for modulating body representations in both healthy such as [1–6] and clinical population
(such as individuals suffering of eating disorders [7,8], Complex Regional Pain Syndrome [9] and
Disturbed Body Integrity [10,11] has been repeatedly reported in recent literature. Indeed, since from
the traditional Rubber Hand Illusion [12], it was speculated if bodily illusions might be adopted
in therapeutic settings [13–17] for enhancing positive rehabilitative outcomes. More recently, the
research about body ownership illusions moves from the embodiment of a single body part (such
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as the hand [12] or the foot [10], towards the entire body. For example, in the Virtual Reality-Full
Body Illusion (VR-FBI) [2–5] participants experience the illusion of ownership towards a full-body
avatar. Traditionally, the avatar is showed with different physical dimensions (i.e., thinner or larger)
respect to the participants. Interestingly, when participants experience successfully the illusion, they
generally perceive themselves as fatter or thinner than they really are, according to the characteristics
of embodied virtual body [2–5]. An example was offered by Normand and colleagues (2011) [18], who
induced embodiment over a virtual body with a larger abdomen in a sample of males; immediately
after this experience, participants perceived their own body as larger than the real physical dimensions,
congruently with the embodied avatars’ characteristics. The illusion seemed to work also in the
opposite direction: female participants who embodied avatars with skinny bodies tended to perceive
their own bodies as slimmer [2–5].

As concerns eating disorders, there are in literature some interesting but preliminary studies
investigating the use of body-ownership illusions as a method for exploring the boundaries of bodily
self in affected individuals. For example, Eshkevari and colleagues [19] found an increased malleability
of the bodily experience for individuals with eating disorders, who rated to experience the Rubber
Hand Illusion higher than the healthy controls. Keizer and colleagues [7] applied the VR-FBI in
a sample of individuals affected by Anorexia Nervosa, revealing that participants who experience
ownership over a different virtual body reported a significant decrease in their body-size distortions
too. In the 2016, our group presented a single-case study about a female individual affected by severe
obesity, who experienced high level of body dissatisfaction and showed consistent distortions in the
estimation of her own body-size parts [20]. We reported that both components (body dissatisfaction
and body-size distortions) improved after experiencing the VR-FBI. In our knowledge, this single
case study is still the only unique attempt to exploit this illusion in the context of obesity; thus, if
body-ownership illusion could successfully modulate body representation in individuals affected by
obesity is still an open question.

In the current study, we used a VR-FBI [1,2,20] as a technique for inducing illusory ownership
over a virtual body with a skinny abdomen in a sample of individuals affected by obesity, compared to
a group of healthy-weight individuals. Thus, in this study, participants saw the slim abdomen of the
avatar through VR googles. When the experimenter stroked participants on their abdomen, delivering
a tactile stimulation, they saw this stroking on the avatar’s abdomen (i.e., the visual input). In line
with previous studies [1,2,20], two conditions were administered for all participants: the experimental
condition, in which the touch and the vision of the touch were synchronized; the temporal coherence
between the sensory input onset generally elicits the illusory ownership over the artificial body; and
the control condition, in which the two perceived stimuli are asynchronized, since there was a temporal
delay between the visual and tactile input onset. To measure the potential changes in the perceptual
component of body parts representations, we adopted the Body Part Size Estimation Task [1,20].
Participants were asked to estimate their height, and the width and the circumference of three different
body parts (shoulders, abdomen, and hips), at three time points: before the VR-FBI, representing
the baseline, and after both the two (synchronous and asynchronous) conditions of visuo-tactile
stimulation. Moreover, in line with the traditional literature [1–12,20,21], we adopted the Embodiment
Questionnaire [1]: this questionnaire, administered after both stimulation conditions, allows to measure
the strength of illusion in terms of: (1) Ownership over the virtual body; (2) Self-location, i.e., being in
the same location of the virtual body; and (3) Sense of agency over the virtual body.

Considering the previous results about healthy individuals [1–5,18], we might expect that all
participants experienced successfully the VR-FBI after the synchronous visuo-tactile stimulation (i.e.,
the experimental condition), but not after the asynchronous (i.e., control) condition. Moreover, about
the Body Part Size Estimation Task [1,20], there would be a decrease in body size estimations compared
to the baseline (i.e., before the VR-FBI took place); indeed, when the illusion emerged, healthy-weight
individuals should perceive themselves slimmer than real physical dimensions, accordingly with
the avatar’s dimension. Similarly, if the illusion might be efficiently induced also for individuals
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affected by obesity, we might expect to find a difference in the estimation of their body parts after the
synchronous, but not the asynchronous condition.

2. Methods

The study was conducted in compliance with the Helsinki’s Declaration (of 1975, as revised in
2008), was approved by the Ethics Review Board of the Università Cattolica del Sacro Cuore (Catholic
University of the Sacred Heart, Milan, Italy). Subjects volunteered to participate; they received verbal
explanation of the procedures and gave informed written consent, were free to withdraw at will and
were naïve to the rationale of the experiment.

Participants. All participants were female and right-handed. None of them had previously
experience with bodily illusions and were naïve to the rationale of this experiment. Fifteen individuals
affected by obesity and fifteen female healthy-weight individuals took part in the study (Table 1).
Participants affected by obesity were individuals at the first week of a diagnostic hospitalization,
before a rehabilitative treatment for losing weight. We adopted the same inclusion criteria of our
previous studies [22–24]. All subjects were nonsmokers and free from gastrointestinal, cardiovascular,
psychiatric, or metabolic disorders or any concurrent medical condition not related to obesity, according
to routinely clinical assessment. In addition, weight and height were measured to the nearest 0.1 kg
and 0.1 cm, respectively, using standard methods. BMI was expressed as body mass (kg)/ height
(m2). Obesity was defined for any BMI over 30 kg/m2. Healthy-weight participants were recruited
through convenience and snowball sampling—In particular, students from the Catholic University of
Milan were invited during lessons and asked to refer friends. No economical compensation was given.
The same above-mentioned inclusion criteria were adopted, except for the BMI that was between 18.5
and 25 kg/m2.

VR-FBI. In this experiment we used the same protocol of our previous studies [1–20]. During the
entire procedure, participants were kindly asked to avoid any movements; this set-up did not track
participants’ movement and the avatar was not responsive. All participants were invited to stand
upright and wear the head-mounted display (Oculus Rift DK2) to experience the VR-FBI. The Oculus
Rift DK2D (compatible with the developed application) was connected to a portable computer (HP
TRUE VISION with CPU Intel® Core™i7). The virtual room was developed with the software Unity3D
(www.unity3d.com), while the avatar was modelled using the software MakeHuman (http://www.
makehuman.org/). To experience the illusion, all participants were exposed to two different conditions.
During the synchronous condition (i.e., the experimental condition), the experimenter provided a
visuo-tactile stimulation on participants’ abdomen with a brush attached to the motion-tracking device
(i.e., Razer Hydra) for 90 s, while a synchronous stimulation was delivered on virtual abdomen
(i.e., the virtual touch provided on the abdomen of the virtual body). In the asynchronous condition
(i.e., the control condition) the experimenter provided the same visuo-tactile stimulation on participants’
abdomen for 90 s, but there was a delay in the corresponding virtual touch (i.e., absence of synchronization
between tactile and visual stimulation). In particular, in the asynchronous condition the touch on
participants’ abdomen was actually recorded by pressing a button on the Razer Hydra at the beginning
of the movement. This procedure stopped the image seen by the participants as soon as the touch ended,
and then it was replayed in VR when the experimenter finished each touch. Also, this stimulation lasted
for 90 s.

All participants were exposed to these two conditions in a counterbalanced order in a within
subject-design. They were requested to wear the head-mounted display (i.e., Oculus) to visualize in
a first-person perspective the virtual body of a female avatar by looking down at the abdomen of
virtual body (i.e., the stimulated body part). They saw the body of a young woman (approximately
25 years old) with a thin abdomen (i.e., with a different shape/size in comparison to the actual body
of participants) standing upright in a stimulus-free room was used to induce the full body illusion
(Figure 1).
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The waist circumference of the avatar was 73.95 cm: the waist circumference of the avatar was
significantly smaller respect to the mean waist circumference of both the healthy-weight participants
[t(14) = 23.021; p < 0.001; mean = 100.18; SD = 4.41)] and participants affected by obesity [t(14) = 18.094;
p < 0.001; mean = 140.18; SD = 14.24)]. Thus, the avatar was perceptively skinner respect to both
groups of participants.

Table 1. Means and standard deviation (in brackets) were reported about demographical and clinical
information, percentage of misestimation at the baseline for both groups. In bold, when p value was
<0.05. Age and Education are reported in years; body parts physical dimensions were reported in cm.

Participants with Obesity Healthy Weight Participant t p Value d

Age 32 (6) 29 (8) 0.97 0.33 0.4
Education 14 (3) 16 (1) 1.97 0.058 0.35

BMI 45 (6.69) 22 (1.66). 12.63 <0.001 4.71

Body parts physical dimensions

Height 161.91 (8.15) 164.52 (9.31) 0.81 0.42 0.29

Width

Shoulders 48.15 (7.8) 39.7 (1.82) 4.079 <0.001 1.49
Abdomen 42.57 (7.12) 29.7 (3.81) 6.16 <0.001 2.25

Hips 48.44 (6.12) 35.64 (2.6) 7.44 <0.001 2.72

Circumference

Shoulders 121.15 (12.87) 88.7 (6.86) 8.61 <0.001 3.14
Abdomen 130.24 (14.73) 83.27 (9.8) 10.27 <0.001 3.75

Hips 140.46 (14.23) 100.17 (4.41) 10.46 <0.001 3.82

Body Parts Size Estimation Task: percentage of misestimation—Baseline

Height 3.2 (3.73) 0.74 (4.31) 1.86 0.76 0.61

Width

Shoulders −10.8 (21.86) −2.19 (14.54) 1.71 0.1 0.46
Abdomen −1.6 (20.92) 0.13 (23.12) 0.22 0.82 0.07

Hips 6.8 (23.66) 10.37 (22.24) 0.62 0.5 0.15

Circumference

Shoulders 16.2 (27.6) 39.45 (18.94) 2.69 0.012 0.98
Abdomen 6.5 (30.61) 24.43 (15.03) 3.96 <0.001 0.74

Hips 7.5 (22.07) 26.08 (15.84) 2.64 0.013 0.96

Figure 1. Graphical representation of the VR experimental time-line (upper part) and set-up (below up).

Embodiment Questionnaire. After both the synchronous visuo-tactile stimulation (experimental
condition) and the asynchronous visuo-tactile stimulation (control condition), participants were
required to fill the Embodiment Questionnaire [1], that it is routinely adopted to assess how participants
subjectively experienced the illusion. It consisted of 20 items. Participants rated each statement
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on a 7-point Likert scale (range from 1 to 7), with higher scores indicating a stronger illusion.
The questionnaire allows us to investigate the strength of illusion in terms of: (1) ownership, i.e., over
the virtual body; (2) self-location, i.e., being in the same location of the virtual body; and (3) sense of
agency over the virtual body. The three components were obtained by calculating the mean scores from
the corresponding items.

Body Part Size Estimation Task. Before the illusion (i.e., the baseline) and after both the synchronous
visuo-tactile stimulation (experimental condition) and the asynchronous visuo-tactile stimulation
(control condition), participants were asked to estimate their own body parts, according to the
procedure explained in our previous work [1]. Participants were asked to stand in front of a wall
and to estimate the horizontal width of their own shoulders, abdomen, and hips by placing adhesive
stickers: the stickers should represent the estimated distance between the left and the right side of the
target body part. They were explicitly asked to not look at their body to avoid that they used it as a
“reference” for making the estimates. Furthermore, they were asked to estimate the circumference of
the above-mentioned three parts of their body by placing a piece of rope in a circle/oval on the floor.
Moreover, participants estimated their height using an adhesive marker they placed on the wall. Also,
in this case, they were explicitly asked to not use their own body as a reference to estimate their height.
At the end of the entire experiment, the experimenter measured the actual width and circumference
of the targeted body parts. The order of body parts (height, shoulders, abdomen, hips) and type of
estimation (width, circumference) was counterbalanced over participants. For each body part and type
of estimation, we calculated the percentage of misestimation according to the formula proposed by
Keizer and colleagues [7]:

percentage of misestimation = [(estimated size − actual size)/actual size] × 100

According to the formula, a negative result suggested an underestimation, while a positive result
an overestimation.

Data Analyses. Differences in demographical and clinical aspects were examined through an
Independent samples t-test. For the embodiment questionnaire a Repeated Measure ANOVA with
the within factors of Condition (i.e., synchronous vs. asynchronous) and of Subscale (i.e., ownership,
location and agency) and the between factor of Group (participants with obesity vs. healthy weight
participants) was conducted.

For the Body Part Size Estimation Task, we first explored any possible difference between the
two groups in the estimation of the body parts at the baseline through an independent sample t-test.
Successively, for each body part, a Repeated Measure ANOVA was run with the within factor of
Condition (i.e., baseline, synchronous asynchronous) and the between factor of Group (participants
with obesity vs. healthy weight participants), to verify the effect of VR_FBI on the body estimation.
A significant main effect of Condition, and specifically between the baseline and the synchronous
condition, but not between baseline and asynchronous, would suggest the effect of VR-FBI on the body
size estimation; in case of significant interaction Group*Condition, the effect of Condition would emerge
differently between individuals affected by obesity and healthy-weight individuals. In this case, for
the two groups independently we performed post-hoc two independent sample t-tests: in the first
one, the error in the synchronous condition was compared to the baseline; in the second, the error
in the asynchronous condition. A difference was considered significant if the p value was below the
Bonferroni’s corrected threshold of 0.025 (0.05/2).

3. Results

Demographical and clinical aspects. Obese and healthy weight participants did not differ in Age and
Education level, as showed in Table 1. As expected, participants affected by obesity had a significantly
higher BMI than healthy weight participants. Moreover, for all considered body parts, except for
height, individuals affected by obesity had higher physical dimensions than controls.
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Embodiment Questionnaire. No main effect of Group (participants with obesity M = 3.58; SD = 1.87;
healthy-weigh participants M = 3.82; SD = 1.39) emerged [F(1,28) = 0.25; p = 0.62; ηρ2 = 0.009).
The main effect of Subscale (ownership M = 3.56; SD = 1.48; location M = 4.04; SD = 1.49; agency
M = 3.49; SD = 1.85) [F(2, 56) = 3.13; p = 0.051; ηρ2 = 0.1) was marginally significant, but not the main
effect of Condition (synchronous M = 3.86; SD = 1.53; asynchronous M = 3.54; SD = 1.71) [F(1, 28) = 1.71;
p = 0.2; ηρ2 = 0.05). Interestingly, an interaction Condition*Subscale [F(2, 56) = 3.8; p = 0.028; ηρ2 = 0.12)
emerged. Thus, we performed three paired sample t-tests in which for each subscale (ownership,
location and agency) we compared the scores at the two Conditions (synchronous vs. asynchronous).
A significant difference (Bonferroni corrected p-value 0.05/3 = 0.016) emerged for the location subscale
[t(29) = 2.69; p = 0.012], but not for the ownership subscale [t(29) = 1.32; p = 0.19] or for the agency
subscale [t(29) = 0.41; p = 0.68] (Figure 2).

Figure 2. About the Embodiment questionnaire, means of the score and standard error (bars)
were showed for each subscale (ownership, location and agency) in the synchronous (dark grey)
and asynchronous (light grey) conditions. * indicates a significant difference according to the
Bonferroni-corrected p value of 0.016.

The interactions Condition*Group [F(1,28) = 0.26; p = 0.61; ηρ2 = 0.009) and Subscale*Group
[F(2, 56) = 0.14; p = 0.86; ηρ2 = 0.005) were not significant. Finally the second level-interaction
Group*Condition*Subscale was not significant [F(2,56) = 0.52; p = 0.59; ηρ2 = 0.018]. The absence of
any difference between groups suggested that both participants with obesity and healthy-weight
participants reported similar scores in the Embodiment Questionnaire after the induction of the VR-FBI,
but it should be noticed that it is true independently from the condition (experimental/synchronous
vs. control/asynchronous). However, all participants reported a stronger illusion in the
experimental/synchronous condition with respect to the control/asynchronous condition in terms of
self-location: in other words, when in the experimental condition, participants reported a stronger
feeling to be in the same spatial location of the avatar with respect to the control condition.

Body Parts Size Estimation Task. As reported in the Table 1, at the baseline, analyses revealed a
significant difference between the two groups in the estimation of the circumference of the shoulders,
abdomen and hips, but not in the estimation of their width; moreover, no difference emerged in the
estimation of the height. Specifically, as suggested by means reported in the Table 1, the healthy-weight
participants showed a significant larger percentage of misestimation of the circumference of the three
body parts than the participants with obesity.

Focusing on height, a significant main effect of Group emerged (F(1, 26) = 4.67; p = 0.04; ηρ2 = 0.15),
showing that individuals affected by obesity (M = 3.16; SD = 1.07) had a significant overestimation
compared to the controls (M = −0.004; SD = 0.99), in absence of main effect of Condition (baseline
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M = 1.9; SD = 3.72; synchronous M = 1; SD = 4.91; asynchronous M = 1.6; SD = 4.47) (F(2, 52) = 1.82;
p = 0.17; ηρ2 = 0.06) or a significant interaction Group*Condition (F(2,52) = 2.88; p = 0.88; ηρ2 = 0.41).
Thus, the VR-FBI did not change the height estimation for both groups.

For shoulder width estimation no main effect of Group (participants with obesity M = −10.24;
SD = 4.32; healthy-weigh participants M = −4.58; SD = 4.67) (F(1, 24) = 0.78; p = 0.38; ηρ2 = 0.032)
or Condition (baseline M = −5.35; SD = 3.65; synchronous M = −8.52; SD = 3.42; asynchronous
M = −8.36; SD = 3.15) (F(2,48) = 1.38; p = 0.26; ηρ2 = 0.055) was found. Instead, a significant interaction
Group*Condition (F(2,48) = 3.5; p = 0.038; ηρ2 = 0.12) emerged. Post-hoc comparison for participants
affected by obesity did not show a difference in the horizontal estimation of the shoulders between
the baseline and the synchronous condition (t(13) = 0.049; p = 0.62), nor between the baseline and
the asynchronous condition (t(13) = 1.13; p = 0.27). Instead, in the controls a significant difference
emerged between the baseline and the synchronous condition (t(12) = 2.58; p = 0.024), but not between
the baseline and the asynchronous condition (t(12) = 2.36; p = 0.035), when we adopted the Bonferroni
corrected p value threshold (0.05/2 = 0.025) (Figure 3). Thus, these results show that the illusion
affected shoulder width estimation of healthy-weight controls but not of individuals affected by
obesity. However, as shown in Figure 3, it should be noticed that controls show a larger error after
the synchronous and the asynchronous (even though the difference did not reach the significance)
stimulation with respect to the baseline: this result was in contrast with the previous literature [1,2,5,18],
in which it was generally reported a reduction of the error after the VR-FBI manipulation.

Figure 3. About the horizontal estimation of the shoulders, means of the percentage of misestimation
and standard error (bars) were showed for participants affected by obesity (dark grey bars) and
healthy-weight participants (light grey) for the three experimental conditions. * indicates a significant
difference according to the Bonferroni-corrected p value of 0.025.

For width estimation of the abdomen, no main effect of Group (participants with obesity M = −4.49
SD = 5.39; healthy-weigh participants M = −1.29; SD = 5.79) (F(1, 26) = 0.16; p = 0.68; ηρ2 = 0.006)
or Condition (baseline M = −0.006; SD = 3.77; synchronous M = −4.93; SD = 4.29; asynchronous
M = −3.73; SD = 4.53) (F(2, 52) = 2.12; p = 0.13; ηρ2 = 0.07) emerged; moreover no significant interaction
Group*Condition (F(2, 52) = 1.21; p = 0.3; ηρ2 = 0.04) was found. Thus, the FBI did not change the width
estimation of the abdomen for both groups.

For width estimation of the hips, we found a main effect of Group (F(1, 24) = 8.33; p = 0.008;
ηρ2 = 0.25): participants affected by obesity (M = 15.03; SD = 3.55) overestimated this body part with
respect to the controls (M = 0.49; SD = 3.55). However, no main effect of Condition (baseline M = −9.47;
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SD = 2.91; synchronous M = 4.94; SD = 2.54; asynchronous M = 8.87; SD = 3.02) (F(2, 48) = 2.37; p = 0.1;
ηρ2 = 0.09) or interaction Group*Condition (F(2, 48) = 2.54; p = 0.08; ηρ2 = 0.09) emerged. This result
suggested that VR-FBI did not change the width estimation of the hips for both groups.

For circumference estimation of shoulders, a significant main effect of Group was found
(F(1, 28) = 4.86; p = 0.036; ηρ2 = 0.14) confirming the previous results; in general, healthy-weight
participants (M = 31.98; SD = 5.48) overestimated this body part compared to the participants affected
by obesity (M = 14.88; SD = 5.48). Interestingly, a significant main effect of Condition emerged
(F(2, 56) = 3.17; p = 0.049; ηρ2 = 0.10): however, when the post-hoc t-test comparisons adopting the
Bonferroni corrected p value threshold (0.05/2 = 0.025) were performed, no significant difference
between the baseline (M = 27.81; SD = 4.32) and the synchronous condition (M = 19.91; SD = 4.53)
(t(29) = 2.2; p = 0.036) or the baseline and the asynchronous condition (M = 22.58; SD = 4) (t(29) = 1.41;
p = 0.16) emerged. Moreover, no significant interaction Group*Condition emerged (F(1, 26) = 1.64;
p = 0.2; ηρ2 = 0.05).

For estimation of the circumference of the abdomen, a significant main effect of Group emerged
(F(1, 23) = 19.95; p < 0.001; ηρ2 = 0.46): in line with the previous results, healthy-weight participants
(M = 21.84; SD = 3) reported a significant overestimation of their body size compared to participants
with obesity (M = 2.44; SD = 3.13), in absence of any main effect of Condition (baseline M = 13.14;
SD = 2.91; synchronous M = 11.07; SD = 2.81; asynchronous M = 12.2; SD = 2.14) (F(2, 46) = 0.31;
p = 0.73; ηρ2 = 0.013) or a significant interaction Group*Condition (F(2, 46) = 0.97; p = 0.38; ηρ2 = 0.04).

For estimation of the circumference of the hips, no main effect of Group (participants with
obesity corrected M = 16.73; SD = 4.13; healthy-weight participants corrected M = 6.61; SD = 3.84)
(F(1, 26) = 3.21; p = 0.08; ηρ2 = 0.11) was found. However, we observed a main effect of Condition
(F(2, 52) = 3.51; p = 0.037; ηρ2 = 0.11): a significant difference between the baseline (M = 15.51; SD = 3.6)
and the synchronous condition (M = 8.89; SD = 3.07) (t(28) = 2.6; p = 0.014) was found. Instead,
no difference emerged between the baseline and the asynchronous condition (M = 10.6; SD = 2.86)
(t(28) = 1.94; p = 0.06) (Figure 4). No significant interaction Group*Condition (F(2, 52) = 2.17; p = 0.12;
ηρ2 = 0.07) was found. Thus, according to these results, for both groups, changes in the estimation
of the hips circumference emerged after the synchronous (but not the asynchronous) condition, with
respect to the baseline. Specifically, as shown in Figure 4, after the illusion was induced in the
synchronous condition, all participants reported a reduction of the error in the estimation of the hips’
circumference, in line with our hypothesis.

Figure 4. About the circumference estimation of the hips, means of the percentage of misestimation
and standard error (bars) were showed for the three experimental condition (baseline, synchronous
and asynchronous). * indicates a significant difference according to the Bonferroni-corrected p value
of 0.025.
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4. Discussion

The aim of the present work was to investigate for the first time in literature the potential changes
in body representations induced by the illusionary ownership over a virtual skinny body (i.e., the
VR-FBI) in a sample of individuals affected by obesity in comparison with a group of healthy weight
individuals. We adopted two measures: the Embodiment Questionnaire [1] to study the strength of
the bodily illusion; and the Body Part Size Estimation Task [1] to verify if the illusion might induce a
modulation of body representations in our participants.

First, we found that VR-FBI was efficiently induced in individuals with obesity with the same
strength of the healthy weight individuals. Indeed, there was no significant difference between the
two groups as concerns the scores obtained from the Embodiment Questionnaire [1]. However, for all
participants, it should be noted that we found a significant difference in the self-location subscale, but not
in the ownership and agency subscales, between the two experimental conditions, suggesting that also
in the asynchronous condition (and thus not only the synchronous one) all individuals experience the
illusion of ownership. To this regard, it was already reported that a first-person perspective of a realistic
virtual body substituting participants’ own body might be sufficient to generate an illusory feeling of
ownership, with changes in body representations, in absence of any multisensory stimulation [25], as
reported also for the Rubber Hand Illusion [26]. Thus, the asynchronous stimulation is not a “neutral
condition”, since it can affect body representations [27]. As concerns the self-location subscale, we did
not expect specific differences between the two conditions, since our paradigm did not experimentally
manipulate the spatial location. However, higher scores in self-location subscale could drive higher
embodiment over the virtual body, as Maselli and Slater [25] emphasized a strict relationship between
the sense of ownership and the feeling of self-location towards the virtual body. Moreover, there
is an ongoing debate about what subjective components, such as body dissatisfaction [5] or bodily
sensory experience [2,28–30]—That were not directly measured by the questionnaire—might enhance
or impede to experience the bodily illusion [2,28–31]. Moreover, as recently stated by Tamè and
colleagues [28] about the Rubber Hand Illusion, even though individuals report the feeling like the
fake hand is part of their own body, “they do not believe that it really is”: this aspect should be taken in
account also when individuals are asked to rate their experience of ownership towards an avatar.

The second other main result regarded the possible modulation of body representations, when
measured through the Body Part Size Estimation Task [1], due to the bodily illusion. According to the
results, an interesting pattern emerged considering the estimation of the circumference of the hips:
both healthy weight individuals and individuals affected by obesity shown a reduction of the error
after the synchronous, but not the asynchronous, condition, with respect to the baseline. This result
seems to suggest that the illusion can efficiently modulate body representations in individuals affected
by obesity, specifically in terms of the circumference of the hips, as well as in controls. In other words,
affected individuals perceived themselves to have skinner hips after they have embodied a skinny
avatar. However, such an effect did not emerge for the other body parts investigated in this study.
How might this pattern of results be interpreted? We might observe that the hips represent a very
significant and critical body part, not only in obesity but also in healthy weight participants, and
specifically in women, in which there is a propensity to accumulate fat on the hips and buttocks (the
“feminine gynecoid” type) instead of a more central distribution on the abdomen, that is typically
observed in males [32–34]. Thus, it makes sense to believe that from a clinical point of view this
body part is quite important and perhaps more sensitive than other body parts, such as the shoulders.
Second, it should be noted that during the experimental procedure, participants looked toward the
avatar’s lower part, that was clearly skinner than the own physical body dimension. Considering
that, it should be carefully clarified the psychological meaning of this difference. Indeed, it cannot be
excluded that the presence of a skinny avatar would might enhance (and not mitigate) the negative
feelings towards the body. In this sense, the therapeutic applicability of bodily illusions in obesity
should require future investigation in which also psychological and clinical factors, as well as the
outcome of the weight loss program, should be taken in account. For example, it should be investigated
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if the alteration of body parts size estimation might be related to other psychological factors, such as
fear and worries about the success of the treatment as well as the subjective level of perceived social
stigma [35,36] since they could be negative consequences on efficacy of rehabilitative intervention,
as well as the most recent study about the effect of bodily illusions on social cognition [31]. Indeed,
Guardia and colleagues [37] described the single case of an individual affected by obesity who did not
update her body image to the “new” physical body dimensions after a massive weight loss; in other
words, the patient continued to describe her body as larger as before the treatment [37–39].

Overall, this study provided preliminary evidence that individuals with obesity can experience
the VR-FBI, and that the illusion can induce a modulation of body representations only for specific
body parts.

However, some caveats should be considered not only in the interpretation of our data but also for
future investigation. First, a higher number of participants is mandatory to verify the reproducibility
of our results.

When we investigate the application of the bodily illusion in the obesity, we should take in
account not only the psychological and emotional components associated to this procedure, but
also the cognitive process on which bodily illusions ground, that is the multisensory integration [40].
Specifically, the illusion can be efficiently induced only when the two stimuli (in this case, tactile
and visual input) are perceived temporally synchronous; in other words, they are perceived as
unique temporal event. For humans, multisensory integration is very critical, since it seems to be
implicated in several cognitive processes, such as taste perception [41], flavor perception [42–44], but
also bodily awareness [45,46] and sense of agency [47]. Focusing on bodily illusions, and specifically the
asynchronous stimulation, the recognition of the delay between stimuli might depend on the subjective
efficacy of the multisensory integration process, with effect on the induction and the strength of the
illusion e.g., [25,27,48,49]. In obesity, the research about alteration of primary [50–52] and multiple
sensory inputs [24–56] is still in its infancy. However, it was reported that individuals affected by
obesity show an alteration of multisensory process, with possible effects of the ability in recognizing
two stimuli (and overall, two events) as concurrent and concomitant [24–56]. Thus, future research
needs to fully explore the relationship between the alteration in the experience of bodily illusions and
altered multisensory integration.

Focusing on the VR-FBI, two aspects should be taken in account. The first regards the dimension
of the avatar. In this work, we adopted an avatar with a skinny body, in line with our previous
studies [1,20]. However, it should be verified if different dimensions of avatar (thus, a larger avatar as
well as an avatar with bodily dimensions equivalent to the physical one) would affect differently body
parts size estimation. In fact, in healthy individuals, while it was reported that a correct feeling of
ownership was observed for images of hands with veridical and enlarged dimension respect to the
physical one in healthy individuals, but absent in case of reduced dimensions, in the Rubber Hand
Illusion [57,58]. Instead, the illusion emerged with both large and small full bodies in VR-FBI [55,59].
We reported that the two groups differed in the estimation of body size at the baseline. Interestingly,
the healthy weight participants reported a significant larger error for the circumference of the three
body parts of shoulders, abdomen and hips in respect to the participants with obesity. As expected, for
all considered body parts, except for the height, individuals affected by obesity had higher physical
dimensions than controls; thus, bodily dimensions were dramatically different between groups.
However, the distortion of the body parts circumference observed in the healthy weight participants
was quite different respect to that of the participants with obesity. As previously mentioned, the
physical reduction of body size dimensions is a goal of the rehabilitative program for losing weight, and
it is reasonable to think that individuals with obesity might be more aware about their own physical
body than healthy weight individuals, who otherwise are generally described to have a negative
feeling and high level of concerns about their own body [60]. Moreover, it should be noted the body
size distortions are highly present also in healthy population [60]. However, as reviewed by Costantini
and Haggard [40], pre-existing body representations play a crucial in body ownership. Indeed, the
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ownership towards an external object is due not only to the simultaneity of the sensory (visual-tactile)
stimulation, but also to the match between the visual image of the body part/whole body adopted in the
illusion and its existing subjective cognitive representation, i.e., the perceptual body representation [61]
or offline stored knowledge about own body [62]. Nevertheless, when we ask individuals to judge the
dimension of body parts, perhaps we are measuring the perceptual dimension together plus the feelings,
concerns and preoccupation about those body parts [22–63], affecting the judgement itself. The second
aspect regards the fact that during this experiment, in line with previous research [2–5], participants
did not move as well as avatar was static. However, brain seems to be more responsive to human action
than to static images [64], with possible implications on changes in body representations [65,66]. Thus,
in the future perspectives, body representations changes might be investigated when embodiment
towards an avatar is induced through a visuo-motor integration (the virtual body is seen to move
synchronously with the own body), instead of a visuo-tactile integration (as done in the present study),
taking advantage of motion sensors technology. Nevertheless, in case of motion, the presence of
cybersickness during the VR experiment should be carefully measured, specifically when clinical
condition like obesity, in which dizziness and falls are generally experience [67], are tested.

Finally, even though it is out of the scope of this work, we would like to underline some criticisms
relative to the two measures (i.e., Body size estimation task and Embodiment Questionnaire) adopted
in this study. About the Body parts size estimation task, it should be noticed that height (i.e., a vertical
measurement taken from the top of the body to its base), horizontal (from the left of the body to the
right) and circumferential (a measurement taken around the body) estimations ground on different
neural mechanisms about spatial processing [68]. For example, a task in which we are required to
identify the midline of a horizontal line would be solved adopting counting strategies, that instead
might not be so useful when we have to estimate where is the center of a circle [69]. This aspect should
be taken in account when a task about the estimation of body parts or whole body is chosen as measure
of the illusion. Moreover, it should be noted that in the Body Size Estimation Task [1–20], participants
are explicitly required to estimate the horizontal distance between the left and right side of each body
part placing adhesive stickers on the wall. To avoid that they used their body as a reference for giving
a correct body size estimation, we explicitly required participants to do not look at their own body
during the task. This task has clear advantages: it’s economical and traditionally adopted in clinical
settings [70,71]. However, participants are fully aware that they have to focus on their own body to
solve the task, and possible overcome side effect of negative attitudes on the judgment might reduce
the illusion effect. Adopting more implicit measures in which a lower level of subjective awareness
about the judgment [72] is required, should strengthen our results. A similar criticism can be arisen
about the Embodiment Questionnaire [1], since it allows us to assess exclusively the subjective (and
thus explicit and aware) experience of the illusion.

5. Conclusions

In this manuscript we presented the first investigation on the effect of a VR-FBI [2–5,17,18,20]
on body representations in obesity. Indeed, only one single case study about VR-FBI on body
representations in obesity [20] was reported in literature. Our results revealed that individuals affected
by obesity might efficiently experience the illusory ownership over an entire virtual body, with possible
changes on the estimation of the circumference of the hips. Thus, VR-FBI might be a promising tool to
be adopted in rehabilitative settings [8,17], also in obesity. However, this work represents the first step
in the field: future research should verify if and in which clinical and psychological circumstances as
well as experimental conditions the illusion can efficiently modulate body representation in obesity.
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Abstract: We combined virtual reality and multisensory bodily illusion with the aim to characterize
and reduce the perceptual (body overestimation) and the cognitive-emotional (body dissatisfaction)
components of body image distortion (BID) in anorexia nervosa (AN). For each participant
(20 anorexics, 20 healthy controls) we built personalized avatars that reproduced their own body
size, shape, and verisimilar increases and losses of their original weight. Body overestimation
and dissatisfaction were measured by asking participants to choose the avatar that best resembled
their real and ideal body. Results show higher body dissatisfaction in AN, caused by the desire
of a thinner body, and no body-size overestimation. Interpersonal multisensory stimulation (IMS)
was then applied on the avatar reproducing participant’s perceived body, and on the two avatars
which reproduced increases and losses of 15% of it, all presented with a first-person perspective
(1PP). Embodiment was stronger after synchronous IMS in both groups, but did not reduce BID in
participants with AN. Interestingly, anorexics reported more negative emotions after embodying
the fattest avatar, which scaled with symptoms severity. Overall, our findings suggest that the
cognitive-emotional, more than the perceptual component of BID is severely altered in AN and that
perspective (1PP vs. 3PP) from which a body is evaluated may play a crucial role. Future research
and clinical trials might take advantage of virtual reality to reduce the emotional distress related to
body dissatisfaction.

Keywords: anorexia nervosa; body image distortion; body dissatisfaction; embodiment; virtual
reality; interpersonal multisensory stimulation

1. Introduction

Anorexia nervosa (AN) affects mostly adolescent and young women [1], has the highest
mortality rate among all psychiatric disorders [2] and is largely resistant to currently available
treatments [3]. A core clinical symptom of AN is body image distortion (BID), which impacts onset,
prognosis, and relapse [4]. Body image is a multifaceted construct that comprises body-related
perception, expectations, thoughts, feelings, and actions [5,6] which are represented in dedicated neural
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circuitries [7–10]. In AN, BID affects both perceptual and cognitive-emotional components of the body
representation [11], i.e., patients typically overestimate their body size [12] and report higher body
dissatisfaction [13] than healthy controls (HC) [14].

The use of new sophisticated and biometrically plausible distortion methods, made possible by
immersive virtual reality contexts, has paved the way for precisely measuring body overestimation
e.g., [15], whereas the development of interpersonal multisensory stimulation (IMS) paradigms
has increased insights into the plasticity of the bodily self [15,16]. In IMS paradigms, participants
typically experience a tactile stimulation on their own body synchronously with an observed touch
at the corresponding body part on another individual’s body [17–19] which leads to the illusory
sensation of ownership toward the latter (termed embodiment), as evidenced by subjective, behavioral,
and physiological measures [20–24].

IMS paradigms have been extended to virtual avatars observed from a first-person perspective
(1PP) [25], even of different sizes [26], which might lead to a change in one’s own body perception
according to the avatar size [27]. Specifically, in HC identification with a slim virtual body reduces not
only the overestimation of the own body size but also increases body satisfaction [28], while identification
with an obese avatar induces body dissatisfaction [28].

Embodiment illusions might thus represent a promising tool to reduce BID in AN. Preliminary
results in this field suggest that, in AN patients, illusory ownership of a fake hand is enhanced [29]
and leads to a reduction in hand-size overestimation [30]. Also, embodying a normal body mass
index (BMI) avatar reduces overestimation of shoulders, abdomen, and hips [31]. However, this effect
occurs after both synchronous (experimental condition) and asynchronous (control condition) IMS,
suggesting that it might not be due to the embodiment per se, but rather to purely visual effects.

Thus, the few existing studies using embodiment illusions in AN patients tentatively suggest that
a normalization of BID is possible. Yet, it is still unclear how robust the effect is, to what degree it is
linked to embodiment per se and how such illusions affect and interact with the affective-emotional
components of body representation, which are central to BID [11,32].

Here, we addressed these issues by: (i) individualizing the avatars for each of our participant’ body
(unlike previous studies); (ii) assessing the embodiment strength both at the explicit (questionnaires,
e.g., [19,33]) and implicit level (body temperature, e.g., [34], but see [35] for a critical account), and (iii)
measuring both perceptual and emotional aspects of BID before and after the embodiment of three
different sized avatars was induced. We tested young females with AN and low-BMI age-matched HC
with no diagnosis of eating disorders.

We expected AN patients to overestimate their body size [12] and to show higher body
dissatisfaction than HC [13], as indexed by clinical measures (clinical questionnaires’ scores) and by
the higher discrepancy between one’s own perceived and ideal body [36]. Furthermore, according to
Eshkevari and colleagues [29], we expected higher bodily self-plasticity (namely higher embodiment
measured both at the implicit and explicit level) in AN patients compared to HC. Importantly,
we hypothesized that body dissatisfaction would decrease in AN patients as an effect of embodying a
body which corresponds or is thinner than the perceived one [28]. Lastly, we expected that embodying
an avatar larger than the perceived one would enhance negative emotions in AN patients more
than HC.

2. Materials and Methods

2.1. Participants

A total of 21 female patients diagnosed with AN and 22 age-matched HC were recruited. All AN
patients were diagnosed with anorexia nervosa (restricting type) by the Department of Psychiatry
and Eating Disorder of the Hospital Policlinico Umberto I, which followed the criteria of Diagnostic
and Statistical Manual of Mental Disorder—5 [37]. One AN patient was later excluded because of
diagnostic migration, i.e., the diagnosis changed from AN to major depression as primary disorder
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with a secondary eating disorder component. Two HC were excluded for technical problems. A total
of 20 AN patients ((mean ± standard error (SE)) (age = 23.30 ± 7.61, BMI = 15.87 ± 1.12)) and 20 HC
(age = 23.85 ± 3.23, BMI = 18.98 ± 1.01) finally participated in the study. For the HC, the presence and/or
history of any eating disorder and/or other psychiatric disorders constituted an exclusion criterion,
whereas a BMI score in the lower normal range (i.e., between 17 and 21) was an inclusion criterion.
The study was approved by the Ethical Committees of Policlinico Umberto I and IRCCS Santa Lucia
Foundation and in accordance with the ethical standards of the 2013 Declaration of Helsinki. All the
participants read and signed the informed consent.

2.2. Procedure

The experiment consisted of two sessions: a pre-experimental (Section 2.3) and an experimental
session (Section 2.4), with about one week break in between, in which the individualized avatars
were created.

2.3. Pre-Experimental Session

This session lasted about one hour. Participants filled out a series of questionnaires presented in
randomized order on a computer using E-Prime® 2.0 software. The Eating Disorder Inventory—2
(EDI-2) [38], the Body Shape Questionnaire (BSQ) [39], the Body Uneasiness Test (BUT) [40], and the
Bulimic Investigatory Test, Edinburgh (BITE) [41] were used to assess the symptoms severity of the
eating disorder pathology, whereas the Symptom Checklist-90-R (SCL-90-R) [42] was used to check for
the presence of others psychiatric symptoms (see Supplementary Materials for detailed information).

Subsequently, a female experimenter measured circumferences and lengths of selected body parts
of each participants and took pictures of participants’ body standing up (front, back, and profile view)
with a Nikon D40 mounted on a tripod. Participants’ pictures and body measures served to create the
avatars personalized for each participant.

Avatars Modelling

A 3D modelling software (MakeHumans, open source tool for making 3d characters) was used to
recreate the personalized avatar that matched participants’ real body in terms of height, shape, and
body size and two more avatars that reproduced verisimilar loss of 30% and gain of 50% of the original
weight (Figure 1, panel A). Specifically, Adobe Photoshop 7.0 (Adobe Systems Incorporated, San Jose,
CA, USA) was used to create highly detailed skin, clothes, and material textures. Subsequently,
these three avatars were imported into 3dsMax (Autodesk Inc., Mill Valley, CA), a 3D modelling and
animation software, which we used to create a continuum of 28 avatars incrementing in size in steps of
3%, starting from the thinnest (−30%) to the fattest avatar (+50%). One set of 28 standing avatars facing
the participants was created for subsequent task, i.e., the Avatar selection task (please see Section 2.4.1)
in which participants could choose the avatar that best resembled their own body by observing it from
a 3PP). We decided to present a set of avatars going from −30% to +50% of the original body size in
order to not end up with unrealistically thin bodies (especially in the case of the AN) and to be able to
measure the presence of body overestimation in the range suggested by a recent meta-analysis [12].
Another set of avatars was created lying on a deck chair (Figure 1, panel B) and used for inducing the
embodiment (please see Section 2.4.3).
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Figure 1. Creation of 3D Stimuli. (A) Example of three customized avatars built according to the
participant’s body measures and pictures: an avatar that reproduced participant’s real body (avatar 0%),
a thinner avatar (avatar −30%), and fatter avatar (+50%). (B) Example of avatars selection extracted
from the continuum of avatars lying on a deck chair and increasing in size in steps of 3%, starting from
the thinnest (−30%) to the fattest avatar (+50%).

2.4. Experimental Session

This session lasted about two hours (see Figure 2 for an illustration of the procedure). Participants
first performed the Avatar selection task (Section 2.4.1). Then they put on clothes that matched
the avatar’s outfit and lay down on the deck chair to perform the perceived and ideal body tasks
(Section 2.4.2). Afterward, participants experienced synchronous and asynchronous IMS (Section 2.4.3)
with three different body size avatars (Avatar 0%., i.e., the avatar they chose in the Avatar selection task;
Avatar −15% and Avatar +15%, i.e., an avatar 15% thinner and one 15% fatter than the one reproducing
their own perceived body) in separate runs, counterbalanced across participants. Within each run
participants received synchronous and asynchronous IMS in separate blocks (counterbalanced across
participants) with the same avatar size. Immediately after each IMS block, participants performed
the perceived body task (first 6 blocks) or the ideal body task (second 6 blocks, or vice versa). Then,
we collected explicit and implicit measurements of embodiment (Section 2.4.4) and the emotional
response (Section 2.4.5) to the IMS. At the end participants were also asked to rate the avatars in terms
of similarity and attractiveness (Section 2.4.6).
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Figure 2. Experimental procedure. After selecting the avatar most similar to their perceived body and
the one most resembling their ideal body, participants were enrolled in embodiment blocks in which
synchronous and asynchronous interpersonal multisensory stimulation (IMS) were applied to three
different bodies (the perceived body, −15% thinner body, +15% fatter body). After each embodiment
block participants repeated the perceived and ideal body tasks to measure the effects of the embodiment
of different sized avatars on body dissatisfaction. Explicit and implicit measures of the embodiment
illusion, as well as the emotional response after being exposed to a/synchronous touching of different
sized avatars were recorded after each embodiment block. At the end of the experiment we asked
participants to rate from a first-person perspective the three avatars in terms of similarity to their own
body and overall attractiveness.

All the experimental tasks were done in a virtual scenario that reproduced the actual experimental
room, i.e., a 5 × 8 meters furnished room with a deck chair, identical to the one participant sat on
during the experiment, and a 1.5 × 1.5 meters screen where questionnaires were projected.

2.4.1. Avatar Selection Task

Participants were asked to choose the avatar that best fits their own body from a continuum
ranging from a body that was 30% thinner to another one that was +50% fatter than the actual body,
i.e., the body that was reproduced on the bases of each participant’s body size and shape. Participants
initially saw the avatar in the middle of this continuum and were specifically instructed to explore
all the continuum before choosing the avatar’s body that best resembled their own in terms of shape
and size. In this task, participants were standing up and the avatars were presented in a specular
congruence with respect to their actual body, i.e., from a 3PP, as if they were looking at themselves in a
mirror. The selected avatar (0% Avatar), the one 15% fatter (+15% Avatar) and the one 15% thinner
(−15% Avatar) than the 0%, were used as virtual body stimuli for the embodiment blocks (Section 2.4.3).

2.4.2. Perceived and Ideal Body Tasks: Body Dissatisfaction

To assess participants’ body dissatisfaction immediately before and after the IMS we asked them
to choose the avatar which best resembled their real (perceived body task) and ideal (ideal body task)
body in terms of size/shape/weight along the −30%–+50% continuum (Figure 3A). Differently from the
avatar selection task, however, judgments were performed while participants were laying down on the
deck chair and avatars were projected standing up in front of them, i.e., from a 3PP. As these tasks
were performed before and immediately after IMS, participants were left lying on the desk chair to
avoid disrupting any induced feelings of ownership over the avatar’s body.

31



J. Clin. Med. 2020, 9, 98

Figure 3. (A) Perceived/ideal body task. In separate blocks, participants choose the avatar which was
the most similar to their own body (perceived body task) and the avatar which best resembled their ideal
body (ideal body task) along a continuous of avatars presented from a third-person perspective (3PP).
Each task comprised two trials presented in counterbalanced order: in one trial participants started
the selection from the thinnest avatar (upper part of panel A), in the other from the fattest one (lower
part of panel A). (B) Embodiment procedure. During the embodiment procedure a three minute of
a/synchronous visuo-tactile stimulation was delivered. During the embodiment participants observed
one of three different avatars from a first-person perspective (1PP). A virtual ball was programmed to
touch the avatar on three different spots around the belly button in eight different ways (single touches
and stroking movements).

Each task (perceived and ideal body task) comprised two trials, presented in counterbalanced
order: in one trial participants started the selection from the thinnest avatar, in the other from the
fattest one. Trials’ scores were then averaged for the final score. The discrepancy between the size of
the ideal and the perceived body, calculated as the absolute difference between the two, was considered
an index of participants’ body dissatisfaction.

2.4.3. Embodiment Procedure

During the IMS procedure participants saw the body from a 1PP (Figure 3B) through a
head-mounted display (Oculus Rift Developers Kit Dk1, Oculus VR, Menlo Park, CA, USA). Thus,
the virtual body replaced the participant’s body in space. A calibration was performed to assure a
proper positioning of the virtual camera and a precise overlap between the touch felt on the abdomen
and the one observed on the avatar. Then, three minutes of visuo-tactile IMS were applied to the
participant’s and the avatar’s body. The IMS was performed by a female experimenter, who received
through headphones audio cues indicating the time and the location of each touch.

For the experimental condition (Synchronous-IMS), we aimed to reach the maximal multisensory
congruence between the real and the virtual body. Thus, in the synchronous condition the observed
and felt touch matched in time and location, and we tracked participants’ head movements online to
adjust visual perspective. However, as the visuo-proprioceptive congruence given by observing an
avatar from a 1PP can be enough to induce feelings of ownership over a virtual body [43], we also
aimed to reduce the possible occurrence of such illusory effects in the asynchronous control condition.
Thus, we tried to boost the discrepancy in the control condition by delivering touches that were
asynchronous in both time and location, as previous studies found that this stimulation was effective in
maximizing the difference between synchronous and asynchronous conditions (see for example [44,45])
and we locked participant’s head tracking during the asynchronous IMS.
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During visual-tactile stimulation, the participants were asked not to move their head and look at
the belly that was stimulated. Before starting the stimulation, the experimenter made sure that the
participant always looked at the virtual abdomen by continuously checking: (i) the orientation of the
participants’ head (which had to be directed toward their real belly), and (ii) the virtual scenario on the
PC monitor (where the virtual abdomen always had to be positioned in the center of the monitor).

2.4.4. Explicit and Implicit Measures of Embodiment

As an explicit measure of embodiment, we used a self-reported questionnaire adapted from
previous studies [19,33] assessing the strength of the illusion on three different components: Ownership,
i.e., the sense of virtual body being one’s own; Agency i.e., the sense of being in control of the virtual
body; and Referred Touch, i.e., the feeling of directly being touched by the seen ball (see Supplementary
Materials for the complete list of items). As an implicit measure of embodiment, we recorded
participants’ body temperature, taken through an infrared thermometer (IFR 100, Microlife AG,
Widnau, CH, precision: ± 0.2 ◦C, 32.0–42.2 ◦C) under participants’ right armpit immediately after each
block of IMS to compare ratings taken after synchronous vs. asynchronous embodiment blocks. Since
we wanted to exclude participants with altered body temperature (due for example to febrile illness)
we also took the body temperature before the experimental session started.

2.4.5. Measure of Emotional Response Induced by Embodiment

Valence and intensity of the emotional response induced by being exposed to a/synchronous
touching of the three differently sized avatars were assessed by a visual analogue scale (VAS)
ranging from “very negative” (0) to “very positive” (100) presented after both synchronous and
asynchronous IMS.

2.4.6. Similarity and Attractiveness Ratings of the Avatars

As part of the final debriefing procedure, we checked how the −15%, 0%, and +15% avatars
used during the embodiment blocks were actually perceived by the participants. Therefore, we asked
participants to verbally rate on 0–100 VAS how much the three avatars resembled their own body
(similarity ratings) and how attractive they thought these were (attractiveness ratings). The avatars
were presented from a 1PP while participants were still laying down on the deck chair. Thus, ratings
were collected while there was a spatial congruence between the actual participant’s body and the
avatar’s body, i.e., while participants observed the three avatars replacing their own body in space.

3. Results

Data were analyzed using STATISTICA version 8.0 (StatSoft, Tulsa, OK, USA). Significance was
set at p < 0.05. The Duncan test was used for post-hoc comparisons. Bayes Factors were calculated
by means the open-source software JASP [46] which allows quantification of evidence in favor of the
alternative or null hypothesis.

3.1. Baseline Measures

Descriptive statistics and independent sample t-tests were used for group comparisons of the
demographical variables, eating disorder pathology and all the other baseline measures (Table 1).

Patients with anorexia nervosa (AN) reported higher symptoms severity scores in all scales
(the Eating Disorder Inventory (EDI)—drive for thinness, EDI—body dissatisfaction scales, Body
Shape Questionnaire (BSQ), Body Uneasiness Test—Global Severity Score (BUT GSI), but not at the
EDI—bulimia, and at the Bulimic Investigatory Test, Edinburgh (BITE)). Patients with AN also had a
lower body mass index (BMI) compared to healthy controls (HC). Body dissatisfaction (calculated as
perceived minus ideal body) was higher in AN patients than in HC. While both groups were accurate
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and did not differ on the estimation of their perceived body, AN patients considered a thinner body as
ideal compared to HC (see Table 2 for detailed statistics).

Table 1. Means (M) and standard deviations (SD) of demographic and eating disorders variables for
the two groups (healthy controls-HC, and anorexics-AN), and results of the t-tests.

Demographic and Eating Disorder Variables

HC (N = 20) AN (N = 20)

M SD M SD t df p

Age 23.85 3.23 23.30 7.60 0.29 38 0.767
BMI 18.94 0.98 15.86 1.12 9.22 38 0.001

EDI—drive for thinness 2.00 3.54 13.05 7.42 −6.01 38 0.001
EDI—bulimia 0.40 0.99 0.95 2.19 −1.02 38 0.313

EDI—body dissatisfaction 4.00 3.66 13.10 7.15 −5.07 38 0.001
BSQ 64.55 17.13 118.75 32.89 −6.54 38 0.001

BUT GSI 0.93 0.28 2.58 1.01 −7.07 37 0.001
BITE Symptoms 6.10 3.97 11.80 6.41 −3.38 38 0.002

BITE Severity 1.15 1.18 2.80 3.96 −1.79 38 0.082

BMI = Body Mass Index; EDI = Eating Disorder Inventory; BSQ = Body Shape Questionnaire; BUT GSI = Body
Uneasiness Test, General Symptom Index subscale, BITE = Bulimic Investigatory Test, Edinburgh.

Table 2. Means (M) and standard deviations (SD) of perceived body, ideal body, and body dissatisfaction
(perceived body minus ideal body) tasks measured at the baseline of the two groups (healthy controls-HC,
and anorexic patients-AN), and results of the t-tests, i.e., p-values (p) and Bayesian factors (BF). Values
are expressed as a % of the real bodies of the participants (100 is the real body size).

Perceived, Ideal and Body Dissatisfaction Measures

HC AN

Task M SD M SD t df p BF

Perceived Body 101.65 8.02 102.85 14.06 −0.33 38 0.742 0.32
Ideal Body 94.65 1.38 87.10 1.59 2.28 38 0.028 2.26

Body Dissatisfaction 8.45 7.85 19.95 12.97 −3.39 38 0.002 20.90

3.2. Explicit and Implicit Measures of Embodiment

Three separate 2 × 2 × 3 ANOVAs were run for each component (i.e., Ownership, Agency,
and Referral of Touch) of the illusion, each with the factors Group, IMS, and Avatar. They revealed a
main effect of IMS for the Ownership, Agency, and Referral of Touch (all Fs > 13.34; all ps < 0.001;
all ηs2 > 0.259), suggesting a stronger illusion for synchronous as compared to the asynchronous
IMS. We also found a main effect of Avatar on Ownership (F (1,38) = 7.85, p < 0.001, η2= 0.171)),
with participants reporting higher scores for the +15% Avatar ((mean ± SE) (39.38 ±1.89)) compared to
the 0% (33.78 ± 2.26) and to the −15% (32.08 ± 2.27) (all ps < 0.001). All the other main and interaction
effects were not significant (all Fs< 3.35 all ps > 0.084).

The same 2 × 2 × 3 ANOVA run on the body temperature revealed a main effect of IMS
(F (1,38) = 1.80, p = 0.002, η2 = 0.221)) showing a lower body temperature after the synchronous
stimulation (34.91 ± 0.14) compared to the asynchronous one (35.02 ± 0.13). None of the other main and
interaction effects were significant (all Fs < 1.27, all ps > 0.287). Please see Supplementary Materials for
additional analyses.

These results suggest that there was no group dependent difference in how avatars were embodied
and therefore a comparable level of bodily self-plasticity between AN and HC.
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3.3. Body Dissatisfaction after Embodiment

A 2 × 2 × 3 ANOVA with Group (AN, HC) as between-and IMS (synchronous, asynchronous)
and Avatar (−15%, 0%, +15%) as within-subjects factors showed no significant main or interaction
effects (all Fs < 3.39, all ps > 0.073, all η2 < 0.065). Given that classical null hypothesis testing is not the
ideal statistical tool for drawing conclusions about non-significant results [47,48], we also performed a
Bayesian ANOVA which allows quantification of evidence in favor of the alternative or null hypothesis.
The full model including main effects and the interaction between them provides evidence in favor of
the null hypothesis (BF10 = 8.131 × 10−5), suggesting that embodiment of avatars of different body
sizes did not change body dissatisfaction in AN and HC.

3.4. Emotional Response after Embodiment

The 2 × 2 × 3 ANOVA on the emotional ratings with the factors Group, IMS, and Avatar revealed a
main effect of IMS (F (1,38)= 18.01, p< 0.001, η2= 0.321), explained by more positive emotions following
synchronous (59.44 ± 3.34) compared to the asynchronous (44.34 ± 2.93) IMS. The Avatar × Group
interaction was also significant (F (2,76) = 7.21, p < 0.001, η2 = 0.159) (Figure 4) and shows that
independently of the IMS, AN patients felt more negative emotions after being exposed to the +15%
Avatar (44.71 ± 3.95) compared to the −15% Avatar (53.59 ± 4.50) (p = 0.017). The opposite trend was
true for the HC who showed significantly more negative emotional response after being exposed to the
−15% (50.02 ± 4.49) compared to the +15% (58.60 ± 3.95; p = 0.020) and marginally to the 0% Avatar
(56.88 ± 3.99; p = 0.057). Finally, AN patients experienced more negative emotions to the +15% Avatar
(44.71 ± 3.95) than HC (58.60 ± 3.95; p = 0.040). No other main or interaction effects were significant
(all Fs < 3.73, all ps > 0.061). These results suggest that differently from the HC group, AN patients
experienced negative emotions when they observed an avatar replacing their own body in space which
reproduced a verisimilar increase in weight of 15%, with respect to the one that reproduced verisimilar
decrease of weight of the same magnitude. This happened independently from the type of IMS used to
induce the embodiment.

Figure 4. Emotional response after embodiment. Graph showing the effect of the interaction between
avatar size (−15%; 0%; +15%) and group (healthy controls—HC; patients with anorexia nervosa—AN)
on the emotional scale ranging from 0 (very negative emotions) to 100 (very positive emotions). Error
bars represent standard error of mean. * = p < 0.05, § =marginally significant (p = 0.057).
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3.5. Avatars’ Similarity and Attractiveness Ratings

The 2 × 3 ANOVA with the factors Group and Avatar performed on the similarity ratings revealed
a main effect of the Avatar (F (2,76) = 39.14, p < 0.001, η2 = 0.50): participants perceived the 0%
(66.82 ± 3.26) and the +15% Avatar (69.37 ± 3.91) as more similar to their real body than the −15%
Avatar (33.72 ± 4.52) (all ps < 0.001) (Figure 5, panel A). All the other main and interaction effects were
not significant (all Fs < 0.59; all ps > 0.446). These results show that an increase in weight of 15% with
respect to one’s own perceived body size might pass unobserved in both patients and controls, while a
loss of weight of similar magnitude is detected.

Figure 5. (A) Avatars’ similarity ratings. Graph showing the main effect of Avatar size (−15%; 0%; +15%)
on similarity ratings given during the observation of the avatars from a 1PP. (B) Avatars’ attractiveness
ratings. Graph showing the effect of the interaction between Avatar size (−15%; 0%; +15%) and Group
(healthy controls, HC; patients with anorexia nervosa, AN) on attractiveness ratings given during
the observation of the avatars from a 1PP. Error bars represent standard error of mean. ** = p < 0.001,
* = p < 0.05, § =marginally significant, i.e., p = 0.058.

The same ANOVA performed on the attractiveness ratings revealed a main effect of Group
(F (1,38) = 12.07, p = 0.001, η2 = 0.241). HC rated the avatars as more attractive than AN (60.87 ± 3.71 vs.
42.63, ± 3.71). The Avatar × Group interaction was also significant (F (2,76) = 9.47, p < 0.001, η2 = 0.119)
(Figure 5, panel B). AN considered the +15% Avatar as the least attractive ((30.10 ± 5.99) vs. the −15%
Avatar (51.45 ± 6.83; p = 0.016) and the 0% Avatar (46.35 ± 4.82; p = 0.058. HC instead considered
the −15% Avatar as the least attractive ((42.00 ± 6.83) vs. the 0% Avatar (72.25 ± 4.82; p < 0.001) and
+15% Avatar (68.35 ± 5.99; p = 0.002)). The main effect of Avatar was not significant (F (2,76) = 2.74,
p = 0.070). These results show that a loss of 15% of body weight is associated in AN patients to an
increase in body attractiveness with respect to the perceived body weight (even though marginally)
and to a verisimilar gain of the same magnitude in body weight, while it results in a decrease in body
attractiveness with respect to the same categories of virtual bodies in HC participants.

3.6. Correlations between +15% Avatar Emotional Response and Symptoms Severity

Finally, we tested, separately for each group, whether the emotions experienced with the exposure
to the +15% Avatar (which was considered highly similar to the self and minimally attractive
(Section 3.5)), was associated to self-reported body shape preoccupations, as indexed by the Body Shape
Questionnaire (BSQ), and to the presence of abnormal body image concerns and eating behaviors,
as indexed by the global severity index of the Body Uneasiness Test (BUT-GSI). We found that in
AN patients, there was a significant correlation between the emotions experienced with the +15%
Avatar and the strength of the concerns about the body shape (r = 0.62; p = 0.004; BF10= 14.05).
Also, the correlation between the emotions experienced with the +15% Avatar and the BUT-GIS was
significant (r = 0.69; p = 0.001; BF10 = 37.07). These correlations therefore suggested that the higher the
symptoms’ severity was, the higher the negative emotional experience with the +15% Avatar (Figure 6,
right panels). No significant correlation was found in the HC group (all rs < 0.05; all ps > 0.826;
BFs10 < 0.283), Figure 6, left panels).
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Figure 6. Correlations between +15% Avatar emotional response and symptoms severity. Scatterplots
showing correlations between emotional changes after the exposure to the +15% Avatar and severity
symptoms scores in the two groups. In the group of patient with anorexia nervosa (AN), the +15%
Avatar emotional index correlated significantly with scores at the Body Shape Questionnaire (BSQ)
and with the global severity index of the Body Uneasiness Test (BUT-GSI), while correlations were not
significant in the healthy control (HC) group.

4. Discussion

We aimed to characterize, and eventually reduce, perceptual and cognitive-emotional components
of body image distortion (BID) in AN using virtual bodies and embodiment illusion. To the best of our
knowledge, only one study [49] investigated the body image in AN by: (i) using biometric self-avatars
and (ii) reproducing the daily life experience of looking at oneself in the mirror. No studies instead
coupled the creation of biometric self-avatars with multisensory bodily illusion paradigms.

Our results confirm that AN patients show higher body weight/shape concerns, drive for thinness
(self-report questionnaires) and body dissatisfaction (perceptual minus ideal body size) compared to
HC. However, body dissatisfaction in AN was not caused by a body overestimation, as suggested
by previous literature [12]. Indeed, both AN patients and HC were accurate and did not differ in
estimating the size of their real bodies, but AN patients desired a thinner body than HC. Although
unexpected, these results are in line with a recent study [49] that adopted a virtual reality (VR) approach
similar to the present one. Molbert and colleagues [49] measured body overestimation in AN by
using a body scanner to create 3D avatars that faithfully reproduced participants’ real body and
then manipulated these avatars to reproduce weight gains and losses. Analogously to our findings,
results from this study show that AN patients perceived their body similar to the HC but, differently
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from them, they desired a thinner body. Thus, all together these results support the idea that BID
in AN is characterized by distorted attitudes concerning the desired body rather than by perceptual
overestimation of the body size. Moreover, in agreement with the results of a recent meta-analysis [14],
our findings also support the idea that estimation of one’s own body size based on depictive methods
(i.e., when participants estimate their body size by selecting a visual representation of their own body,
like in this study) is less adapt to capture body size overestimation with respect to metric methods
(i.e., when participants estimate their body size using quantifiable spatial estimations). This might be
due to different features characterizing body representation that are targeted by these two types of
methods. According to the body model proposed by Longo [50], the metric measures use both explicit
and implicit knowledge of the body while the depictive measures, rely on explicit knowledge only,
therefore they might be less automatic and more controllable.

The main aim of the present study was to investigate whether embodiment of differently sized
avatars could reduce BID in AN. Therefore, we coupled virtual reality with a visuo-tactile IMS setup to
induce embodiment of differently sized avatars, and measured embodiment strength and changes in
perceptual and cognitive-emotional components of BID after embodiment induction. We adopted a
controlled IMS procedure that differed from previous studies in several ways [15,28] and had the final
aim of maximizing the congruence of virtual and real bodily signals. Thus we adopted both the 1PP
and the head tracking during the synchronous IMS condition. This was particularly relevant in case of
embodiment of bodies that patients might consider unattractive, as the ones reproducing their own
weight and maximally in those reproducing a gain of 15% of this weight.

However, differently from [28], we used both synchronous and asynchronous IMS in order to
disentangle the effects of embodiment and of observing the avatars from a 1PP. To this aim, we adopted
a particular asynchronous control condition, in which we tried to maximize the incongruence between
the virtual and real bodily signals. Indeed, the simple visuo-proprioceptive congruence between the
real body and avatar’s body given by presenting the avatars from a 1PP might result per-se in illusory
feelings of ownership of the observed body. Thus, to reduce the possible occurrence of such illusory
effects also in the asynchronous control condition, we applied spatio-temporal asynchronous touches
as in [44,45]. Also, we locked the head tracking of the virtual camera (differently from [15]), to reduce
the visuo-motor congruency between the self and the virtual body and further disrupt possible illusory
embodiment in the control condition (see Section 2.4.3 of the methods for details). Instead of using
the same avatar size for all participants [28], we created customized avatars, matching actual weight,
height, and body parts’ dimensions/shape and induced embodiment with the avatar reproducing
participant’s perceived body size/shape and avatars reproducing realistic loss and gain in weight of
15% with respect to the perceived weight.

Both explicit (scores at the embodiment questionnaire) and implicit (body temperature data)
measures of the embodiment suggest that our synchronous visuo-tactile stimulation was effective
in inducing higher embodiment compared to the asynchronous one. Specifically, the answers at the
self-report questionnaire show higher ratings after the synchronous compared to the asynchronous
visuo-tactile stimulation for all the three components of corporal awareness. Participants were more
likely to: (i) feel that the avatar’s body was their own one (Ownership), (ii) feel in control of its
movements (Agency), and (iii) feel that the perceived touch was caused by the virtual one (Referral of
Touch). These illusory sensations were independent of group and no interaction with the avatar size
was found. Only for the Ownership component there was a main effect of the avatar size, with higher
ratings attributed to the fatter avatars compared to both the 0% and the −15% avatar independently of
group and type of IMS. Implicit measures of the embodiment mirror the explicit ones, as we found a
change in body temperature between synchronous and asynchronous conditions independently of
group and avatar size. However, the interpretation that this change in body temperature might be
considered an implicit index of embodiment is currently highly debated in the literature [35] and we
believe future studies are needed to clearly attribute the occurrence of such change to any evident factor
(please see Supplementary Materials for a more detailed discussion on body temperature changes).
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All in all, our measures on embodiment strength converge in showing that plasticity of body
representation was similar in AN and HC. This result apparently contradicts previous literature which
showed stronger bodily illusion for body parts (i.e., hands) in AN compared to HC participants [30].
It has been shown that bodily illusion negatively correlated with interoceptive abilities [29] and that
higher bodily plasticity in AN plausibly results from altered multisensory integration of extero-and
interocepetive signals [51]. In line with our results, HC and AN showed similar levels of embodiment
of full bodies [31]. A conceivable reason for these contrasting results (rubber hand vs. full body illusion)
might reside in the body part where touch is delivered. During the full body illusion touch is delivered
to a highly salient and problematic body part for AN, i.e., the area around the abdomen. This may
cause unpleasant sensations and negative emotions that in turn may dampen the embodiment in AN
patients, making it similar to the level experienced by HC. Even though unpleasantness of the touch
was not directly assessed in this study, AN patients anecdotally reported it.

An interesting finding of the present study is the fact that, independently of IMS type, AN patients
showed more negative feelings after being exposed to the fatter avatar and that the strength of this
effect correlated with clinical symptoms’ severity. HC, instead, showed more negative emotional
reactions toward the thinner avatar, which were unrelated to body concerns and eating disorder
measures. This is even more interesting when considering how much the three differently sized
avatars were retrospectively considered physically attractive and similar to the self. Both AN and HC
participants rated the perceived and the fatter avatars as most similar to themselves (compared to the
−15%). However, AN patients found them to be the least attractive (and the −15% as the maximally
attractive), while HC rated them as the most attractive (and the −15% as the minimally attractive).
Thus, anorexics reacted negatively to fatter avatars which were considered highly self-resembling and
less attractive. These results mirror results from a previous study in HC who embodied obese avatars
(BMI of 32.3) observed from 1PP [52]. This experience increased body dissatisfaction and negative
emotional reactions, and at a neural level changed activity of anterior cingulate cortex and anterior
insula. Such regions are known to mediate negative body-related emotional and affective experiences,
such as pain and disgust [53,54]. While these results may shed light on negative emotions experienced
by anorexics, it is worth noticing that we did not include obese avatars. The personalized avatars
increased by 15% were still below the over-weight range, considering the average BMI (18.98) in HC.
We would like to notice that both in the synchronous and in the asynchronous IMS blocks the avatars
were presented in the 1PP. As we reported above, simple visuo-proprioceptive congruence (1PP) may
induce some illusory feelings of embodiment even during asynchronous visuo-tactile stimulation.
Even though we introduced spatio-temporal incongruent touches and motor discrepancy to get illusory
sensations in the asynchronous condition as low as possible, it is possible that such sensations were
able to trigger an emotional response as in the synchronous condition.

Importantly, contrary to our predictions embodiment of differently sized avatars did not
significantly change participants’ body dissatisfaction. This result stands in contrast with the results of
a previous study by Preston and Ehrsson [28] conducted in HC only, which found that embodiment of
a standardized slim body decreased body size perception and increased body satisfaction. Several
differences may acknowledge for the discrepant results. Here, we measured body size perception
with a task based on a visual representation of the body, i.e., participants had to estimate their body
size on a customized avatar presented from a 3PP (body image). Instead, in the study by Preston and
Ehrsson [28], perception of hip size was estimated by asking participants to indicate the distance on a
ruler which reproduced their hip size in the absence of visual feedback (body schema). Participants
were quite accurate in our body size estimation task, while participants in Preston and Ehrsson’s
study [28] overestimated the size of their hips. In line with the above-mentioned discussion about the
effectiveness of metric vs. depictive measures in detecting body size overestimation, these contrasting
results suggest that IMS might be able to change body schema more than body image.

Absence of changes in body dissatisfaction might also be explained from a theoretical point of
view by considering differences between the egocentric frame of reference [55,56], i.e., body perceived
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from the 1PP based on its present state constituted by interoceptive and exteroceptive inputs, vs. the
allocentric frame of reference, i.e., a somatic representation of the body as a 3PP based on beliefs and
attitudes related to the body. According to the Allocentric Lock Theory [57], people with AN are locked
in their allocentric representation of the body and are unable to update it through egocentric sensory
inputs. Indeed, in our study participants experienced embodiment of avatars of different sizes from
an egocentric frame of reference, whereas the estimation of real/ideal body size was performed from
an allocentric frame of reference. We can speculate that, even if the embodiment of differently sized
avatars could have been successful in affecting the body image as experienced from an egocentric
frame of reference, the inability for the AN patients to update their allocentric representation of the
body through egocentric sensory inputs might have led to no changes in body dissatisfaction induced
by the embodiment.

Related to the point above, our results also let us speculate that observing one’s own body from
a 1PP (as it usually happens when we look down to our own body) or observing its reproduction
from a 3PP (as it usually happens in front of a mirror, in pictures or videos) might bias our perception
of its dimension. Indeed, when participants judge 3D reproduction of themselves without spatial
or specular congruence with the self-body (as in the perceived body task), they are quite good at
estimating their own body size. However, when they observe their own body by looking directly
at it (as in similarity ratings task) they are more sensible to detect a loss than an increase in weight.
Indeed, results from the similarity ratings show that an increase in weight of 15% with respect to one’s
own perceived body size might pass unobserved in both patients and controls, while a loss of weight
of similar magnitude is detected. This shows an asymmetry in how weight loss and gain might be
considered by our perceptual system that seems to be detectable only when the to-be-judged body
replaces our own in space. Also, our results suggest that the above-mentioned perceptual asymmetry
is probably due to how we affectively experience our own body. Indeed, loss of weight is associated in
controls to a decrease in body attractiveness, while in anorexic patients it is associated to an increase
in body attractiveness. An increase of 15% in body weight is instead considered as attractive as the
perceived body weight, both in patients and controls. If we focus on patients only, our results also
suggest that when dealing with the affective component of the body, it does not matter whether one’s
own body size is observed from a detached third-person perspective (ideal body task) or through
directly looking at it (attractiveness ratings). One’s own perceived body size seem to be considered
less desirable and attractive than a simulated loss of weight of 15%. On the same line, the simulated
illusory experience of a gain in one’s own body weight is negatively experienced by anorexic patients,
but not by controls (results from the emotional response task).

Overall, the present study suggests that the cognitive-emotional component of body image and
not the perceptual one is severely altered in AN. Despite the inability to reduce body dissatisfaction
in AN patients, our procedure was successful in inducing a strong embodiment of differently sized
avatars, as measured at both the explicit and implicit level, and in enhancing negative emotional
responses of anorexics to the fattest avatar which scaled with symptoms’ severity.

Future research and clinical trials should aim at changing the distorted cognitive-emotional
components of body image through the internalization of a normal weight body and the reduction of
the emotional distress caused by weight gain, more than at changing the perceptual ones. Additionally,
even if one should be cautious in using stimuli of enlarged bodies, virtual reality could be used to
gradually expose and habituate AN patients to healthier versions of their bodies and to act as an
intermediary step prior to the in vivo body image exposure, as some therapeutic protocols are already
showing (see [58] for a review).
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Abstract: Distortions of reality, such as hallucinations, are common symptoms of many psychiatric
conditions. Accordingly, sense of reality (SoR), the ability to discriminate between true and false
perceptions, is a central criterion in the assessment of neurological and psychiatric health. Despite
the critical role of the SoR in daily life, little is known about how this is formed in the mind. Here,
we propose a novel theoretical and methodological framework to study the SoR and its relation to
psychotic symptoms. In two experiments, we employed a specialized immersive virtual reality (VR)
environment allowing for well-controlled manipulations of visual reality. We first tested the impact of
manipulating visual reality on objective perceptual thresholds (just noticeable differences). In a second
experiment, we tested how these manipulations affected subjective judgments of reality. The results
revealed that the objective perceptual thresholds were robust and replicable, demonstrating that SoR is
a stable psychometric property that can be measured experimentally. Furthermore, reality alterations
reduced subjective reality judgments across all manipulated visual aspects. Finally, reduced sensitivity
to changes in visual reality was related to self-reported prodromal psychotic symptoms. These results
provide evidence for the relevance of SoR in the assessment of psychosis and other mental disorders
in which reality is distorted.

Keywords: sense of reality; virtual reality; hallucinations; psychosis; derealization

1. Introduction

1.1. Sense of Reality

We normally and intuitively trust our sensory representation of the world to closely correspond
to what “is really there” [1,2]. We term this correspondence “reality”, and differentiate it from other
states in which our representations of the world do not match the environment, such as dreaming and
hallucinations. Intriguingly, we seem to possess a capacity to judge whether our sensory experience
corresponds to the world or not, i.e., a sense of reality (SoR). This capacity is a critical aspect of the
human mind, allowing us to guide our actions based on meaningful sensory signals. Abnormal SoR
processing may lead to a disparity between experience and reality, resulting in hallucinations (false
perceptions), which is a core symptom of psychosis. However, while SoR is an important criterion in
the assessment of neurological and psychiatric health [3–5], we know little regarding its underlying
cognitive mechanisms.

Previous work has focused on the mechanisms allowing the separation of internally and externally
generated information in memory (i.e., source monitoring) (e.g., [6,7]). Source monitoring paradigms
typically evaluate the ability to remember the source of a stimuli (e.g., was this word previously seen
or imagined?) (e.g., [8]). This research has been based on the proposition that hallucinations are
grounded in failures to discriminate the source of the information correctly (i.e., perception vs. imagery
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or memory). Thus, while the discrimination of imagery, perception, and memory has been studied
extensively (e.g., [5,9,10]), the ability to discriminate between real and false perceptions in real time
(i.e., perceptual reality monitoring) is poorly understood. This discrimination is essential as distortions
of perceptual reality in the form of hallucinations or illusions originating from neurological, psychiatric,
pharmacological, medical, or psychological origins are commonplace [11,12]. Despite the importance
of this issue, there is scarce knowledge regarding ‘how do we decide what is real?’, or in other words,
‘how do we form a SoR?’

1.2. A Theoretical Framework of SoR

There is growing evidence that perception is an inferential process [13–15]. For instance, “predictive
coding” frameworks suggest that perception arises through a process of inferences (predictions) about
the likely causes of sensory information (i.e., likelihood). These predictions are based on previous
experience, through which higher levels in the hierarchy attempt to predict the signals arising from the
lower levels [14,16,17]. When an unusual sensory event (e.g., a pink elephant) violates predictions,
a prediction error arises and propagates through the hierarchy until it is either “predicted away” at
higher levels (e.g., I’m wearing pink glasses) or the generative model is updated (e.g., pink elephants
exist) [15,18]. Perception is thus a process of inference based on our experientially acquired model
of the world. Therefore, we suggest that SoR can be viewed as a probabilistic inference based on the
magnitude of prediction errors expressing the fit between a given sensory signal and our model of the
world [19,20]. For a given sensory event, the magnitude of the prediction error is the probability of the
perception being “real” in light of one’s model of the world. Thus, viewing a “pink elephant” could
be taken as a veridical perception, an optical aberration, or a hallucination, based on one’s model of
the world.

1.3. Failures of SoR as a Conceptual Framework

Hallucinations (i.e., false perceptions) are a perplexing symptom of many psychiatric and
neurological disorders. Advances in neuroscience and computational psychiatry relate hallucinations
to breakdowns of predictive processes [20–22]. For example, overreliance on predictions, favoring
prior expectations over sensory evidence, may lead to hallucinations [21,23,24]. On the other hand,
the overweighting of sensory signals and deficient predictive processes, enabling the structuring of
experience, may cause a sense of alienation from one’s own actions and thoughts, causing passivity
symptoms [25–27].

Intriguingly, hallucinations can be experienced with or without insight into their nature as false
perceptions. For example, patients with Charles Bonnet syndrome experience complex hallucinations
yet typically identify these as hallucinations [28]. Contrarily, psychotic patients often lose the ability to
discern between real and hallucinatory percepts, which has been linked to poorer prognosis [29] and
reduced cognitive abilities [30,31]. Thus, psychiatric hallucinations and pseudo-hallucinations include a
sensory aspect (i.e., unusual or non-veridical perceptual experience) and a metacognitive aspect related
to insight (i.e., assessment of the validity of the perceptual experience). Indeed, depersonalization and
derealization syndromes found in several psychiatric conditions produce a sense of “unrealness” in the
absence of hallucinations, suggesting a deficit in SoR without the aberrant perceptual experience [32,33].
Thus, failures of the sense of reality leading to hallucinations, depersonalization, and derealization may
be driven by either abnormal prediction error signaling impacting bottom-up sensory processing, or
top-down predictions affecting the subjective experience of “unrealness“, or a combination of these two.
Critically, psychosis typically presents both abnormal sensory experiences as well as diminished insight
regarding the implausibility of these experiences. These various manifestations of psychopathology
highlight the need for a better understanding of the different components of SoR.
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1.4. Modeling SoR Using Virtual Reality

SoR was previously challenging to test experimentally as visual manipulations of reality were
limited to specific instances, such as prism glasses or still image manipulations (e.g., [34,35]). Here,
we developed and tested a novel ecological approach to the study of the SoR, using immersive virtual
reality (VR). Virtual reality is now widely employed in scientific studies [36,37] and can be used to
manipulate variables that could not otherwise be manipulated (e.g., [38,39]). We created a realistic
immersive environment (UnReal, Figure 1) in which we can manipulate different visual aspects of reality,
creating hallucination like visual stimuli. Importantly, the virtual reality environment allows us to
parametrically manipulate such aspects, enabling us to alter reality slightly or massively. For example,
we can reduce the height of the participants’ first person viewpoint on the world (shrink condition) or
increase it (grow condition), inducing experiences of changes of self, which occur in hallucinatory states
(e.g., Alice in Wonderland syndrome [40]). Furthermore, we can also induce minute changes, which are
barely noticeable by the participants, thus resembling derealization-like states.

Figure 1. Experimental setup and design. (A) Center, illustrative image of the experimental setup
and visual scenario. Participants donned a head-mounted display (HMD) and viewed the immersive
virtual environment in 360◦ around them. The images on the sides and bottom represent the six types of
alterations of the visual aspects employed, at the highest magnitude of alteration shown, for comparison,
on a similar section of the virtual room. (B) Trial flow for the experiments. (Top) In Experiment 1,
a virtual reality (VR) environment appeared for 2 s, followed by a black screen and then a second VR
environment. Subsequently, participants were presented a question screen asking them to report if
the two VR environments were identical or not. (Bottom). In Experiment 2, participants viewed a
VR environment, which could be altered or unaltered. In each trial, they were required to judge on a
continuous scale how ‘real’ the environment felt to them.

We selected several aspects of reality to be examined in this project, based on the phenomenology
of distorted visual reality as found in psychiatric, neurological, medical, and pharmacological
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states [11,12,41]. These alterations of reality broadly fall into three domains: (1) Perceptual changes,
in which the visual appearance (e.g., graininess) of the scene is manipulated; (2) laws of nature,
in which we manipulate the visual aspects of the laws of nature (e.g., stretching of the physical world);
and (3) changes of self, in which we manipulate the participants’ sense of self through conflicts between
visual signals and self-related information (e.g., changes in the first person perspective). Alterations
of reality in these domains are hallmarks of the phenomenology of hallucinations in psychedelic,
neurological, and psychiatric states [42–44].

1.5. The Present Study: Goals and Predictions

We report the results of two experiments investigating SoR and psychotic symptoms using
immersive VR. In experiment 1, we tested the objective psychophysical sensitivity of participants to
such alterations by measuring the just noticeable differences (JNDs) between altered and unaltered
environments and how these are related to self-reported psychosis symptoms. In experiment 2,
we tested the impact of these alterations on the subjective experience of participants, by having them
make explicit reality judgments. We hypothesized that psychophysical measures of sensory processing
(JNDs) would be stable within participants (low within-subject variance), demonstrating that SoR
exhibits robust psychometric properties. Furthermore, we examined whether these measures of SoR
are correlated to self-reported prodromal psychotic symptoms, especially for manipulations of the self
that are known to be linked to schizophrenia spectrum psychosis [25,27,45]. Finally, we hypothesized
that alterations of reality would consistently reduce subjective reality judgments, and this decrease
will be related to the magnitude of alteration. Thus, by creating hallucination-like sensory experiences
in virtual reality, we examined the impact of parametric induction of distortions on objective and
subjective measures of SoR.

2. Methods

2.1. Participants

Thirty healthy participants took part in two experiments: Fifteen participated in experiment 1
(10 women, mean age 24.8 years, SD = 4.3 years) and 15 in experiment 2 (6 women, mean age
26.6 years, SD = 3.8 years). All of them were naïve to the purpose of the experiment, had normal or
corrected-to-normal vision, and no self-reported psychiatric or neurological history. All participants
gave written informed consent and received payment for their participation (40–50 NIS/~$15 US).
The study was performed in accordance with the ethical standards of the Declaration of Helsinki,
and the ethics committee of the Gonda Multidisciplinary Brain Research Center approved the
experimental protocols.

2.2. Hardware

Both experiments were performed on an Intel core i7 processor and 32 GB of RAM computer
running in-house software (UnReal, built using Unity 2018.3.2). The participants wore a head-mounted
display (HMD-HTC Vive) during the experiment. Motion tracking was performed using the HTC
VIVE (1.0) system. Subjects responded using the HTC VIVE touch sensitive controller (all VR hardware
was manufactured by Valve Corp., Washington, DC, USA).

2.3. Experimental Design

To test the SoR experimentally, we constructed an immersive virtual environment in which we
could experimentally manipulate different aspects of reality in a highly controlled fashion (UnReal).
Here, we used an indoor variant of the UnReal environment modeled as an apartment with a high
polygon and realistic appearance. The environment contained numerous objects and furniture as well
as an animated cat (see Figure 1A for example). The participants were positioned at the center of the
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room, and observed the environment in 360◦ from a stationary point. We used a within-subject design
in which all participants in each experiment underwent the same experimental protocol.

2.4. Virtual Environment

Unity 2018.3.2 was used to construct an environment that would reflect a normative space. The use
of a Polybox’s Lounge & Kitchen Pack Asset from Unity Asset Store Environment with real depth and
width processing was selected, and additional furniture and accessories were added to make the room
realistic. The room’s width, length, and height were 13.2, 24.7, and 3.36, respectively, in the Unity
unit system. The camera position was ~8.5 from the right wall when the camera was facing the TV,
and 11.5 units from the TV itself.

2.5. Alterations of Reality

In order to test the impact of altered reality, we took advantage of the possibilities of VR to induce
specific and well-controlled alterations of different aspects of visual reality. Specifically, we manipulated
three domains of reality using six aspects (Figure 1A). (1) In the perceptual domain, we manipulated:
(a) Graininess of the visual display (grain), and (b) the degree of the tilt of the virtual space (roll); (2) in
the laws of nature domain: (c) Stretching and (d) narrowing of the width dimension of the virtual
space (stretch and narrow); and (3) in the self domain: (e) Elevating and (f) lowering the participants’
first person perspective (grow and shrink). As mentioned above, these specific alterations were selected
based on the phenomenology of distorted visual reality as found in psychiatric, neurological, medical,
and pharmacological states and their applicability within immersive virtual reality (see Supplementary
Material and Figure S1 for technical details of the implementation of the alterations).

2.6. Experiment 1: Psychophysics of Virtually Altered Reality

2.6.1. Experimental Procedure

To assess SoR, in each trial, participants were successively immersed in two virtual environments
(2-s duration each), with a black screen displayed (1-s duration) between them (Figure 1B). Critically,
the two environments were identical except that one of the environments included an alteration
in one of the aspects of reality mentioned above, whereas the other environment was unaltered.
Participants then judged whether the environments were ‘different’ or ‘same’ in a classic psychophysics
two-alternative forced choice (2AFC) paradigm. We employed a 1-up/ 2-down staircase procedure [46]
to derive the JND for each of the aspects of reality. After each response, the alteration level either
increased (if the participant judged environments as identical) or decreased (if the participant judged
environments as different), by 40% of the current alteration. There were 6 such staircase procedures
(one for each condition), which appeared four times each, thus totaling in 24 randomly intermingled
staircases each containing only one type of alteration.

Preceding the experimental task, participants were instructed regarding the use of the VR system,
the response controllers, as well as the course of the experiment. Then, they performed a training
session in which they were acclimated to the VR environment, the experimental task, and response
controllers, which lasted until they reported acclimation to the task (26 trials max). To avoid VR motion
sickness effects [47], they were instructed to report any discomfort and could stop the experiment at
any stage.

2.6.2. Questionnaires

Following task completion, participants completed two self-report questionnaires. The Cardiff
Anomalous Perceptions Scale (CAPS) and the Prodromal Questionnaire Brief Version (PQ-B). The CAPS
is a 32-item validated and reliable questionnaire of perceptual anomalies, with subscales of distress,
intrusiveness, and frequency of anomalous perceptual experiences [48,49]. The PQ-B primarily serves
as an initial screener questionnaire for prodromal or early psychotic symptoms. The PQ-B examines the
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existence of thoughts and experiences that describe cardinal symptoms of psychosis, such as suspicion,
grandiosity, disorganized communication, unconventional thinking, disruptions in perception,
difficulties in social functioning, and difficulties in academic or occupational functioning [50,51].

2.7. Experiment 2: Subjective Assessment of Virtually Altered Reality

Experimental Procedure

Experiment 2 examined the effects of altered reality on participants’ subjective phenomenological
experience of reality. In each trial, participants were placed in the center of the virtual environment and
instructed to explore it in 360◦ degrees while standing in one spot. To ensure exploration, they were
instructed to search for a target object (a teddy bear). Each trial lasted 10 s or until participants found the
object, after which the room disappeared, and the response screen appeared. Participants provided a
subjective rating of how ‘real’ or ‘unreal’ the environment felt on a continuous scale of 0–100 (Figure 1B).
Each participant performed 200 trials. Sixty trials displayed the environment without alteration,
while 140 trials included an alteration of reality in one of the aspects manipulated in experiment 1.
Importantly, in each trial, only a single aspect of reality was manipulated. For each aspect of reality,
there were four magnitudes of alteration (Supplementary Material Figure S1), which were identical
across participants and whose values were based on a pilot study. Each magnitude for each aspect
occurred five times, and the order was pseudo-randomized.

Similar to experiment 1, participants were first instructed regarding the use of the VR system,
the response controller, and exposed to the environment and equipment until they felt comfortable.
Then, they performed a training block of 15 trials, which were excluded from analysis, which included
3 trials with a large change in reality, 2 with mid-level magnitudes of alterations, and 10 with no
alterations to practice responses.

2.8. Data Analysis

2.8.1. Experiment 1

Data was processed using in-house Matlab scripts [52]. Statistical analyses were done using
JASP 0.11 [53]. To calculate JNDs, for each participant, we averaged the last five trials of each
staircase to compute the mean parameter values that the staircase converged on. For each aspect of
alteration, these JND values were used to calculate the variance and mean of the JNDs per condition,
across the staircase procedures. Conditions with negative numerical scales (e.g., shrink, narrow) were
converted to absolute values so that all JNDs represented the absolute distance from zero (i.e., from the
unaltered condition). It should be noted that comparison across aspect ratings in both experiments
was meaningful only for pairs of aspects that shared a similar scale. Therefore, grow and shrink JNDs
were compared using a paired t-test and null effects were assessed using the Bayesian paired t-test,
while the remaining aspects could not be directly compared. The within-subject variance of the JNDs
in each aspect was calculated across the four staircases. The rate of convergence for each aspect was
calculated by averaging the number of steps it took in each staircase until convergence. Pearson’s r
was used to test for correlations between JNDs across the different aspects. Spearman’s Rho was used
to test for correlations between JNDs and the CAPS and PQ-B questionnaires.

2.8.2. Experiment 2

The subjective ratings of reality in experiment 2 were averaged across participants for each
magnitude of manipulation and each aspect separately. These mean values were then used for
observing the change in reality ratings across ascending levels of reality manipulations in a repeated
measures ANOVA (where normality was violated, a non-parametric Friedman test was performed
and Greenhouse–Geisser corrections were applied when required). Pearson’s r was used to test
for correlations between subjective ratings of reality across aspects. Where possible, we compared
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subjective judgments using a paired t-test on the difference between the real and first level of alteration
(which corresponded to the largest reduction in subjective judgements).

3. Results

3.1. Experiment 1

The average JNDs and their within-subject variance can be seen in Table 1 (see Table S3 for full
descriptive statistics).

Table 1. Descriptive statistics for experiment 1.

JND

Narrow Stretch Shrink Grow Roll Grain

Mean 0.09 0.12 0.04 0.05 2.57 0.01
Std. Deviation 0.06 0.06 0.03 0.03 2.37 0.05

Minimum 0.04 0.07 0.01 0.01 0.31 0.03
Maximum 0.24 0.29 0.12 0.12 9.5 0.19

Within-Subject Variability

Narrow Stretch Shrink Grow Roll Grain

Mean 0.003 0.004 0.001 8.0e -4 0.93 0.002
Std. Deviation 0.003 0.009 0.002 0.002 1.05 0.003

Minimum 0 0 0 0 0.003 0
Maximum 0.008 0.04 0.007 0.006 3.92 0.01

Convergence Rate

Narrow Stretch Shrink Grow Roll Grain

Mean 5.99 8.73 7.03 6.57 5.74 6.76
Std. Deviation 1.47 0.91 1.6 1.98 2.23 1.76

Minimum 3 7 4 3 1 4
Maximum 9 10 9.5 9.75 10 10

Overall, participants showed very stable JNDs with little within-subject variability. For example,
the average JND for narrow was (M = 0.09) and the average within-subject variability was (SD2 = 0.003).
In stretch, the average JND was (M = 0.12) and the average within-subject variance was (SD2 = 0.004).
The exception to this low variance was roll, which showed larger variance: (M = 2.57, SD2 = 0.93).
Thus, the average variability of the JNDs for all but one condition was approximately ~2.5% of the mean
JND (8.2% including roll). This demonstrates the visual sensitivity to changes across different aspects of
reality alteration and their relative consistency within participants. The roll condition showed greater
within-subject (and between-subject) variability. We suspect this may have occurred due to some
participants’ compensating for the visual manipulation of roll by tilting their heads in the opposite
direction. In addition to the consistency of the JNDs themselves, the number of trial steps needed for
the staircase procedure to converge was also similar across aspects. Convergence rates ranged from
5.7 to 8.7 (trial steps) across conditions. For instance, the average grow and grain convergence rates
were (M = 6.5, SD = 1.98; M = 6.7, SD = 1.76), respectively. The average convergence rate across all
aspects was (M = 6.8, SD = 1.05), indicating that our staircase procedure was effective at uncovering
perceptual thresholds across conditions (see Figure 2A,B. for examples of convergence rates for grow
and grain and Table 1 for all conditions). Combined, the measure of within-subject variability along
with the consistent convergence rate of the staircase procedures implies that perceptual thresholds of
SoR exhibit stable psychometric properties that can be measured experimentally.

Examining the correlations between JNDs across the different aspects (see the correlation matrix
in Figure 2D and the example correlation in Figure 2E), they exhibited high, positive, and significant
correlations ranging from 0.22 to 0.95 (M = 0.61, SD = 0.25). Thus, participants with high sensitivity
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in one aspect were also likely to be sensitive in another aspect and vice versa. An outlier to this
pattern was the grain aspect, which showed low levels of correlations with all other aspects (M = 0.31,
SD = 0.05). Next, directly comparing JNDs for the grow and shrink aspects, which share a common
parameter scale (see Figure 2C), a paired t-test revealed no significant difference between the two
(MGrow = 0.05, SDGrow = 0.03; MShrink = 0.04, SDShrink = 0.03, t(14) = −0.66, p = 0.51, Cohen’s d = −0.17).
Bayesian analysis provided moderate evidence (BF10 = 0.31) for there being no difference in the
perceptual sensitivity for vertical changes in both directions.

Figure 2. Perceptual thresholds for reality alterations. (A,B). Convergence rates of the staircase
procedure in aspects grow and grain, respectively. Y-axis shows the magnitude of the reality alteration
and the x-axis denotes the number of iterations. Note individual participants (colored lines) converged
towards a stable perceptual threshold. (C) A comparison between JNDs of grow and shrink aspects that
shared a common scale. (D) Pearson correlation matrix between JNDs across all aspects. Note high,
positive, and significant correlations were found between all aspects’ JNDs, with the exception of grain.
(E) Example of correlation between participants’ grow and shrink JNDs. (F). Averaged correlations of
The Cardiff Anomalous Perceptions Scale (CAPS) and the Prodromal Questionnaire Brief Version (PQ-B)
scores with JNDs shown by aspect domains (i.e., self, nature, perception).

Clinical questionnaires (CAPS and PQ-B) showed low overall scores (MCAPS = 3, SDCAPS = 4.24,
MPQ-B = 2.8, SDPQ-B = 3.78) as expected in a non-clinical cohort (see Table S2 for detailed CAPS and
PQ-B scores with subscales) [48,50]. Importantly, however, an analysis of the correlations between
CAPS and PQ-B, with perceptual sensitivity to alterations, found that JNDs in the grow condition were
significantly correlated with the PQ-B general score (Spearman’s Rho = 0.61, p = 0.015), indicating that
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participants showing higher levels of psychotic symptoms also had reduced discrimination between
‘real‘ and ‘unreal‘ perceptions of self. Furthermore, the grow condition showed a high positive but
non-significant (Spearman’s Rho = 0.45, p = 0.09) correlation with the CAPS general score, indicating that
reduced sensitivity to changes in the first person perspective (1PP) is related to abnormal perceptual
experiences (see Table S1 for the full correlation matrix with subscales).

3.2. Experiment 2 (Subjective Reality Rating)

The analysis of subjective reality ratings revealed several findings. First, for the unaltered condition
(real), the mean reality ratings were the highest (M = 77.21, SD = 12.32), demonstrating the validity of
our experimental paradigm. Second, increasing magnitudes of alteration reduced the subjective reality
ratings significantly for all aspects. For example, in the grow aspect, ratings dropped from (M = 75,
SD = 13.99) in the unaltered condition to (M = 9.57, SD = 8.47) in the largest alteration magnitude, with
a repeated measures ANOVA revealing a significant difference in ratings across alteration magnitudes
(FGrow(2.39,14) = 79.32, pGrow < 0.001, η2

Grow = 0.77). All other aspects showed similar patterns:
(χ2

Shrink(4) = 54.15, pShrink < 0.001, η2
Shrink = 0.8; χ2

Grain(4) = 40.05, pGrain < 0.001, η2
Grain = 0.8; χ2

Roll(4)
= 20.32, pRoll < 0.001, η2

Roll = 0.22; FStretch(4,14) = 91.91, pStretch < 0.001, η2
Stretch = 0.78; FNarrow (2.63,14)

= 136.15, pNarrow < 0.001 η2
Narrow = 0.84). Figure 3A–F show the average change in the ratings of

subjective reality in all aspects for all levels of alteration. The roll condition showed a more linear
reduction of reality judgments across the selected magnitudes. We note, however, that in the current
design, the manipulations in different aspects are on different scales (based on a pilot experiment)
and thus comparisons between different aspects are not possible, apart from the grow and shrink
conditions. We thus compared the mean reduction in subjective ratings in grow and shrink between the
real and first alteration magnitude (as this included the largest decrease in ratings across all conditions).
Interestingly, in contrast with the similarity of their JNDs, a paired t-test indicated that the initial drop
in reality ratings was significantly larger for the grow condition (MGrow = 32.12, SDGrow = 23.19) than
for the shrink condition, (MShrink = 21.18, SDShrink = 20.81, t(14) = −2.26, p = 0.04, Cohen’s d = −0.58,
Figure 3I). Indicating that while objective perceptual sensitivity was similar, identical modulations
of 1PP in the grow and shrink conditions had a differential impact on subjective reality judgments
(see Table 2 and Table S4 for full descriptive statistics of the subjective ratings of reality across aspects
and levels).

Third, the correlations in the reality ratings between different aspects of alteration were high,
positive, and significant. Correlations between aspects ranged from 0.42 to 0.93 (M = 0.72, SD = 0.17,
Figure 3G), indicating that participants’ subjective judgments were similar across the different aspects.
That is, participants judging the environment to be unrealistic in one aspect were also likely to do so in
another aspect.

Finally, despite the fact that experiments 1 and 2 were conducted in different cohorts, we were
curious regarding the relation between the objective sensitivity to alterations of reality (JNDs) and the
effects of these alterations on subjective judgments. To this end, we superimposed the average JND
for each aspect onto their respective average subjective ratings plot. Interestingly, for most aspects,
the average JNDs (i.e., the perceptual sensitivity to a change in this aspect of reality) was found between
real and the first magnitude of reality alteration (red diamonds in Figure 3A−F). The roll condition
was an exception to this, with the JND found between the first and second alteration magnitudes
(Figure 3C). Thus, in several aspects, the mean perceptual threshold corresponded to the point in which
subjective judgments were massively reduced (e.g., stretch, Figure 3D). However, other aspects showed
a more graded reduction of subjective reality judgments taking place at magnitudes larger than the
liminal perceptual level (e.g., narrow, Figure 3A).
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Figure 3. Subjective judgments of reality. (A–F) Changes in subjective reality affected the ratings of
Sense of Reality (SoR) in a relatively consistent manner. Reality ratings for unaltered environments
were highest while ratings for altered environments were reduced, suggesting a consistent tuning
curve for SoR. (G) Subjective ratings for all aspects showed high, positive, and significant correlations.
(H) Example of the correlation between participants’ subjective rating of grow and shrink. (I) Significant
difference between the drop in subjective ratings for grow and shrink, indicating an asymmetrical
response for inducing changes in the first person perspective (1PP).

Table 2. Descriptive statistics for experiment 2.

Subjective Ratings

Alteration
Magnitude

Narrow Stretch Shrink Grow Roll Grain

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Real 76.84 10.42 79.42 14.34 76.26 15.85 75 13.99 76.96 12.95 78.78 12.51
1 72.59 12.68 32.88 14.46 55.08 19.4 42.88 18.35 71.41 17.7 22.99 16.72
2 33.89 16.27 23.2 13.8 20.96 10.98 16.93 13.2 63.68 25.19 14.95 13.24
3 17.92 11.54 16.67 12.5 14.31 11.67 13.68 12.4 55.2 28.97 11.65 10.61
4 9.63 8.59 14.09 9.015 5.76 7.92 9.57 8.47 43.79 24.82 10.47 12.02

4. Discussion

SoR is a fundamental and ubiquitous criterion in assessing mental health, but it has been
difficult to assess experimentally. This is mainly due to the lack of experimental paradigms
allowing for well-controlled manipulations of reality. Employing immersive VR and a novel
methodological framework, we demonstrated that both objective and subjective measures of SoR can
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be studied experimentally and that these show potentially meaningful correlations to clinical measures
of psychosis.

4.1. The Psychophysics of SoR

In the first experiment, we examined the objective perceptual sensitivity (JNDs) to different aspects
of altered reality. Our results revealed several interesting findings. First, objective perceptual thresholds
for detecting alterations of reality (JND) were highly consistent within subjects, with within-subject
variability in most aspects on an order of (~2.5%) of the mean JND magnitude. In addition, convergence
rates were also similar across aspects. These findings suggest that JNDs for the alterations of reality
are a robust and replicable psychometric measure. Furthermore, the high and significant correlations
between all aspects, apart from grain, suggest that the perceptual thresholds across the conditions
may rely on similar cognitive processes. Contrarily, JNDs in the grain condition were not significantly
correlated with JNDs in the other conditions, suggesting that it may have been achieved in a different
manner. Importantly, the PQ-B questionnaire responses, probing prodromal symptoms, were highly
correlated with perceptual thresholds in the self domain (Figure 2F). This indicates that participants with
higher ratings of psychosis-like experiences also showed lower sensitivity to changes in manipulation
of the first person perspective. This finding is especially interesting given the well-established link
between altered self-related processing and psychosis [25,27,45,54]. Similarly, JNDs in the self domain
were also positively, but non-significantly, correlated with the CAPS questionnaire scores, providing
converging evidence for the relationship between perceptual thresholds for reality alterations and
clinical symptoms. These correlations, found in healthy participants with low levels of symptoms,
are likely to be accentuated in clinical populations, and provide preliminary evidence for the viability
of SoR as a diagnostic criterion.

4.2. Subjective Modulation of SoR

The second experiment measured the impact of alterations of reality on subjective judgments of
reality. As predicted, we found that when the virtual environment was unaltered, most participants
reported higher levels of reality judgments (M= 77.21, SD= 12.32). Furthermore, increasing magnitudes
of reality alterations reduced the subjective judgments of reality (Figure 3A–F). However, as can be seen
in Figure 3A–F, there were several outlier participants, which gave extremely low ratings during the real
condition. It seems that these participants did not accept the basic premise of the task (e.g., accepting
the baseline unaltered VR environment as realistic). We note that our results are robust and significant
despite this; however, future experiments may benefit from prescreening for such participants.

The different aspects of reality modulated showed different rates of decrease as a function of the
alteration magnitude. We note, however, that the current experiment does not allow direct comparisons
between the different aspects as they use different scales (e.g., angle for the roll condition and percentage
of height for grow). However, grow and shrink used the same measure and scaling factor, allowing
a direct comparison between them. As predicted, when the participants’ 1PP was elevated (grow)
this reduced reality judgments significantly more than a similar magnitude of 1PP reduction (shrink,
Figure 3I). This finding is compatible with a predictive coding framework, and specifically the notion
that alterations for which we have more experience will have a smaller impact on SoR. Given that
we have more experience with the reduction of our 1PP (through sitting and laying down); this had
less impact on SoR compared with the grow condition for which we have less experience. Indeed,
1PP is considered a fundamental component of the sense of self [43]. Changes in the bodily-self have
been found in both neurological (e.g., [55]) and psychiatric [27,56] conditions in which hallucinations
are prevalent. Furthermore, experimentally induced changes in the sense of self impact perceptual
awareness and self-consciousness [57–59].

Comparing the mean JNDs from the first experiment with the subjective judgments from
experiment 2 revealed that for some aspects, the JND marked the point of the greatest reduction in
subjective reality (i.e., stretch, grow, and grain). Thus, the perceptual threshold coincided with the
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subjective experience of reality, as one may expect. However, in other aspects, the largest reduction
occurred at larger alteration magnitudes than the JND (i.e., shrink, roll, and narrow). This suggests that
subjective judgments are not completely dependent on the objective threshold in certain aspects of
reality. We therefore propose that JNDs can be used as standardized units to allow comparisons of
SoR across the different aspects. Future experiments will capitalize upon this finding by employing
participants’ JNDs to normalize the levels of alterations across conditions. In turn, this will allow
comparison of the impact of different alterations of reality, allowing the modeling of one’s implicit
model of expectations of the world. For example, this method would allow us to compute how a
change in the self (e.g., 1PP modulation—grow) compares to an alteration in a more perceptual aspect
(e.g., grain), as they will share a common scale.

The broader implications of this study may potentially go beyond providing a novel approach
for investigating mechanisms of SoR. The current paradigm (UnReal) may allow both laboratory and
online gathering of large data sets in diverse cohorts, enabling a starting point for a mechanistic model
of SoR. The availability of a reliable mechanistic model of SoR and its clinical and behavioral correlates
is bound to provide researchers and clinicians with a new set of conceptual as well as practical tools to
address research questions in a large variety of neuropsychiatric and neurological disorders involving
hallucinatory or dissociative symptoms. In turn, this may lead to useful measures to further support
clinical diagnoses and enable clinicians to develop and employ more accurately targeted treatments,
such as new neurocognitive markers for the early detection of psychosis. Finally, our paradigm may
allow for the development of novel VR-based therapeutic interventions that enhance and restore SoR
in clinical populations with deficits of SoR, similar to approaches in other neurological and psychiatric
conditions [60–62].

4.3. Limitations

The current experiments were aimed to test our novel approach to the study of SoR and its relation
to psychosis. A central limitation here is that the objective and subjective measurements of SoR were
conducted in separate cohorts, thus direct within-subject comparisons were not possible. Future studies
will employ both tasks within the same cohort. Furthermore, the PQ-B and CAPS questionnaires were
used only in the first experiment, thus the relationship between subjective judgments and clinical
symptoms of psychosis and hallucinations is yet to be assessed. Finally, both studies had low numbers
of participants and thus suffered from low statistical power, which in turn limited our ability to examine
individual differences, such as the effects of age and gender. Further, higher powered studies including
clinical populations are needed to validate and extend these findings regarding SoR and psychosis.

4.4. Summary

The present study investigated the SoR and its relation to psychotic symptoms. By inducing
hallucination-like visual experiences and testing objective and subjective measures of SoR, we found
a novel psychophysical link between sensitivity to alterations of reality and prodromal psychotic
symptoms. These results provide evidence for the utility of this ecological and immersive VR
methodology for the scientific study of SoR and a novel tool for psychiatric clinical assessment. Future
studies may employ the UnReal paradigm to build computational models as well as investigate
the neural substrates of SoR in healthy and clinical populations. As SoR is a central benchmark in
determining psychiatric and neurological wellbeing, it is critical that we acquire a fuller understanding
of how SoR is constructed by the brain and mind, allowing us to provide better diagnostic and
therapeutic tools.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/6/1627/s1,
Figure S1: Visual display of alterations, Table S1: Correlation matrix of JNDs and clinical questionnaires, Table S2:
Descriptive statistics of Questionnaire Responses. Table S3. Descriptive statistics of JNDs across aspects, Table S4.
Descriptive statistics of Subjective ratings across aspects.
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Abstract: Autism spectrum disorder (ASD) is mostly diagnosed according to behavioral symptoms
in sensory, social, and motor domains. Improper motor functioning, during diagnosis, involves
the qualitative evaluation of stereotyped and repetitive behaviors, while quantitative methods that
classify body movements’ frequencies of children with ASD are less addressed. Recent advances in
neuroscience, technology, and data analysis techniques are improving the quantitative and ecological
validity methods to measure specific functioning in ASD children. On one side, cutting-edge
technologies, such as cameras, sensors, and virtual reality can accurately detect and classify behavioral
biomarkers, as body movements in real-life simulations. On the other, machine-learning techniques
are showing the potential for identifying and classifying patients’ subgroups. Starting from these
premises, three real-simulated imitation tasks have been implemented in a virtual reality system
whose aim is to investigate if machine-learning methods on movement features and frequency could
be useful in discriminating ASD children from children with typical neurodevelopment. In this
experiment, 24 children with ASD and 25 children with typical neurodevelopment participated in
a multimodal virtual reality experience, and changes in their body movements were tracked by a
depth sensor camera during the presentation of visual, auditive, and olfactive stimuli. The main
results showed that ASD children presented larger body movements than TD children, and that head,
trunk, and feet represent the maximum classification with an accuracy of 82.98%. Regarding stimuli,
visual condition showed the highest accuracy (89.36%), followed by the visual-auditive stimuli
(74.47%), and visual-auditive-olfactory stimuli (70.21%). Finally, the head showed the most consistent
performance along with the stimuli, from 80.85% in visual to 89.36% in visual-auditive-olfactory
condition. The findings showed the feasibility of applying machine learning and virtual reality to
identify body movements’ biomarkers that could contribute to improving ASD diagnosis.

Keywords: autism spectrum disorder; body movements; repetitive behaviors; virtual reality;
machine learning

1. Introduction

1.1. Autism Spectrum Disorder and Repetitive Behaviors

Autism spectrum disorder (ASD) is a neurodevelopmental disorder mainly based on impairments
in social communication and interactions’ abilities and on the presence of restricted, repetitive patterns
of behavior, interests, or activities [1]. It affects 1 in 160 children [2] and its symptomatology tends to
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appear from two to four years old, although in some cases it is possible to detect in six months old
toddlers [3,4]. ASD studies primarily examine the weaknesses in social interaction abilities’, and less on
the stereotyped and repetitive motor behaviors that also affect educational, social, and daily life [1,5].

Repetitive behaviors (RBs) are defined as heterogeneous observable motor stereotyped or repetitive
sequences characterized by rigidity, invariance, inappropriateness, and being purposeless [6,7]. RBs can
occur currently with small changes of the routine or in presence of new and unknowns stimuli to
reduce subjective arousal and to cope with unfamiliar events, to maintain homeostasis [8–10].

Furthermore, RBs can be classified into two groups: common behaviors and complex behaviors [11].
Common behaviors are for example nail-biting, thumb sucking, and hair twirling and they tend to be
also frequent in typical development population (TD), particularly situations that might cause stress
or anxiety [12]. On the other hand, complex behaviors include more complex stereotypies, such as
flapping hands, fingers wiggling, head spinning and banging, stamping the feet, and high levels of
head movement and body rocking. Although complex RBs are possible to find in TDs, complex head
spinning and banging, arm flapping, finger wiggling, and body rocking are mostly related to ASD;
indeed, ASD individuals tend to exhibit RBs more frequently and severely than age-matched TD
controls [13–15].

Several studies have demonstrated the high presence of RBs behaviors in ASD, ranging from 60%
to 100% of cases [13–15]. The relevance of this study lies in understanding if movement features and
frequency can be used as a diagnostic biomarker to classify children with and without ASD.

1.2. Traditional Assessment in ASD: Advantages and Limitations

Traditional ASD assessment and diagnosis involve qualitative and quantitative measures, such as
semi-structured behavioral task observations (Autism Diagnostic Observation Schedule, ADOS) [16]
and structured interview (Autism Diagnostic Interview-Revised, ADI-R) [17].

ADOS consists of several structured and semi-structured tasks on communication, use of
imagination, social interaction, play, and restrictive and repetitive behavior analysis. The examiner
introduces to the child one task at a time, observing whether ASD symptoms are manifested [16]. ADI-R
is a semi-structured interview for family caregivers, who answer to questions related to communication,
social interaction, and restricted, repetitive, and stereotyped behaviors [17] (see Materials and Methods
for a detailed description of both ADOS and ADI-R). Since in ADOS examiner has to judge a child’s
performance giving scoring and rating, evaluation relies on the examiner’s expertise and subjectivity;
likewise, in ADI-R ASD diagnosis is based on caregivers’ reports rather than on objective evaluation.
Although these measures have been always considered as the gold standard for ASD assessment [18],
they present some limitations [19,20].

Regarding ADOS and ADI-R, limitations are related to the absence of both objective assessment
methods and the ecological validity of the setting. Examiners need to be trained and prepared
to avoid inappropriate task presentation and administration, which might cause symptoms over-
or under-interpretation, providing misleading outcomes [21,22]. Moreover, traditional assessment
methods might not tap and conceal compensatory capabilities that have been already developed by
the child [23], and social desirability [24] might affect responses veracity to tests. Because of social
desirability bias, individuals might respond to tasks or questions in a manner conceived as favorable
by others [25]. Likewise, in semi-structured interviews, such as ADI-R, family caregivers might report
differently certain child’s behaviors according to their interpretation and will [26].

Furthermore, traditional ASD assessment takes place in settings that lack ecological validity
(i.e., laboratory) [27–29], and results do not mirror performance in real life [30,31]. Indeed, in ASD
assessment at a laboratory, children might have learned how to behave according to specific rules and
scripts [32]. Concerning RB traditional assessment limitations, direct observation consists of watching
individual behavioral sequences, and several weaknesses affect measure reliability, such as difficulties
in observing high-speed RBs, analyzing two concomitant RBs, detecting RB sequence beginning,
ending, and environmental antecedents [18]. Paper-and-pencil rating scales report RBs frequency and
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intensity from caregivers’ general observations and impressions, yielding objective methodological
issues related to self-report measures, that, as well as in ADI-R, are not accurate and do not properly
tap individual RBs characteristics [33,34]. Finally, video-based RB assessment is an off-line RB coding
procedure made by experts. Although a video-based procedure is more reliable than direct observation
methods and paper-and-pencil procedures, it is laborious, and it takes a long time [33]; moreover,
the examiner’s coding ability depends on individual levels of training and expertise [21].

To overcome the lack of ecological validity, and to avoid the use of subjective observational
diagnostic methods in ASD, there is a need to automatically quantify and assess RBs, that could be
fulfilled using technology [35,36]. Indeed, item-independent methods can grant accurate estimation of
RB incidence and co-occurrence [9,35,36], and new technologies, such as virtual reality, can provide
more ecological validity and controlled methodologies.

1.3. Implicit Methods: Biomarkers as Supports for ASD Assessment

Recent advances in social cognitive neuroscience (SCN) shed light on how humans analyze and
report beliefs, feelings, and behaviors [37]. SCN is a research area that studies biological processes
and related cognition-based elements [38], and it is showing that social interactions rely on implicit
psychophysiological processes uncontrolled by conscious awareness [39].

Implicit measures tend to assess automatic biological processes outside conscious awareness [38]
that ensue from the interaction with environmental external stimuli and their internal processing.
Such biomarkers are a valid alternative to explicit measures, which cannot tap implied brain processes
on their own [40]. Thus, to overcome explicit measure weaknesses in the ASD diagnosis, more recent
research has included biomarkers along with traditional assessment techniques [41,42].

To date, the available utmost biomarkers to study unconscious processes are the electrodermal
activity (EDA) [43,44], the functional magnetic resonance imaging (fMRI) [45], the functional
near-infrared spectroscopy (fNIRS) [46], the electroencephalography (EEG) [47], the eye tracking [48],
and the heart rate variability (HRT) [49]. In ASD assessment, fMRI research showed that ASD is
related to hyperactivity in neural activation and alterations in the cingulate posterior cortex and
portions of the insula [50]; whereas EEG research suggested that in social context ASD individuals
exhibit greater activity in the left hemisphere [51]. Furthermore, recently developed technological tools,
such as cameras and/or sensors, allowed the detection and classification of behavioral biomarkers,
as body movements [52].

Initial studies on RBs with such devices showed that more automatic and objective assessment is
possible, achieving the recognition of RBs [19,33,36,53–58]. For instance, to disentangle RBs from other
movements in ASD, three wireless accelerometers placed on six ASD children’s wrists and chest in two
different settings were able to accurately identify respectively in lab and classroom 86% and 89.5% of
spontaneous hand flapping and body rocking cases [33].

Also, RGB color camera equipped with depth sensor and microphones array for simulated-hand
flapping discernment was used in a laboratory setting; the application of the dynamic time warping
(DTW) algorithm on-camera recorded data showed that it can recognize and isolate all simulated hand
flapping instances, leading to claim that RBs detection is possible even involving sensors that not have
necessarily to be worn [19].

1.4. Repetitive Behaviors Recognition in ASD

To overcome issues related to traditional RB assessment [18,19], a new research area about
movement analysis based on video recordings and automatic tagging has emerged [19,33,36,53–58].

The first attempt has been developing systems that involve video recordings and accelerometers
placed on the subject’s body to register movements and to transmit data via wireless [35,36,54,59–61].

These measures have yielded promising results in RB classification, although some studies have
involved typical population and not ASD individuals [61], and to our knowledge, no studies have
assessed RBs involving quantitative methods and have compared them between ASD and other clinical

63



J. Clin. Med. 2020, 9, 1260

populations. However, accelerometer and video-based methods are expensive in terms of time and
effort, and ASD children might feel as uncomfortable wearing accelerometers. For this reason, this work
involved an RGB-D camera for real-time analysis. RGB-D camera is a video recording device able to
augment the conventional image with depth information, related to how much the recorded moving
body is far from the sensor.

Owing to deep learning and big data techniques [62–64], algorithms have been developed that
can estimate real-time subjects’ posture and categorize automatically their movements. Over the last
decades, great progress has been made in posture estimation and modern technologies, allowing
classifying postures regardless of the worn clothes and the considered point of view [65–69].
Furthermore, machine-learning methods (ML) are improving the predictive value of motor behavioral
biomarkers’ measures in ASD, enhancing the development of objective measures in the diagnostic
standpoint [70,71]. For example, Crippa et al. (2015) developed a ML to discriminate preschool
children with ASD from children with typical development using a simple upper-limb reach-to-drop
task. The resulting model showed an accuracy rate of 96.7%, suggesting that ML can be a useful
method of classification and discrimination in the diagnosis process [70].

1.5. Use of Virtual Reality in ASD

Virtual reality (VR) is a three-dimensional computer-generated environment that allows users
to experience simulated and unreal worlds. VR provides ecological validity to experienced
situations and consequent users’ reactions, becoming promising in psychological assessment, training,
and treatment [72,73].

Over the last two decades, the VR market has deeply grown because of the broad amount
of enterprise birth and consequent wide offer of virtual devices. Overall, head-mounted displays
(HMDs) are the most important, affordable, and available in the VR market [74]. However, a different
VR device has been suggested as more suitable to our target (ASD children): the CAVE-Automatic
Virtual Environment (CAVE™) that is a semi-immersive room where 3 to 6 rear-projected surfaces
are installed [74–78].

As a semi-immersive system, CAVE™ overcomes users’ risk to experience cyber-sickness that
is the possible user’s discomfort because of sensory-motor incongruence and cognitive dissonance
in the virtual world [79]. Furthermore, specifically to ASD children, CAVE system can overcome
the significant restrictions of HMDs that, on one hand, are not suitable for small heads, and on the
other, can affect and worsen their sensory and cognitive difficulties [80,81]. Previous studies on
feasibility, safety of use, and learning skills of CAVE environments in children with ASD have showed
no significant negative effect differences between ASD and TD children and improvements in various
skills (e.g., pedestrian crossing) [82].

Regardless of the involved technology and the brand, VR systems share three main features:
immersion, interaction, and sense of being present in the environment [83–88]. Immersion refers to
system capability to isolate the user from reality [86,88]. Interaction allows users to interact with virtual
objects in real-time through control sticks or gloves, providing engagement, motivation, and fun [84,89].
Sense of presence is a consequence of immersion and real-time interaction, and it is defined as the
psychological feeling related to the sensation of being physically in the virtual environment, even though
the awareness of not being there [88,90–94]. Finally, another feature to consider, less addressed in
studies and especially in ASD population, concerns the perception and interaction with virtual agents.
Virtual agents have been mainly used in social trainings and interventions showing positive results
on skills in ASD children [82]. These positive results suggest that virtual agents are perceived not as
cartoons or passive objects to watch, but actively as an intentional being that wants to communicate
with the child and with mutually directed behaviors. To our knowledge, one study examined the
perception of ASD children in the interaction with a virtual agent for performing a task (pick up
flowers) [95]. The quantitative data (accuracy and reaction times) showed that ASD children could
complete the task and the qualitative data showed that most of the ASD children perceived the virtual
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agent as an intentional being with mutually directed behavioral intentions, able to engage and motivate
the ASD peer.

There is a great involvement of VR in psychological ASD treatment and it taps all important
field macro-areas, such as clinical psychology, neuropsychology, and cognitive and motor
rehabilitation [75,85,96–105]. Specifically, treatment studies, applying VR to ASD, mainly referred to
social competence [101,102,104], emotional recognition [103], and anxiety and phobias [105] showing
initial positive effects of this technique. Regarding ASD VR assessment, it has been less addressed
and mainly focused on social communication and interaction symptoms. For example, it has been
observed that during a virtual interview about personal life, ASD children looked less to social avatars
than their TD control peers, identifying correctly 76% of ASD cases [102]. Also, ASD children made
atypical social judgments on the kindness of faces photographs in a virtual environment compared to
TD controls [103]. Despite VR potential in ASD assessment has already been strengthened [75], to our
knowledge, no one has investigated whether it is possible to disentangle ASD in a VR experience using
RBs movement analysis.

Starting from these premises, the main aim of this study is to discriminate ASD children from
children with typically developing through body movements’ data analysis in a multimodal VR
experience, characterized by three stimuli: visual, auditory, and olfactory. Applying ML methods
to the dataset, we explored: (a) If through movement data it is possible to discriminate between the
two populations; (b) which body parameters better discriminate between the two populations; and (c)
which virtual stimuli condition better discriminate body parameters between the two populations.

2. Materials and Methods

2.1. Participants

This study included a sample of 49 children between the ages of 4 and 7 years; 24 children with a
diagnosis of ASD (age: 5.13 ± 1.35; male = 21, female = 3) and 25 with a typical development (TD) (age:
4.86 ± 0.91; male = 16, female = 9).

The ASD group sample was provided by the Development Neurocognitive Centre, Red Cenit,
Valencia, Spain. TD and ASD participants presented an individual assessment report that included
the ADOS-2 and ADI-R tests [16,17,21]. TD group was recruited by a management company through
mailings to families.

To participate in the study, family caregivers received written information about the study and
were required to give their written consent. Ethical Committee of the Polytechnic University of
Valencia approved the study. The study procedure was in accordance with the ethical standards of
the institutional and national research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.

2.2. Psychological Assessment

The following test and scales have been administered to participants and their family caregivers.

2.2.1. Autism Diagnostic Observation Schedule (ADOS-2)

The Autism Diagnostic Observation Schedule (ADOS) [16,21] is a semi-structured set of observation
tasks that measure autism symptoms in social relatedness, communication, play, and repetitive
behaviors. A standardized severity score within these domains can be calculated to compare autism
symptoms across the different modules, which differ in age and linguistic level. From the trained
psychologist observation of these behaviors, the items are scored between 0 to 3 (from no evidence of
abnormality related to autism to definitive evidence) and from the sum of scores are obtained two
specific indexes (social affectation and restricted and repetitive behavior) and an ASD’s global total
index. The ADOS-2 presents excellent test-retest reliability (0.87 for the social affectation index, 0.64 for
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the repetitive behavior index, and 0.88 for the total global index). In the study, the assessment was
performed using module 1.

2.2.2. Autism Diagnostic Interview-Revised (ADI-R)

The ADI-R [17] is a semi-structured interview for family caregivers, designed to provide the
developmental history framework for a lifetime to detect the presence of ASD for individuals from
early childhood to adult life. It consists of 111 questions with three separate domains: communication,
social interaction and restricted, repetitive and stereotyped behaviors. The answers are scored on a
0–3 Likert scale, from the absence of the behavior to a clear presentation of the determined behavior.
ADI-R presents a high test-retest reliability ranging from 0.93 to 0.97.

2.3. The Multimodal Virtual Environment (VE) and the Imitation Tasks

The multimodal VE consisted of a simulated city street intersection and was divided into three
experimental stimuli conditions: visual (V), visual-auditory (VA), and visual-auditory-olfactory
(VAO) (Figure 1a).

 
(A) 

  
(B) (C) 

Figure 1. The virtual environment. (A) City street intersection; (B) visual (V) condition, boy’s avatar
saying hello; (C) visual-auditory-olfactory (VAO) condition, boy’s avatar eating a muffin.

First, in the V condition, a boy’s avatar appeared from the left side of the surface CAVE™, walking
to the middle of the virtual environment, where he stopped and waved to say hello to the participant
three times, just before to leave the virtual scene disappearing from behind (Figure 1b).

Next, a girl’s avatar appeared in the center of the surface CAVE™, walking to the right of the
virtual scene, where she also stopped and repeated the three waves to say hello to the participant,
just before leaving the virtual scene disappearing from behind. This sequence was identically repeated
three times.

Consecutively, in the second VA stimuli condition, the same avatars appeared in the same first
order from the same directions, and they danced over an animated disco song for 10 s three times.

Finally, in the last condition (VAO), the same avatars from the two previous conditions, in the same
order and from the same directions, bit a buttered muffin, accompanied with an artificial butter odor
(Figure 1c). In the three stimuli conditions, participants were asked to imitate the actions performed by
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the avatars. Specifically, in the first virtual condition, they should wave three times, dance three times
in the second virtual condition, and they should imitate the action of biting a muffing three times.

The selection of the stimuli and the gradual exposition to the three stimuli conditions depended on
the hyper-and-hypo sensitivities to sensory stimuli of the ASD population. More in detail, with respect
to visual and auditive stimuli (e.g., bright lights or noisy sounds), ASD population presented a
hypersensitivity [106,107]; conversely, they present hypo-sensitiveness to olfactive stimuli [108,109].
Sensory hyper-and-hypo sensitivities consequently can affect the information processing in ASD and it
has been suggested it may cause RBs [110,111].

The Institute for Research and Innovation in Bioengineering (i3B) of the Polytechnic University of
Valencia (UPV) developed the 3D modeling. The environment was projected inside a three surfaces
Cave Assisted Virtual Environment (CAVE™) with dimensions of 4 × 4 × 3 mt. It was equipped with
three ceiling ultra-short lens projectors, which can project a 100◦ image from just 55 cm and a Logitech
Speaker Z906 500W 5.1 THX sound system (Logitech, Canton of Vaud, Switzerland) (Figure 2).

Figure 2. Experimental setting.

2.4. The Olfactory System

Olorama Technology™ (www.olorama.com) a wireless freshener delivered the olfactory stimuli.
It can encompass until 12 scents arranged in 12 pre-charged channels, which can be selected and
triggered by employing a UDP packet. The device includes a programmable fan time system that
controls the duration and intensity of the scent delivery. In the VAO condition, we used a butter
scent to evocate the real muffin smell. The scent valve was opened all the time during the last stimuli
condition (VAO).

2.5. Experimental Procedure

First, the family caregivers of participants were informed about the general objectives of the
research, and, before the experimental session, the setting was also shown and explained to them.

Second, the participant was accompanied in the CAVE™, by the researcher, and by his or her
family caregiver according to the child’s needs. The participant was placed in the middle of the virtual
room, standing in front of the central surface at 1.5 m. The presentation order of VR stimuli conditions
for all participants was: visual, visual-auditory, and visual-auditory-olfactory. Before each stimuli VR
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condition, a two-minute baseline was recorded, and subsequently, the stimuli VR experience condition
was presented. The presentation order was maintained the same for all participants to avoid and
prevent sensory overload and stress that they could experience.

The total duration of the experiment was of 14 min, and each stimulus condition lasted 2 min and
40 s. Movement recording was turned on during the virtual experience. The researcher monitored the
child state during the entire experiment.

2.6. Behavioural Motor Assessment and Data Processing

In the experiment design, it was proposed to use an efficient method to estimate the pose
in real-time using an RGB-D camera. The participant’s experiment was recorded using an Intel®

RealSense™ camera D435 (FRAMOS, Munich, Germany) and Intel RealSense SDK 2.0 (Intel RealSense
Technology, Santa Clara, CA, USA) with the cross-platform support. This camera has a depth sensor
that uses stereo vision to calculate it. It works like a USB and is equipped with a pair of depth sensors,
an RGB sensor, an infrared project a great global image obturator (91.2◦ × 65.5◦ × 100.6◦).

The detection of the body joints in each frame of the recording was calculated using the deep
learning algorithm OpenPose [112], which includes the 2D position related to the video and a confidence
level for each joint identification between 0 and 1. The skeleton (Figure 3) includes 25 joints that can be
divided into different parts of the body: head (0 nose, 15/16 eyes and 17/18 ears), trunk (1 neck and
8 mid hip), arms (2/5 shoulders, 3/6 elbows and 4/7 wrists), legs (9/12 hips, 10/13 knees, 11/14 ankles),
and feet (19/22 big toes, 20/23 small toes and 21/24 heels). After detecting the skeleton, the 3D position of
each joint during the experiment was obtained using the depth information of the camera. A computer
with an Nvidia GTX1060 graphics card with the NVIDIA Pascal architecture capable of executing
neural networks very efficiently in a compact size was used.

Figure 3. Joint virtual disposition.

After extracting the 3D position of the body’s joints from all the experiments, the data recording
was segmented for each stimulus condition, excluding the samples of the joints that have a confidence
below 0.5. The displacement of the joints was computed using the Euclidean distance between
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consecutive frames. Finally, the level of movement of a joint during a stimulus was characterized by
computing the mean of all displacement.

2.7. Statistical Analysis

First, to characterize behavior differences between ASD and TD children on each stimuli condition,
we analyzed the movement frequency of each joint. Since data followed a non-normal distribution
(Shapiro-Wilk test: p < 0.05), Wilcoxon signed-rank tests were applied.

Second, we applied a set of machine learning models to analyze if the frequency of the movement
could discriminate between ASD and TD children. The body was divided into five parts: head (joints
15, 16, 17, and 18), trunk (joints 1 and 8), arms (joints 2, 3, 4, 5, 6, and 7), legs (9, 10, 11, 12, 13, and 14),
and feet (19, 20, 21, 22, 23, and 24). The machine learning analysis based on 24 features-based dataset
included the five body parts, one related to the whole body, the three stimuli conditions (V, VA, VAO)
and one related to the entire experiment. Because of a large number of features, a reduction strategy
was adopted to decrease the dimensions in each dataset. Principal component analysis method (PCA)
was applied to select features that explain 95% of the variability of the dataset. Finally, a supervised
machine-learning model was developed using the PCA features in each dataset.

To implement the models, support vector machine (SVM)-based pattern recognition with a
leave-one-subject-out (LOSO) cross-validation procedure has been applied [113]. Within the LOSO
scheme, the training set was normalized by subtracting the median value and dividing by the median
absolute deviation over each dimension. In each iteration, the validation set consisted of one specific
subject and it was normalized using the median and deviation of the training set. We used a C-SVM
optimized using a Gaussian Kernel function, changing the parameters of cost and gamma using a
vector with seven parameters logarithmically spaced between 0.1 and 1000. Also, a SVM recursive
feature elimination (SVM-RFE) procedure was included in a wrapper approach. RFE was performed
on the training set of each fold and we computed the median rank for each feature among all folds.
In particular, a nonlinear SVM-RFE was implemented, which includes a correlation bias reduction
strategy in the feature elimination procedure [114]. To analyze the performance of the models, a set of
metrics were considered: accuracy, i.e., percentage of subjects who correctly recognized, true positive
rate, i.e., percentage of actual ASD subjects recognized as ASD, true negative rate, i.e., percentage of
actual control subjects recognized as controls, and Cohen’s kappa, which describes the performance of
the model from 0 to 1, 0 being a random class assignation and 1 a perfect classification. The model was
optimized to achieve best Cohen’s kappa. The algorithms were implemented using Matlab© R2016a
and LIBSVM toolbox [115].

3. Results

3.1. Analysis of Total Movement

Figure 4 shows the body joints’ significant differences obtained applying Wilcoxon signed-rank.
In V stimuli condition, 4 joints of the legs, 2 of the head and 1 of the trunk presented higher movements
in ASD population than TD children. In VA stimuli condition, 1 joint of the legs and 2 of the head also
presented higher movements in ASD population than TD children. Also in VAO stimuli condition,
3 joints of the head presented the same tendency. Conversely, 1 joint of the head (16) presented lower
movement in ASD population in the visual condition baseline (BL_V) and in visual-auditive-olfactive
condition baseline (BL_VAO).
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Figure 4. Analysis of the level of movement of joints that presents statistical differences: (a) Boxplot of
joints in visual stimuli; (b) boxplot of joints in visual and auditory stimuli; (c) boxplot of joints in visual,
auditory, and olfactory stimuli; (d) scheme of the joints including the stimuli where differences are
found. Note. * p < 0.05. ** p < 0.01. *** p < 0.001.

3.2. ASD Classification Performance

Tables 1 and 2 show the performance of the computed machine learning models, considering the
combination of a set of joints and virtual stimuli conditions. Regarding body parameters, the models
including the head and trunk joints presented an accuracy of 82.98% and unbalanced confusion
matrices. Conversely, the model that uses the feet joints present the same accuracy (82.98%) and a
balanced confusion matrix. In addition, the models including arms and legs movements achieved a
lower accuracy than the other body joints (74.47% and 72.4% respectively). Finally, the model including
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all joints and virtual stimuli conditions showed the lowest accuracy (70.21%) and the lower true
positives (45.45%).

Table 1. Overview of the accuracy of each model considering the stimuli and set of joints.

Stimuli

V VA VAO All

Set of Joints

Head 80.85% 82.98% 89.36% 82.98%
Trunk 70.21% 72.34% 76.60% 82.98%
Arms 87.23% 78.72% 65.96% 74.47%
Legs 61.70% 63.83% 74.47% 72.34%
Feet 78.72% 78.72% 65.96% 82.98%
All 89.36% 74.47% 70.21% 70.21%

Table 2. Detailed level of autism spectrum disorder (ASD) recognition of each model including accuracy,
true positive rate (TPR), true negative rate (TNR), Cohen’s Kappa and PCA featured selected.

Stimuli Set of Joints Accuracy TPR TNR Kappa PCA Features Selected

All All 70.21% 45.45% 92.00% 0.39 1/20
V All 89.36% 100.00% 80.00% 0.79 1/14

VA All 74.47% 59.09% 88.00% 0.48 2/12
VAO All 70.21% 63.64% 76.00% 0.40 3/12
All Head 82.98% 100.00% 68.00% 0.67 1/11
All Trunk 82.98% 63.64% 100.00% 0.65 2/8
All Arms 74.47% 90.91% 60.00% 0.50 1/15
All Legs 72.34% 68.18% 76.00% 0.44 3/8
All Feet 82.98% 81.82% 84.00% 0.66 2/13
V Head 80.85% 68.18% 92.00% 0.61 1/6
V Trunk 70.21% 81.82% 60.00% 0.41 1/3
V Arms 87.23% 72.73% 100.00% 0.74 1/8
V Legs 61.70% 45.45% 76.00% 0.22 1/5
V Feet 78.72% 54.55% 100.00% 0.56 2/6

VA Head 82.98% 63.64% 100.00% 0.65 3/6
VA Trunk 72.34% 72.73% 72.00% 0.45 1/3
VA Arms 78.72% 95.45% 64.00% 0.58 1/8
VA Legs 63.83% 45.45% 80.00% 0.26 1/4
VA Feet 78.72% 72.73% 84.00% 0.57 2/6

VAO Head 89.36% 77.27% 100.00% 0.78 2/6
VAO Trunk 76.60% 68.18% 84.00% 0.53 2/3
VAO Arms 65.96% 50.00% 80.00% 0.30 2/7
VAO Legs 74.47% 68.18% 80.00% 0.48 1/5
VAO Feet 65.96% 45.45% 84.00% 0.30 2/7

Regarding the influence of the virtual stimuli conditions, the V presented the highest accuracy in
the study (89.36%), showing that it is the most relevant stimuli of the experiment. In the VA stimuli,
the accuracy decrease to 74.47%, and in VAO to 70.21%. Furthermore, the head joints showed the most
consistent performance along with the stimuli, from 80.85% in V to 89.36% in VAO, suggesting that
it is the most important part of the body to discriminate ASD population. The trunk joints present
also a consistent accuracy, from 70.21% in V to 76.60% in VAO, but the discriminate performance is
considerably lower than using the head. All the models used three features or less after applying the
automatic feature selection procedure.

4. Discussion

ASD is diagnosed according to qualitative clinician judgments, based on symptoms, through
semi-structured observations and interviews (ADOS; ADI-R). Given the qualitative nature of the
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traditional tools, researchers have focused on improving methods of diagnosis and assessment,
pointing out the predictive value of behavioral biomarkers, as more objective and quantitative
measures. This study aimed, first, to compare tracked body movements data during a multimodal
VR stimulation between ASD and TD children. Second, it was verified which body areas might be
relevant for the discrimination between the two populations. Third, the study investigated which
virtual stimuli condition better discriminate body areas between the two populations. To reach these
aims, we applied a machine learning procedure [70] to body movements’ analysis of a multimodal VR
experience, composed of three stimuli conditions: visual, visual-auditive, and visual-auditive-olfactory.

The study included a preliminary analysis of the frequency distribution of body movements to
investigate the differences between groups and a broad set of supervised ML models combining body
parameters and stimuli conditions to evaluate the discriminability between ASD and TD children
using movement. Results can be discussed on four points: (1) The significant differences between the
two groups on body movements; (2) machine learning methods on body movements and features
used; (3) the influence of stimuli conditions; and (4) limitations and future studies.

4.1. Body Movement Parameters’ Differences between Groups

The first aim was to identify differences in terms of body movements between children with
ASD and TD children. Figure 4 showed significant differences in15 body joints and 13 of them have
showed that ASD children present more body movements than TD children. In particular, 4 legs’ joints,
2 head’s joints and 1 trunk’s joint in V condition, 1 legs’ joints and 2 head’s joints in VA condition,
and 4 head’s joints in VAO condition showed higher movements, suggesting that ASD children have
performed more head and legs’ movements than TD children during the imitation tasks. Previous
studies that showed that head tilting, legs flapping, as well as bilateral repetitive movements involving
legs walking represent two or more movements features related to ASD children confirm the presence
of larger body movements’ in ASD than in TD children [8,10]. However, only one joint in the head
showed higher movement in TD children than ASD children during the baselines of VA and VAO.
This result is partially in opposition to the scientific literature but as mentioned in the introduction,
common and complex body movements are also present in TD children. To improve the quantitative
methods to discriminate ASD from TD children using body movements’ frequencies, we applied
machine-learning techniques developing 24 models, combining body joint parts and virtual stimuli
conditions. In the next section, we deeply discuss the results.

4.2. Machine Learning Methods on Body Movements and Features Used

Concerning the recognition using different parts of the body, the best classification accuracy reached
82.98% for the head parameter by using only one feature selection method, and the same accuracy was
achieved for body and foot parameters by using two features’ selection method, independently by the
specific stimuli condition. Interesting results have also resulted from the model including arms and legs
that achieved a classification accuracy of 74.47% and 72.34%, respectively. The results are consistent
with the scientific literature that has identified head spinning and banging, body rocking, and stamping
the feet, three of the main stereotypies and repetitive movements are related to ASD [8]. Furthermore,
these results showed that ML could provide an effective solution to best describe body movements’
differences of participant groups’ classification during imitation tasks, while the traditional statistical
methods (e.g., mean age comparisons) could fail to deal with such complex tasks. To our knowledge,
only two previous studies have investigated the predictive value to discriminate between children with
and without ASD using an imitation task [70,71]. Both studies focused on the analysis of arm and hand
movements during a simple reach-to-drop imitation task, reaching a maximum classification accuracy
of 96.7% and 93.8%, respectively. Our study focused on a more complex real-simulated imitation task,
composed of three imitation subtasks, waving, dancing, and eating and tracking all body movements.

Thus, the present findings show the feasibility and applicability of a ML method for correctly
classifying preschool children with ASD based on real-simulated imitation tasks. In the standard
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diagnosis of toddlers it is particularly difficult to evaluate repetitive and stereotyped behaviors.
The application of technologies, such as cameras and sensors, might have potential clinical applications
to support diagnosis providing accurate quantitative methods along with the qualitative traditional
methods. Finally, the use of cameras and sensors are more convenient, less expensive, and less invasive
technologies than fMRI and EEG to implement in clinical settings.

4.3. The Influence of Stimuli Conditions

Regarding the virtual stimuli conditions, head showed to be the core body movement in the
groups’ classification during the three stimuli conditions, achieving the best classifications’ accuracy
of 89.36% in VAO condition, 82.98% in VA condition, and 80.85% in V condition. These results
suggest that the greater the sensory stimulation, the greater the stereotypies and repetitive movements,
allowing to discriminate children with ASD from TD children. The different classification accuracy
among the three stimuli conditions is consistent with previous studies on the sensory sensitivity
overload of ASD patients to multimodality stimuli [116–119]. Specifically, ASD patients have shown
lower-functioning abilities to filter process and integrate simultaneous information compared to TD
subjects [116]. For example, during multiple auditory tones, tasks matched with single visual-flash
stimulus ASD patients perceived more flashes than those are presented [117]. Furthermore, EEG studies
on ASD patients showed that the amplitude is higher and the latency in the response is delayed than
TD subjects [118,119]. Other multimodal sensory stimulations achieved a good accuracy classification
between the two groups, resulting in stereotypes and repetitive movements of the trunk (VAO: 76.60%),
legs (VAO: 74.47%), arms and feet (VA: 78.72%). Finally, arms and feet movements showed a high
accuracy of 87.23% and 78.72 respectively in the classification between groups during the unimodal
visual condition.

In general, V condition including all the body achieved the best accuracy (89.36%), including a
100% true positive rate and using only 1 feature of PCA, in contrast to VA (74.47%) and VAO (70.21%).
These results, on one hand, highlight that real-simulated imitation activities that can occur in daily life,
such as waving (V), dancing (VA), and eating (VAO) allow evaluating body movements discriminating
ASD and TD children. Previous studies on discriminating ASD and TD children using imitation tasks
have used simple reach-to-grasp and drop arm movement tasks [70] or a hand movement task to
target in laboratory settings [71] and our study aimed to investigate whole-body movements in more
complex real-simulated scenarios and tasks.

On the other hand, the predominance of the visual influence can depend on the fact that V stimuli
was the first condition and could have generated a wow-effect in the subjects. Finally, the model that
includes all the data achieved an accuracy of 70.21% with a 45.45% of true positive rate, showing
that the feature selection procedures have a critical role to achieve good performance in biomarkers
development. This result could suggest that the implemented virtual tasks could fail in detecting
RB behaviors.

4.4. Limitations and Future Studies

Despite the promising results, some methodological limitations of the present exploratory study
should be reported. The main limitation is the limited sample sizes of participants for each group.
Future studies on larger sample sizes could allow validating the ML method, providing also the
possibility to test the model. As ASD is a heterogeneous condition, the possibility of training the model
with larger groups of ASD and children with typical neurodevelopment would be useful to improve
the generalization of the model to a wide condition range of ASD. Also, other comparisons studies,
including other neurodevelopment disorders with movement impairments, as the attention deficit
hyperactivity disorder, could be valuable by ML for understanding if these groups present similar
body movements that are distinct for the different neurodevelopment conditions (e.g., intellectual
disability [120]. Indeed, taking also into account different neurodevelopment conditions could improve
the specificity of the classifiers for ASD rather than for neurodevelopment disorders in general.
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Furthermore, the experimental groups were not matched on measures related to the intelligence
quotient performance, cognitive abilities, and motor comorbidities (e.g., dyspraxia), limiting the
confidence that the experimental differences observed in the experiment were due to a diagnosis of
ASD, and not to differences in other cognitive or non-cognitive factors. Future studies will consider
matching these factors in order to improve the reliability and validity of the model results.

Finally, regarding the stimuli conditions, the order of presentation (V-VA-VAO) was not
counterbalanced because of the hyper-sensitiveness of ASD children to multiple stimuli [105–108].
Future studies including counterbalanced conditions following high and low children functioning
are needed.

5. Conclusions

The present study represents, to our knowledge, the first attempt to discriminate ASD children
from children with typical neurodevelopment using body movements parameters of an imitation VR
task and machine learning. The significant predictive values of our classification approach might be
valuable to support ASD diagnosis, as well as the use of more objective methods and ecological tasks
VR-aided along with traditional assessment.
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Abstract: Changes in body representation may affect pain perception. The effect of a distorted
body image, such as the telescoping effect in amputee patients, on pain perception, is unclear. This
study aimed to investigate whether distorting an embodied virtual arm in virtual reality (simulating
the telescoping effect in amputees) modulated pain perception and anticipatory responses to pain
in healthy participants. Twenty-seven right-handed participants were immersed in virtual reality
and the virtual arm was shown with three different levels of distortion with a virtual threatening
stimulus either approaching or contacting the virtual hand. We evaluated pain/discomfort ratings,
ownership, and skin conductance responses (SCRs) after each condition. Viewing a distorted virtual
arm enhances the SCR to a threatening event with respect to viewing a normal control arm, but
when viewing a reddened-distorted virtual arm, SCR was comparatively reduced in response to
the threat. There was a positive relationship between the level of ownership over the distorted and
reddened-distorted virtual arms with the level of pain/discomfort, but not in the normal control arm.
Contact with the threatening stimulus significantly enhances SCR and pain/discomfort, while reduced
SCR and pain/discomfort were seen in the simulated-contact condition. These results provide further
evidence of a bi-directional link between body image and pain perception.

Keywords: virtual reality; pain perception; telescoped effect; amputee patients

1. Introduction

Immersive virtual reality (VR) technology has been repeatedly demonstrated to be an effective
tool for modulating pain threshold perception in healthy subjects [1,2], and pain ratings in patients
with chronic pain [3,4]. This is because multisensory signals, which can be integrated and manipulated
in VR environments, influence our perception of pain, in part because nociceptive stimuli activate a
wide network of cortical and subcortical areas in the brain, commonly known as the “pain matrix,”
that are also implicated in the processing of sensory information [5].

Using VR, one can feel immersed (feeling inside of and being able to interact with the virtual
world), and present (the subjective illusion of “being there,” when placed in the immersed virtual
environment despite the knowledge that you are not there) [6] in a multisensory environment that
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is under the full control of the experimenter [7]. Furthermore, it is possible to induce, through VR,
the illusion of owning a virtual body; this refers to the subjective illusion that a body or body part is
one’s own, which again is facilitated by multisensory feedback such as synchronous visual and tactile
stimulation, when the virtual and the real bodies are co-located at the same position [8]. The sense
of ownership over a virtual body, or “embodiment,” is highly flexible regarding the visual aspect
of the body, and it is possible to embody bodies that are quite different from those in real life [9,10].
The virtual body can therefore be designed with the morphological characteristics that the experimenter
determines [11]. This allows the exploration of how the visual aspect of the body modulates pain
perception. For example, Martini et al. [2] investigated the influence of skin color on pain perception
when participants were embodied in a virtual body. They found that participants experienced pain
threshold reduction when the virtual arm was represented in red compared to a “normal” or blue
color. In addition, another study by the same group showed that virtual arm transparency decreases
the pain threshold [12]. It is also possible to alter pain perception and anticipatory responses to pain
in healthy subjects by modulating the morphological characteristics of the limb, such as showing a
subject’s limb becoming smaller or bigger [13]. Moreover, we can reduce pain perception in a patient
with chronic pain whose painful limb feels bigger than it really is by reducing the apparent size of their
painful limb [14]. This top-down modulation of pain through modification of visual input reveals the
potential of VR illusions as a treatment for pain. Additionally, instead of virtual body illusions, other
studies have used VR to provide immersive virtual environments as a distractive pain strategy [15,16].

Even though VR is a potential tool for modulating the pain threshold through virtual body
illusions in healthy subjects [1,2,12,17–20], this cannot be extrapolated to how these strategies are
going to work in chronic pain patients. Indeed, there are some conflicting results about how bodily
illusions can reduce chronic pain in clinical populations [21,22]. In this regard, a study conducted
with thirteen amputee patients showed that, while phantom pain was reduced after four weeks of
mirror therapy training in five amputee patients, eight amputee patients who reported telescopic
distortion of the phantom limb (telescopic distortion refers to the feeling that the proximal portion of
the amputated limb is missing or has shrunk with the more distal portion floating near, attached to, or
‘within’ the stump [23,24]), reported a gradual increase in phantom pain perception after the same
mirror therapy training [22]. This difference may be due to the different cortical representations of
the limb, a phenomenon seen not only in amputees but also in patients with complex regional pain
syndrome and other chronic pain conditions [25–29]. The altered representation of the painful part
of the body in the brain seems to play a key role in the development and maintenance of chronic
pain, and therapies that attempt to reverse these changes have been partially successful, especially in
amputee patients [30]. However, few studies have investigated how distorting a representation of a
body part affects the sensation of pain. The present study aims to ascertain whether the illusion of
ownership over a telescopically distorted virtual arm can modulate pain perception. To study pain,
without delivering painful stimuli and avoiding the problems associated with sensitization/adaptation
to repeated painful stimuli, we have used a paradigm of anticipatory responses to pain. Since the
responses to a threatening stimulus start before skin contact [13], we investigated both the responses
to pain when a threatening stimulus touched the virtual hand of the participant and the anticipatory
responses to pain as a threatening stimulus approached the virtual hand. In order to deliver an
unpleasant sensation to the participants, we used a vibration stimulus attached to the palm associated
and triggered by a virtual needle as a threatening stimulus. For this, the skin conductance responses
(SCRs), corresponding to the activation of the autonomic nervous system [31], of healthy subjects were
recorded while they were embodied in a virtual body in several conditions in which the virtual arm,
which was co-located with their real arm, had a normal or a distorted representation. Moreover, as was
done in previous investigations [2,32], we wanted to investigate the effects of the redness of a colored
telescopically distorted virtual arm on pain both when a threatening stimulus touched the virtual hand
of the participant, and the anticipatory response to pain as a threatening stimulus approached the
virtual hand.
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The current study is a proof-of-concept study that may help us understand the mechanisms of
visual distortion of body image, such as the telescoping effect in amputees (the distal part of the
phantom limb perceived as shrinking within the stump), and its effect on pain responses.

2. Methods

2.1. Participants

Thirty right-handed, healthy subjects above 18 years of age participated in this study. Three
subjects were excluded from further analysis due to an extremely high z-score (>± 2.5) in the SCR data,
which led to a final sample size of 27 right-handed subjects (8 males and 19 females; mean age ± SD =
24.7 ± 1.1; mean Edinburgh scale ± SD = 68.7 ± 1.1). The following conditions were considered as
inclusion criteria for participation in the study: normal or normal-when-corrected vision, the absence of
neurological disorders, no history of chronic pain or other conditions interfering with pain sensitivity,
no presence of epilepsy, no medication in use that changed attention to pain or general perception for 24
h before the experiment, and no pregnant women. The experiment was carried out in the installations of
the Eventlab for Neuroscience and Technology Laboratory at the University of Barcelona/IDIBAPS. All
participants gave written informed consent and received monetary compensation for their participation
(12 €). The study was approved by the local ethics committee (Comité Ético de Investigación Clínica de
la Corporación Sanitaria Hospital Clínic de Barcelona, HCB/2017/1068) and was carried out according
to the Declaration of Helsinki [33].

2.2. Study Design

In order to investigate whether observation of a telescopically distorted representation of the arm
alters pain responses and anticipatory responses to pain in healthy subjects, participants completed
one experimental session of 20 min. This study was a 3 × 2 within-subject experimental design.
The experimental setup is shown in Figure 1A. In this study, there were two main factors. The first
factor was Virtual Arm, with three different representations of the virtual arm: (1) the virtual arm
represented in a normal position (Control); (2) the virtual arm represented in a distorted position,
namely, a shortened virtual forearm shrinking within the arm (telescoped virtual arm) (Distorted);
and (3) the virtual arm represented in a distorted position (telescoped virtual arm) and was red
(Reddened-Distorted) (see Figure 1B). In all cases, the virtual arm was co-located with the real
arm. The telescoped virtual arm representation was created following the graphical representation
illustrating telescoping from the 5th edition of Practical Management of Pain [34]. In order to explore
how these different representations of the virtual arm alter anticipatory responses to pain and pain
responses itself, the second factor was Threatening Stimulus Contact, with two different types of
threatening stimulus: (1) a tactile stimulus that contacted the skin (Real Contact); and (2) a stimulus
that approached but did not touch the skin (Simulated Contact). For this, we used a vibrator attached
to the palm of the hand of the participants to deliver visuo-tactile stimulations when the threatening
stimulus (a virtual needle) contacted the palm of the virtual hand (see Figure 1C). Note that this is a
tactile but non-nociceptive stimulus. The three virtual arm representations were combined with the
two visually threatening stimulus contacts, resulting in six different conditions, each of which was
presented three times. The order of the conditions was randomized among the subjects. Hence, each
participant completed a total of 18 virtual arm and threatening stimulus exposures. After each exposure,
participants had to indicate their level of sensory intensity (pain intensity) and affective magnitude
(unpleasantness/discomfort), assessed using a visual analogue scale (VAS) [35] through a single request:
“On a scale from 0 to 100, indicate the level of pain intensity/discomfort that you felt, please.” Further,
after each exposure, participants had to indicate their level of ownership over the virtual arm [12]. Each
stimulus exposure lasted 53 s (Figure 1D). After completing the virtual reality experiment, participants
had to complete a questionnaire to evaluate their overall virtual reality experience [36]. In order to
measure the electrodermal response when the threatening stimulus eventually touched the skin, and
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the anticipatory physiological response to an incoming threatening stimulus, the SCR was recorded
following exposure to the threatening stimulus [13,37], which in the real contact condition touched
the virtual hand and in the simulated contact condition simply approached the virtual hand without
contacting it.

Figure 1. Experimental set-up and virtual arm and threatening stimulus conditions. (A) Participants
wore a head-mounted display (HMD) that immersed them in a virtual environment. This allowed
them to feel embodied in a virtual body, which they saw from a first-person perspective and which
was co-located with their real body. Using headphones, participants heard the task instruction, “Pay
attention to the right arm placed on the table, please,” before each visuo-tactile stimulus phase,
which lasted 45 s. During the visuo-tactile stimulation, which was used to induce ownership over
the virtual arm, virtual balls tapped the virtual fingers while participants felt, simultaneously, a
tactile stimulation (vibration) on their real fingers. To record skin conductance responses after each
threatening stimulus, two electrodes were attached to the index and ring fingers of the participants’ left
hands. (B) Different virtual arm representations (virtual arm factor): normal representation, distorted
representation (telescoped virtual arm), and reddened-distorted representation of the virtual arm.
The distorted representation of the virtual forearm was shrinking within the virtual arm, as occurs with
the telescoping effect in amputee patients. However, from a participant’s first-person perspective it
seems bigger than the normal representation. (C) Threatening stimulus (virtual needle) in all three
levels of the virtual arm factor. (D) Timeline of one experimental trial. Each experimental trial lasted
around 53 s and was divided into four parts: First, participants were immersed in an immersive virtual
reality (VR) environment in which the virtual arm could either be distorted, reddened and distorted, or
in a normal position. To induce ownership over the virtual arm, they received 45 s of synchronous
visuo-tactile stimulation. Second, after a jitter of 1–2 s, the threatening event appeared (a virtual
needle) for 5 s. Immediately after the threatening event, the VAS appeared on the screen of the HMD.
Finally, after the VAS was taken, a question related to ownership over the virtual arm appeared. VTS,
visuo-tactile stimulation VAS, visual analogue scale; Ownership Q, ownership questionnaire.
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2.3. Apparatus

2.3.1. Head-Mounted Display

We used a head-mounted display (HMD) (Rift Development Kit 2, Oculus, Menlo Park, CA,
USA) with a resolution of 960 × 1080 pixels per eye and a nominal horizontal field of view of 100◦
displayed at 75 Hz to show the virtual environment, which was programmed in Unity 4.5.3 (Unity
Technologies, San Francisco, CA, USA). The virtual body was configured to match the gender of the
participants (female or male) and was taken from the Rocketbox library (Rocketbox Studios GmbH,
Hannover, Germany). The virtual environment was the same during all conditions. Headphones were
used in order to allow the participants to follow the task instructions during the experimental sessions
(Figure 1A).

2.3.2. Visuo-Tactile Stimulation

To increase the illusion of ownership over the virtual body, we used visuo-tactile stimulation.
For this, we delivered tactile stimulation to the participants by using vibrators attached to the middle
and index fingers, and to the palm of the right hand, that were controlled by Unity through an Arduino
MEGA microcontroller board (Figure 1A). Each vibration had a duration of 1.0 s.

2.3.3. Skin Conductance Responses

To record skin conductance, we attached two electrodes to the index and the ring fingers of the
left hands of the participants (Figure 1A). The SCR was recorded at a sampling rate of 256 Hz, using a
portable biosignal acquisition device (g.MOBIlab+, g.tec), while the recording and storage of the data
was handled by a Simulink model in Matlab 2012b (The MathWorks, Inc., Natick, MA, USA).

2.4. Procedures

2.4.1. Position of the Participants

Participants were seated on a chair with their right arm resting on the table and their left arm
hidden under the table, resting on the left leg to ensure that participants only paid attention to their
right arm during the experimental session. The right arm of the subject was placed within their field of
view. The two vibrators attached to the dorsal distal phalanges of the right index and middle fingers
were used in order to deliver visuo-tactile stimulations to induce the ownership illusion over the
virtual arm. The other vibrator attached to the palm of the hand was used to deliver visuo-tactile
stimulations when the threatening stimulus (the virtual needle) contacted the palm of the virtual hand.
Through the HMD, participants were immersed in a virtual reality scenario in which they saw a virtual
body from a first-person perspective co-located with their own real body [38]. They heard the task
instructions through headphones throughout the experimental session, and their skin conductance
was recorded with the two electrodes attached to their left index and ring fingers.

2.4.2. Virtual Reality Scenario

Once participants donned the HMD, the room lights were turned off to allow the participants to be
fully immersed in the virtual environment. At the beginning of the experimental session, participants
were instructed to look around the virtual room, to describe what they saw, and to look down at their
virtual body in order to habituate to the virtual scenario and the virtual body. The right virtual arm
was always placed in the field of view of the participants with the palm of the hand facing up to the
celling. Once the habituation phase was over, participants were asked to focus their attention on the
right virtual arm. During the entire session and before the presentation of each condition, participants
listened to the following verbal instruction through the headphones: “Pay attention to the right arm
that is located on the table, please.” In order to induce the illusory ownership over the virtual body
in each different representation of the virtual arm, each representation of the virtual arm included
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40 s of visuo-tactile stimulation where participants saw a virtual ball tapping in random order their
virtual right index and middle finger whilst feeling a spatiotemporal synchronous vibration on their
real right index and middle finger, respectively [39]. During the experimental session, participants
were exposed to six conditions in which three representations of the arm were combined with two
types of stimulus contact.

2.4.3. Pain Ratings and Ownership Measures

Pain ratings and measures of the degree of ownership over the virtual arm were taken for each of
the six conditions to measure the effect of visual distortion on the sensory and anticipatory aspects
of pain processing. Once each virtual trial was over, the screen of the HMD turned black and a VAS
appeared with a voice instruction asking the participants to judge how strong the pain feels in order to
assess the intensity of pain and how discomforting the threatening stimulus was perceived, on a scale
ranging from 0 (not discomfort at all/minimum pain intensity) to 100 (worst discomfort/strongest pain
intensity imaginable) [13]. Participants’ ratings were promptly annotated by the experimenter. After
the VAS, a question related to ownership over the virtual arm in each representation appeared in the
screen of the HMD, with a voice instruction asking the participant to judge their level of ownership
over the virtual arm from −3 (totally disagree) to 3 (totally agree), with the following sentence: “I
felt that the virtual arm was my arm” [36]. After the virtual reality exposure, the HMD and the
headphones were removed and participants had to fill in a questionnaire concerning the overall virtual
reality experience.

2.5. SCR Data Preprocessing

The peak-to-base response amplitude of skin conductance was used as an index of SCR [40–42].
For the assessment of SCRs, the difference between the maximum value detected in a 6 s post-stimulus
time window and the baseline (3 s pre-stimulus) was computed, which is comparable with other
studies in which a time frame of 1–5 s after stimulus onset was chosen [43–45]. Finally, we obtained the
normalized maximum change of the SCR after each stimulus (virtual needle real contact/virtual needle
simulated contact). The sample rate to extract SCR data was set to 256 Hz. The data were stored under
Matlab and could be opened in the Matlab command windows with g.BSanalyze (gtec). Final SCR
data were obtained by using a Matlab graphical user interface (GUI) for feature extraction of the skin
conductance signal (featextractiongui) in Matlab2012b (The MathWorks, Inc. Natick, MA, USA). Event
markers identifying each stimulus type were programmed to automatically register SCR when the
stimulus—the virtual needle—contacted (real contact) or approached (simulated contact) the palm of
the virtual hand.

2.6. Virtual Reality Experience Questionnaire

Once participants completed the whole VR exposure, they had to fill in a questionnaire related
to their VR experience, answering the following statements from −3 (totally disagree) to +3 (totally
agree) [36]:

Q1. During the experiment there were moments in which I felt that the virtual balls were touching
my real fingers.

Q2. Although the virtual body did not seem to be physically my body, I felt that it could be my
own body.

Q3. When I saw the virtual arm distorted, I felt that my own arm was distorted as well.
Q4. During each different representation of the virtual arm, I felt that if I moved my real arm the

virtual arm would start moving too.
Q5. During the whole experimental session, I was able to focus my attention to the right arm.
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2.7. Data Handling

All statistical tests were performed in Stata 13 (StataCorp LP, College Station, TX, USA). This was
a mixed-effects design, with fixed-effects virtual arm (normal, distorted, reddened-distorted) and
threat contact (real contact, simulated contact), and random effects over the individual subjects. We
analyzed differences in pain ratings and in SCR across conditions with a multilevel mixed-effects linear
regression test (the “mixed” function in Stata). Furthermore, in order to observe differences between
virtual arm conditions, we ran a pairwise comparison with the Scheffe test for multiple comparisons.
Moreover, in order to observe a possible relationship between ownership and pain ratings assessed
with the VAS throughout the experiment, we used Spearman’s correlation test. In order to observe
differences in ownership scores across conditions, we used multilevel mixed-effect ordered logistic
regression test (the “meologit” function in Stata). Finally, in order to conduct mediation analyses, we
used a seemingly unrelated regression test (the “sureg” function in Stata).

3. Results

3.1. Changes in Shape and Color of the Virtual Arm Modulate SCR after Threatening Stimulus Exposure

Our results show that changes in shape and color of the virtual arm modulated SCR after a
threatening stimulus exposure. In this case, the SCR was taken as a proxy of pain responses, as has been
established in previous work by Romano and Maravita [13]. Specifically, we observed a higher SCR
when the virtual arm was distorted (telescoped virtual arm) compared with the normal virtual arm (z
= −2.93, p = 0.003); we did not find a significant relationship between the shape changes of the virtual
arm and SCR, but did find a significant relationship between color changes and SCR. The results show
that the red color in the reddened-distorted virtual arm increase anticipatory pain responses, showing a
significant difference between normal (z = −2.93, p = 0.014) and distorted (z = −4.79, p < 0.0001) virtual
arm conditions. Furthermore, in relation to the dependency of the SCR on the threatening stimulus
contact, our results showed a significant decrease in SCR when the threatening stimulus approached
but did not contact the virtual hand (simulated contact), compared to the real contact condition (z =
−3.08, p = 0.002) (Figure 2). Interestingly, the proportions between SCR in normal virtual arm, those
of distorted and reddened-distorted arms, were the same both for the real contact and the simulated
contact; however, the absolute values were smaller in the simulated contact. Table 1 summarizes SCR
values and p-values for all of the experimental conditions.

Table 1. Values in terms of means, standard error (SE), and p-values indicating mean differences
between the different experimental conditions.

Experimental
Variable

Virtual Arm Threat Contact

Normal
Virtual Arm (1)

Distorted
Virtual Arm (2)

Reddened-
Distorted

Virtual Arm (3)

Real Contact
(1)

Simulated
Contact (2)

Mean 8.13 10.43 4.49 9.27 6.17
SE 13.20 12.63 9.25 13.60 10.09

p-value 0.014 <0.001 <0.001
Conditions 3 vs. 1 3 vs. 2 2 vs. 1
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Figure 2. Skin conductance response (SCR) increased when the virtual needle contacted (real contact)
the virtual hand in all three virtual arm conditions, while the reddened-distorted virtual arm showed a
comparatively decreased SCR in both real and simulated contact of the threatening stimulus. Difference
in SCR after the threatening stimulus contacted (real contact) or approached (simulated contact) the
virtual hand in all three virtual arm conditions. Bars show mean change in SCR and error bars indicate
95% confidence interval. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Distortion of the Virtual Arm Increase Pain Ratings (VAS) after Threatening Stimulus Exposure

The data obtained in our study show a positive relationship between the level of ownership
over the distorted (rs = 0.226, p < 0.01) and reddened-distorted (rs = 0.225, p < 0.01) virtual arms
with the level of pain/discomfort assessed using the VAS. Nevertheless, this positive relationship was
not found after the normal virtual arm exposure (rs = 0023, p = 0.767) (Figure 3A–C). Thus, in the
distorted virtual arm conditions, we found that the higher the level of ownership of the distorted
and reddened-distorted virtual arm, the higher the pain/discomfort perception. Furthermore, in
agreement with the above results in which we observed a significant difference when the threatening
stimulus contacted or approached the virtual arm, again our results show a significant difference in
pain/discomfort perception when the threatening stimulus contacted or approached the virtual arm. In
particular, we found lower VAS scores when the threatening stimulus approached the virtual hand,
but not when it contacted the virtual hand (multilevel effects mixed effects z = −7.00, p < 0.001).
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Figure 3. Pain ratings increase with the distortion of the embodied virtual arm. The relationship
between pain ratings and ownership levels under the (A) normal virtual arm condition (no relationship);
(B) the distorted virtual arm condition; and (C) the reddened-distorted virtual arm condition.

3.3. Dependency of Ownership on Shape and Color Changes of the Virtual Arm after Threatening Stimulus
Exposure

The reported levels of ownership show a statistically significant difference between the different
representations of the virtual arm, ownership being higher with the normal representation of the
virtual arm. Indeed, we found a statistically significant difference in ownership between the normal
representation of the virtual arm and both the distorted (z = −9.16, p < 0.001) and reddened-distorted
virtual arm (z = −8.92, p < 0.001). In addition, contact of the threatening stimulus with the virtual hand
significantly increased the level of ownership in all three virtual arm representations compared with
simulated contact of the threatening stimulus (z = −2.30, p = 0.021) (Figure 4A). Table 2 summarizes
ownership values and p-values for all of the experimental conditions.

Table 2. Scoring values in terms of mean, standard error (SE) and p-values for all the different
experimental conditions.

Experimental
Variable

Virtual Arm Threat Contact

Normal
Virtual Arm (1)

Distorted
Virtual Arm (2)

Reddened-
Distorted

Virtual Arm (3)

Real Contact
(1)

Simulated
Contact (2)

Mean 1.89 1.03 1.05 1.42 1.38
SE 1.13 1.49 1.50 1.23 1.49

p-value <0.001 <0.001 0.021
Condition 2 vs. 1 3 vs. 1 2 vs. 1
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Figure 4. Ownership levels increase with the normal representation of the virtual arm. (A) Ownership
question ratings after each virtual reality condition exposure show higher ownership scores in the
normal virtual arm representation compared with the distorted and reddened-distorted conditions, in
both real and simulated contact of the threatening stimulus. (B) Questionnaire ratings after the whole
virtual reality exposure show that although participants reported high levels of agency and ownership
of the virtual body, ownership scores decreased with the distorted virtual arm representation. Boxplots
show medians (horizontal lines), interquartile ranges (IQR; boxes), data outside 1.5 × IQR (whiskers),
and outliers (o). ** p < 0.01, *** p < 0.001.

From the results obtained in the final VR questionnaire that participants had to fill in after the VR
experience, we found that participants reported high levels of ownership (Q1, Q2) and agency (Q4) of
the virtual body and virtual arm. However, we also observed low scores in ownership levels with the
distorted virtual arm representation (Q3). Finally, in Q5, which was related to the level of attention
towards the virtual arm, participants reported high attention levels of the virtual arm throughout the
whole VR exposure (Figure 4B).

We found that ownership (ownership scoring collected during the experimental sessions) mediates
differences in SCR, but not subjective pain ratings (VAS), between the different virtual arm conditions.
Specifically, we found a significant relationship between the independent factor virtual arm and the
mediation variable ownership (z = −5.39, p < 0.001). Further, we also found a significant relationship
between the SCR (dependent variable) and ownership (z = −2.91, p = 0.004), and between the SCR
and the virtual arm factor (z = −3.34, p = 0.001). We calculated the mediation effect (ME) by the
following calculation: ME= regression coefficient between SCR and ownership (rs =−1.13)× regression
coefficient between SCR and virtual arm (rs = −0.42). The ME of ownership in SCR between the
different virtual arm conditions is 0.472. Although we did not find a relationship between the subjective
pain ratings (VAS), as a second dependent variable, and the virtual arm factor (z = 0.90, p = 0.367), we
found a significant relationship between VAS and ownership (z = 5.31, p < 0.001). Nevertheless, no
mediation effects of ownership can be reported in subjective pain responses ratings (VAS) between
different virtual arm conditions.

4. Discussion

Through immersive virtual reality, we can induce the sense of owning a virtual arm by using a
congruent multisensory correlation between the real and the virtual arm [8,46]. It is known that changes
in the color and shape of a virtual arm (that is co-located with the real one) modulate pain threshold
in healthy subjects (see [47] for a review). Furthermore, there is some evidence demonstrating that a
distorted representation in the brain of the painful part of the body is associated with increased pain
perception in chronic pain patients [48,49]. Along these lines, some studies have investigated the role of
the representation of the painful part of the body in the brain, such as the telescopic effect in amputees,
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on pain perception [25,50]. The study by Makin and colleagues [25] highlighted the importance of
the preserved representation of the amputated limb in the area of the brain where the former hand
was represented [51] as a key factor involved in chronic phantom pain. In their study, the authors
suggested that this preserved representation could activate phantom chronic pain through top-down
(central to peripheral nervous system) mechanisms. In line with this study, Bultitude and Rafal [26]
suggested that the pain in patients with complex regional pain syndrome is a consequence of a distorted
representation of the affected limb in the brain. Furthermore, some patients with chronic pain report
that the mental representation of their affected body part is somehow distorted in size or posture,
or even absent entirely [27–29], which may be associated with a distorted cortical representation of
the limb. While early investigations found that visual feedback techniques such as mirror therapy or
virtual reality could reduce pain perception in amputee patients [30,52,53], it has also been shown that
mirror therapy can exacerbate pain in those amputees that experience the telescopic effect [22].

Here, we conducted a proof-of-concept study in healthy subjects in order to better understand the
mechanisms of pain/discomfort in amputee patients that suffer from the telescoping effect. Although
the mechanisms for acute and chronic pain are different [54], and amputees and healthy individuals
are likely to have significantly different cortical representation of their body [55], this study can
contribute to the understanding of the effects of visual distortion of the body on pain. We observed
that multisensory integration interventions using VR could be used to manipulate the shape and color
of the virtual body representation in order to modulate pain perception and anticipatory responses
to pain in healthy subjects. We conclude that autonomic responses (SCR) that act as proxies of pain
responses are enhanced when there is a virtual threat (virtual needle) that approaches or eventually
touches a virtual arm that feels a part of one’s own body. This paradigm can be used in order to explore
how changes in the morphological or functional characteristics of the represented virtual body can
modulate pain responses while avoiding the problems derived from repetitive painful stimulation,
such as sensitization and adaptation. Although existing studies have demonstrated that visual illusions
in which arm size is increased or decreased can affect pain perception in both healthy and clinical
populations [4,13,56], this is the first study to investigate how being embodied in a virtual body with a
distorted virtual arm (simulating the telescopic effect in amputees), affects subjective (pain scores in
VAS) and the related physiological responses (SCR) to a threatening event in healthy subjects.

First, regarding the virtual arm factor, we found that being embodied in a distorted virtual arm
enhances SCR and pain/discomfort ratings to the threatening event compared with the normal virtual
arm condition; these results are in line with later investigations [13] in which the authors found
higher SCR while observing a visually magnified hand. Moreover, other studies also found that
visual enlargement of the hand being viewed enhanced analgesia by increasing heat-pain thresholds,
compared with the visual reduction of the viewed hand [57]. However, the opposite effect was
found in clinical populations with chronic pain, in which the visual enlargement of the affected hand
increased pain perception compared with the visual reduction of the affected hand [14]. Furthermore,
in the former study [57], they also found that visual enlargement of the viewed hand enhanced
analgesia by increasing heat-pain thresholds, while visual reduction of the viewed hand reduced
analgesia. However, the opposite effect was found in clinical populations with chronic pain, in which
the visual enlargement of the affected hand increased pain perception compared with visual reduction
of the affected hand [14]. Furthermore, in another study, a negative body image associated with an
injured-appearing hand (induced using the rubber hand illusion paradigm) reduced the pain threshold
in healthy subjects, but no such increase was seen with a visually distorted (stretched) rubber hand [58].
One possible explanation for the difference is that the distorted rubber hand was not exactly co-located
with the real hand of the participant, diminishing the sense of ownership of the rubber hand, as
surmised by Nierula and co-authors [17].

In a previous study, Romano and Maravita [13] found that visual distortion of the hand by giving
a visual minifying hand feedback increased SCR in healthy subjects, whilst a magnified visual feedback
of the hand decreased SCR, which suggests that the visual size increase enhances the cognitive,
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anticipatory component of pain processing. In our study we also found that SCR was lower in the
reddened-distorted virtual arm condition compared with normal and distorted virtual arm conditions.
In line with the study from Romano and Maravita [13], we speculate that in our study the red color in
the reddened-distorted virtual arm enhanced the cognitive, anticipatory component of pain processing
and decreased the SCR to the subsequent threatening stimulus. In fact, it is known that by observing a
reddened embodied virtual arm, we can reduce the pain threshold in healthy subjects [2]. Hence, as
participants were observing the reddened virtual arm 45 s before the threatening stimulus appeared
(visuo-tactile stimulation phase) at the beginning of each condition, we can speculate that the red
color caused an anticipatory pain response, resulting in a reduction in SCR following the threatening
stimulus being in contact or simulated contact with the virtual arm. This effect could be induced
via several mechanisms: on one hand, anticipatory responses to pain could induce the activation of
endogenous descending analgesic neural pathways [59], involving subcortical reticular structures
that target the dorsal horns of the spinal cord grey matter, reducing afferent noxious signals. This
interpretation could be explained by the principle of diffuse noxious inhibitory control, by which a
noxious stimulus decreases the response (or increases the threshold) to a subsequent painful stimulus
(see [60] for a review). On the other hand, the expectation of the incoming painful stimulus can
induce a pre-activation of early somatosensory regions with a subsequently decreased response when
the signal from the noxious stimulus arrives at the cortex [61]. Moreover, it is also known that the
more certainty regarding a painful stimulus that modulates the expectancy about pain perception,
the more the recruitment of attentional resources to the ascending nociceptive input [62]. Hence, one
may hypothesize that changes in shape and color of an embodied virtual arm may modulate both
physiological and subjective measures of pain responses.

Secondly, in our study we found a generally increased SCR and subjective measure of pain
perception when the threatening stimulus touched the virtual hand, and a generally reduced SCR
when the threatening stimulus approached but did not touch the virtual hand in all three virtual arm
conditions. Our findings differ from those shown in the study by Romano and Maravita [13], in which
they observed a reduced SCR with real contact noxious stimuli while observing a magnified hand was
associated with increased anticipatory SCR when the noxious stimuli approached the skin without
touching it. However, they also observed a general increase in SCR for both real and simulated contact
while observing a shrunken vision of the hand. In our study we did not observe such differences in
SCR between the different virtual arm conditions. One explanation for this could be the synchronous
visuo-tactile stimulation that participants received in their real hand once the threatening stimulus
touched the virtual hand. It is well known that through synchronous visuo-tactile stimulation we may
induce a sense of ownership over a fake limb, as in the “rubber hand illusion” study [63], over a whole
fake body [64] and over a virtual arm [8]. Therefore, we postulate that the fact of receiving tactile
stimulation (vibration) at the same place of the real hand, at the same time that the threatening stimulus
touched the embodied virtual hand, enhanced the feeling of the virtual needle hurting the virtual
arm, thereby enhancing pain perception. Finally, participants experienced higher levels of ownership
with the normal virtual arm condition either when the virtual needle touched or approached the
virtual arm. Nevertheless, participants reported higher levels of ownership after the normal virtual
arm representation in the real contact of the threatening event condition. Once again, this could be
explained by the synchronous visuo-tactile stimulation that is induced when the virtual needle touches
the virtual hand, which may enhance the sense of ownership over the virtual body [8]. Then, one may
postulate that the observed results in the subjective pain responses and physiological responses to the
threatening event may be related to the lower ownership responses towards the distorted (telescoped)
virtual arm condition.

Finally, mediation effects of ownership ratings in SCR are open to several interpretations. First,
this effect confirms that being embodied in a virtual body by providing a virtual body illusion can
modulate physiological responses, as has been demonstrated previously [65–67]. Further, modulation
of the morphological characteristics of the virtual body modulates physiological responses [68].
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Our results show that changing the morphological characteristics of an embodied virtual body while
being in a painful or threatening situation may modulate the physiological responses associated
with pain, and these can be mediated by the feeling of ownership of the virtual body. While the use
of embodiment to change body representations for pain relief has been already discussed (see [47]
for a review), no mediation effects of ownership were found for the subjective pain measure (VAS
ratings). One explanation of this may be because of the lower ownership ratings, compared to the
normal virtual arm representation, obtained in the distorted and in the reddened-distorted virtual
arm conditions. Although participants knew that the distorted virtual arm was not their real arm,
it still influenced physiological responses of the participants, as has been demonstrated in previous
studies [2,18,69]. Hence, even though participants felt less ownership in the distorted virtual arm
conditions, physiological responses to pain were still modulated, highlighting the powerful effect
of virtual embodiment in modulating body representations and their consequent impact on the
modulation of physiological responses of pain responses.

5. Limitations

The present study shows a limitation regarding an unbalance in the participants’ genders. It is
known that females and males perceive pain differently [70], so although in this study no experimental
pain was induced, the threatening event and the distortion of the virtual arm could activate both pain
and anticipatory pain responses.

6. Conclusions

The present study investigated the influence of telescoping effects on the perception of pain by
inducing such limb distortions in healthy people through VR. Our findings are in line with other
studies in which the authors demonstrated that healthy subjects could experience the telescoped effect
and the associated telescoping sensations (pain/discomfort) normally experienced by amputee patients
through full virtual body illusions. Further, the results of this study demonstrate that the link between
body image and pain responses is bi-directional, showing a top-down effect of body image on pain.
This bi-directional link has also been reported in other studies [22,25,50,71,72]. Furthermore, our results
reinforce the importance of tackling body image distortions when trying to reduce pain responses in
chronic pain patients, especially in amputee patients with a telescopic limb sensation, suggesting that
VR could be a powerful tool for modulating pain responses by changing the representation of the
telescoped limb.
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Abstract: Body image disturbances (BIDs) have been widely studied using virtual reality (VR) devices
that induce a full body illusion (FBI) and allow manipulation of the individual’s perceptual and affective
experiences of the body. This study aimed to assess whether the induction of the FBI over a virtual
body would produce changes in body-related anxiety and BIDs using a new whole-body visuo-tactile
stimulation procedure. Fifty non-clinical participants were randomly assigned to synchronous or
asynchronous visuo-tactile groups. During the pre-assessment, all participants filled in BIDs and
body-anxiety questionnaires. Then, they were embodied into two virtual bodies (VBs): firstly, with
their real measurements, and secondly, with a larger-size body. Body image disturbances, body anxiety,
fear of gaining weight, and FBI levels were assessed after exposure to each avatar. All participants
in both conditions showed higher levels of BIDs and body anxiety after owning the larger-size VB
than after owning the real-size VB (p < 0.05). The synchronous visuo-tactile group had higher scores,
although the differences did not reach statistical significance. This study provides evidence of the
usefulness of this new embodiment-based technique to induce changes in BIDs or body anxiety in a
non-clinical sample, being suitable for use in future body image interventions.

Keywords: virtual reality; body image disturbances; body anxiety; fear of gaining weight; full
body illusion

1. Introduction

Body image has been described as a multi-dimensional construct reflecting the mental representation
a person has of their physical appearance [1], including perceptual, cognitive, attitudinal, and affective
components [2,3]. Likewise, body image disturbances (BIDs) involve dysfunctional cognitions, attitudes,
and emotions related to the way in which an individual experiences their own body shape or weight.
Body image distortion (the perceptual component) and body image dissatisfaction (the affective
component) are the most commonly studied and assessed BIDs [4,5]. Body image distortion refers to
the difficulty of precisely estimating one’s own body size, whereas body image dissatisfaction refers
to the degree a person likes or dislikes their own body [6]. Body image disturbances have also been
related to avoidance behaviors and negative checking strategies [7].
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Other studies have suggested that body image may be a state rather than a trait and may, therefore,
be modifiable, depending on the situation or emotional variables [6,8]. One emotional variable directly
related to BID is fear of gaining weight and the resulting state body anxiety. Similarly, an excessive
concern with having a thinner body is related to high anxiety levels, and that, consequently, affects
BID [9].

Body image disturbances have a high prevalence among eating disorder patients, as well as in
non-clinical populations. Regarding body dissatisfaction, previous studies found that 44% of women
and 17% of men in European adult samples would like to lose weight [10]. In Spanish college students,
84.2% of young women were not satisfied with their physical appearance and that 70% of women and
52.8% of men desired to reduce their weight [11]. In relation to perceptual body image distortion,
previous studies found that both eating disorder (ED) patients and healthy individuals overestimated
their BMI by more than two points [12].

Virtual reality (VR) has been successfully used in the assessment and treatment of BID [13]. This
technology allows researchers to create real-size 3D simulations of participants’ bodies with their
specific physical characteristics and place them in VR immersive environments that reproduce real-life
situations related to their body image concerns [13,14]. Recent studies have progressed to assessing
the effect of inducing the ownership illusion of a virtual body on the experience of one’s own body
(e.g., [15–18]). To do so, the avatar must elicit feelings of ownership and the participants must recognize
themselves in the virtual avatar [17].

To induce these illusory feelings of ownership, it is necessary to synchronize the stimulation
of the real body and the false body using different sensory modalities (e.g., visual, tactile, motor,
and vestibular) [18]. Visuo-tactile synchronization is one of the most widely studied and best-known
methods of eliciting this full body illusion (FBI) and is based on the paradigm of the rubber hand
illusion (RHI) [19]. In this paradigm, the participant was first seated in front of a rubber hand which
was positioned in the place of their real hidden hand. Next, the participant’s non-visible hand was
touched as they saw the fake rubber hand being touched synchronously, thus eliciting an illusion of
ownership over the fake rubber hand. According to Botvinick and Cohen [19], asynchronous tactile
and visual stimulation would significantly reduce this illusion.

Immersive VR devices have been widely used to investigate several important aspects related
to FBI, such as the type of multisensory stimulation applied to produce it (e.g., visuo-tactile versus
visuomotor stimulation) [20], or the sort of visual perspective from which the virtual body is observed
(first versus third person perspective) [16]. Regarding the type of multisensory stimulation, there is
no definite agreement in the literature at present about the best method to elicit the illusion. Several
authors suggested that this illusion can be elicited using a synchronous visuo-tactile stimulation, in
which the participant observes the virtual body or some specific virtual body parts being touched
while also feeling touches on their own real body [15,18,21–23]. Other studies have also elicited the FBI
by performing synchronous visuomotor stimulation [20,24,25]. Therefore, the results suggest that both
visuomotor and visuo-tactile synchronous stimulation can induce the FBI [20], and that the illusion can
be strengthened by combining vision, touch, motor control, and proprioception inputs in the same
interventions [26].

Regarding the role of visual perspective, participants can either look at themselves in a first-person
perspective (1PP) or in a mirror perspective, by observing their virtual bodies in a mirror. While some
studies suggest that 1PP is necessary for eliciting FBI [21,25,27], others have also induced it by using a
mirror view [16] or third person perspective [28]. Therefore, not only first-person visual perspectives
can play an important role in creating the FBI [16].

A considerable number of studies have investigated the role of the FBI in attempts to modify body
image disturbances (for extensive recent reviews, see Gutiérrez–Maldonado et al., 13,14), by changing
the perceptual experiences of the size and shape of certain body parts [16]. For instance, the FBI was
elicited in participants within a virtual avatar with enlarged arms [29]. Similarly, in another study
participants felt an enlarged virtual abdomen as their own [22]. In a non-clinical sample, the FBI was
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elicited in a virtual avatar whose body mass index had been previously modified to have an enlarged
or a thinner body [17].

Preston and Ehrsson [15] elicited the FBI in individuals who were exposed to a virtual mannequin
body that was manipulated to be slimmer or wider than the individual’s real body. In addition, they
achieved significant reductions in individuals’ perceived body size and increases in body satisfaction
levels when participants owned a slim mannequin body. Similarly, Serino et al. [18,30] showed how
non-clinical participants [18] and a single case patient with anorexia nervosa (AN) [30], reported
significant reductions in the ratio between estimated and actual measurements of body parts after
they were embodied into a VR avatar with a skinny abdomen. In a study with a clinical sample,
Keizer et al. [23] found that owning a skinny virtual body significantly reduced the perceived body
size in AN patients as well as in healthy participants. Additionally, this change in perceived body
size was preserved two hours later, especially among the healthy participants. Finally, two previous
studies with healthy samples found that owning a larger-size virtual body can produce changes in
body representations [22] and can also elicit higher body anxiety levels [31]. Therefore, the use of
FBI in VR environments may be a suitable method for manipulating the perceptual and emotional
experiences of the body image.

In order to extend our knowledge of the usefulness of VR techniques to modify body image
disturbances and body-related anxiety, this study presents a novel VR embodiment-based technique.
Among the novelties of the current study are: the use of a visuo-tactile stimulation procedure over the
whole body, in both 1PP and mirror view; the reproduction of a real-size virtual body, based on each
participant’s frontal silhouette, resulting in accurate representations of their actual body; and a realistic
simulation of their weight gain through different body parts (e.g., stomach, hips, waist, etc.) based on
their real silhouette.

The main aim of the study was to assess whether the induction of the FBI of a virtual body
produced changes in body-related anxiety and body image disturbances of non-clinical participants.
Participants owned two different virtual bodies (VBs): one with the same body size as their own and
another with a larger body size. In addition, participants were randomly assigned to the synchronous
or asynchronous visuo-tactile condition.

Based on previous studies (e.g., [22,31]), we expected: first, that owning a larger-size VB
would elicit higher body anxiety and body image disturbances than owning the real-size VB in both
synch/asynch groups (and that the synchronous group would have higher scores); second, that the
visuo-tactile synchronous group would show higher FBI levels in the real-size and larger-size VBs than
the asynchronous group.

2. Materials and Methods

2.1. Participants

This study was approved by the ethical committee of the University of Barcelona. The sample
was composed of 50 undergraduate students at the University of Barcelona, recruited through campus
flyers and advertisements in social network groups. Forty women and 10 men (Mage = 21.8, SD = 2.55,
MBMI = 22.5, SD = 2.51) participated in the study. Exclusion criteria were self-reported diagnosis of a
current ED, a BMI under 17 (moderate thinness) or over 30 (obesity) according to the World Health
Organization [32] or a current self-reported severe mental disorder diagnosis (e.g., schizophrenia
or bipolar disorder). Each participant was given an identification code in order to guarantee the
confidentiality of the data.

2.2. Measures

2.2.1. Assessment of Body Image Disturbances and Body Anxiety

Figural Drawing Scale for Body Image Assessment (BIAS-BD) [12]: This questionnaire allows
the use of physical anthropometric dimensions of adult women and men by providing a series of
human silhouettes. This questionnaire has two versions (A and B) in which silhouettes are randomized
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differently to avoid order effect bias. Participants selected, among a set of human silhouettes, the
one that was perceived as their body size (perceived silhouette) and the one that was desired to
have (desired body size). Then, according to their BMI, the real silhouette was also selected. Body
dissatisfaction (BIAS-O) was assessed by calculating the discrepancy between the perceived and
desired body sizes. Body distortion (BIAS-X) was assessed by calculating the discrepancy between the
perceived and real body sizes. This questionnaire presents good psychometric properties, with a good
reliability test-retest (r = 0.86) and a good concurrent validity (r = 0.76) [12].

Physical Appearance State and Trait Anxiety Scale (PASTAS) [33]: This body anxiety questionnaire
comprises two separate self-report scales which measure weight-related and non-weight-related anxiety.
In this study, we used the weight scale (W). This questionnaire presents good internal reliability, with a
Cronbach’s alpha that ranges from 0.82 to 0.92, good test–retest (r = 0.87) and good convergent validity
indices for the W scale (r = 0.74 EDI-BD, r = 0.62 EDI-DT) [34].

Visual Analog Scale (VAS)-FGW: This scale ranging from 0 (zero) to 100 (complete) assesses
the fear of weight gain that the individual is feeling at a specific moment. The following question
was posed to the participants: “On a scale from 0 to 100, rate how afraid you are of gaining weight
right now”.

2.2.2. Assessment of the Full-Body Illusion (FBI)

VAS-FBI: This visual analog scale ranging from 0 (zero) to 100 (complete) assesses the level of FBI
of the virtual body that the individual is feeling at a specific moment. The following question was
posed to the participants: “On a scale from 0 to 100, indicate to what extent you felt that the virtual
body was your own body”. In case a participant asked about the meaning of the previous question, it
was clarified that the expression “feeling the virtual body as your own body” referred to whether they
had the sense of being the owner of the virtual body.

2.3. Hardware and Software Features

Participants were exposed to an immersive virtual scenario using a head-mounted display (HMD)
HTC-VIVE connected to a computer with enough graphic and processor power to move VR environments.
Two programs were used to develop the virtual simulations: Blender 2.78 to create the virtual avatars
(a man and a woman), and Unity 3D 5.5 to integrate all the elements within a virtual environment,
which consisted of an unfurnished room with a large mirror placed in front of the participant’s avatar,
1.5 meters away. It was not visible at the beginning of the experiment (first-person perspective) and was
activated only during the mirror view condition. In the back part of the room there was a small door,
slightly open, which was placed there to avoid any feeling of being trapped inside.

Both male and female avatars wore a standard black t-shirt with black jeans and black trainers, as
well as a swimming cap to reduce the idiosyncratic influence of hairstyle.

2.4. Procedure

Pre-assessment: Once they signed the informed consent form, all participants completed a test
battery which included the BIAS-BD and PASTAS trait and state questionnaires. All participants were
weighed and measured after completing the two questionnaires in order to avoid the possibility that
anxiety might affect the questionnaire responses. The BMI was calculated using the classical formula
(BMI =weight (kg)/height (m)2).

Creating the real-size virtual avatar (whole body photograph): The first step in creating the virtual
avatar with the real measurements of the participants was to take a frontal view photograph of the
whole body of the participant. A high-definition (HD) Logitech camera was used. All participants
had to remain still in a marked position, two meters away from the camera, with their arms slightly
raised and their legs slightly separated. Once the participant’s photo was taken and processed in our
program, the experimenters manually overlapped the photo and the virtual body by adapting the
height and different body measures of the virtual avatar (e.g., arms, legs, hip, waist, chest, shoulder, etc.)
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to the silhouette of the participant. The resulting virtual avatar, which represented the participant’s
frontal body measurements, will be referred to from now on as the “real-size virtual body”. Finally, all
participants were located within the avatar’s body during the exposure to an immersive VR environment.

Visuo-tactile stimulation procedure: To enhance the illusion of owning the virtual body, an
adaptation of the visuo-tactile stimulation procedure used by Keizer et al. [23] was conducted. While
the Keizer et al. [23] procedure consisted of applying a tactile stimulation only to the abdomen for 90
seconds, in our study we also induced tactile stimulation over other specific body parts (the upper and
lower limbs). Therefore, a series of continuous touches were applied to specific body parts, with a total
duration of a minute and a half (15” each for left and right arm, 30” to the abdomen, and 15” each for
left and right leg). The experimenter used one of the HTC-VIVE controllers to deliver the touches,
while the participants looked at themselves (first-person perspective) while in their virtual bodies.
Additionally, after the first-person perspective procedure (1PP), a mirror appeared on the wall in front
of the avatar; the participants were asked to look at their avatars reflected in the mirror, while the
same visuo-tactile procedure was repeated (mirror view). The complete duration of the visuo-tactile
stimulation procedure was three minutes.

The control group asynchronous condition followed the procedure just described (1PP and mirror
view) but the experimenter delivered the continuous touches, with a two-second delay, so that the
visual feedback was inconsistent between what participants saw and what they really felt. For example,
when they were feeling the touch to their forearm, they saw their avatar being touched on the shoulders.

In sum, both groups (synch/asynch) initially answered the test battery in the pre-assessment, then
all participants were exposed to two virtual bodies: the first with the same body size as the participant
and the second one larger than the participant (see Figure 1). In each body size condition, a visuo-tactile
stimulation procedure was applied, using first a 1PP and second using a mirror view. Then, once they
had finished the visuo-tactile stimulation procedure, participants answered the VAS-FBI and VAS-FGQ
questions orally. Finally, after the last of each body size exposures, they left the VR environment and
answered the BIAS-BD and PASTAS questionnaires.

Figure 1. Experimental design scheme. Between-subjects group condition (synchronous versus
asynchronous), within-subjects assessment condition (pre-assessment, real-size and larger-size virtual
bodies), and dependent variables reported. VT = visuo-tactile, VB = virtual body, VAS = visual
analog scales.

2.5. Statistical Analysis

The outcome of the intervention was analyzed with the statistical software IBM SPSS Statistics v.23.
Mixed between (group)–within (assessment condition) analyses of variance (ANOVA) were conducted.
The assumptions were partially met, since there was homogeneity of variances (p > 0.05) as assessed by
the Levene’s test. The assumption of sphericity was not completely met (p < 0.05) for some variables
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(VAS_Fear of weight gain), therefore, it was decided to use the Green–House–Geisser corrected test for
sphericity instead of this variable. Data were not normally distributed in all the variables assessed
by the Kolmogorov–Smirnov test. However, it was decided to run the test regardless, as ANOVA
is considered a robust test even in the case of a deviation from normality [35]. Finally, few outliers
were detected in both BIDs measures, as assessed by inspection of a boxplot. Statistical analyses
were conducted with and without the outliers, and since the results did not significantly differ, it was
decided to include them in the analyses.

3. Results

3.1. Descriptive Results

A two-way mixed ANOVA was conducted. Means and standard deviations of all dependent
variables were specified for each experimental condition at the different assessment times (Table 1).

Table 1. Descriptive outcomes, means, and standard deviations stated in the visuo-tactile group
condition (asynchronous group versus synchronous group) at the different assessment conditions.

Pre-Assessment Real-Size VB Larger-Size VB

Asyn-Group
n = 24

M (SD)

Syn-Group
n = 26

M (SD)

Asyn-Group
n = 24

M (SD)

Syn-Group
n = 26

M (SD)

Asyn- Group
n = 24

M (SD)

Syn-Group
n = 26

M (SD)

PASTAS 5.00 (5.87) 5.92 (5.31) 4.96 (5.46) 6.23 (5.77) 5.71 (6.07) 9.15 (6.89)

BIAS_X 9.58 (16,68) 13.65 (16.40) 9.17 (12.22) 12.50 (15.25) 18.54 (18.56) 19.62 (18.92)

BIAS_O 8.75 (18.72) 14.40 (21.81) 7.29 (14.06) 10.60 (19.22) 16.67 (18.57) 18.40 (22.39)

VAS-FBI - 48.33 (20.44) 65.46 (19.15) 42.71 (28.97) 55.58 (23.07)

VAS-FGW - 23.33 (26.77) 33.00 (29.34) 29.79 (29.39) 48.77 (29.48)

Note: Body Image Disturbances (Body Image Distortion-BIAS_X, Body Image Dissatisfaction- BIAS_O), Body
Anxiety (PASTAS), fear of gaining weight (VAS-FWG), and full-body illusion (VAS-FBI). VB = Virtual body, Async =
Asynchronous, Sync = Synchronous group conditions.

According to the descriptive results, in the pre-assessment, there were no statistically significant
group differences (p > 0.05) in any of the body anxiety or BID measures. Therefore, it was decided to
continue the statistical analyses.

3.2. Statistical Analyses

As shown in Table 2, there were no statistically significant interactions between group and
assessment conditions (p > 0.05) on body dissatisfaction (BIAS_O), body distortion (BIAS_X), fear
of gaining weight (VAS-FGW), and full body illusion (VAS-FBI). However, there was a significant
interaction between group and assessment conditions in body anxiety (PASTAS) F (2, 96) = 3.297,
p = 0.041, partial η2 = 0.064.

Regarding body anxiety (PASTAS), three additional between-subjects ANOVAs were conducted
separately in each assessment condition to follow up the simple effects of group on assessment
time. Mean differences (MD) ± standard error (SE) are specified. Body anxiety scores did not differ
significantly between the two groups (p > 0.05) in the pre-assessment and the real-size virtual body
conditions (see Figure 2a). With the larger size virtual body, even though differences between the
groups did not reach statistically significance F (1, 48) = 3.492, p = 0.07, partial η2 = 0.068, with a
medium effect size according to Cohen [36]; body anxiety scores were higher in the synchronous than
in the asynchronous group condition (MD = 3.446 ± SE = 1.84).
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Table 2. Mixed between–within subject analysis of variance comparing groups (Group 1-Asynchronous
group versus Group 2-Synchronous group) with the different assessment conditions.

Time x Group Time of Assessment

F p η2 F p η2

PASTAS 3.297 0.041 * 0.064 8.554 0.001 * 0.151
BIAS_X 0.347 0.707 0.007 11.798 0.001 * 0.197
BIAS_O 0.410 0.665 0.009 8.177 0.001 * 0.148
VAS-FBI 0.312 0.579 0.006 4.130 0.048 * 0.079

VAS-FGW 3.855 0.055 0.074 21.968 0.001 * 0.314

Note: Green–House–Geisser corrected test for sphericity used. * Significant p-values < 0.05.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 2. (a)Body anxiety mean scores, (b) fear of weight gain mean scores, (c) body image distortion
mean scores, (d) body image dissatisfaction mean scores, (e) full-body ownership illusion mean scores.
Means of the asynchronous and synchronous groups in the three assessment conditions (pre-assessment,
real-size virtual body, larger-size virtual body). Error bars represent standard errors. Body image
disturbances (Body Image Distortion-BIAS_X, Body Image Dissatisfaction-BIAS_O), Body anxiety
(PASTAS), fear of gaining weight (VAS-FWG), and full-body ownership illusion (VAS-FBI). VB =
Virtual body.

103



J. Clin. Med. 2019, 8, 925

The main effect of assessment condition (see Table 2) showed that there were statistically significant
differences (p < 0.05) in body anxiety (PASTAS), body image disturbances (BIAS_X or BIAS_O), fear of
weight gain (VAS-FWG), and full body ownership illusion (VAS-FBI) measures.

To analyze the outcomes in more detail, multiple post-hoc tests (pairwise comparisons) were
conducted. Mean differences (MD) ± standard error (SE) were specified. As can be seen in Table 3, all
the measures were significantly higher in the larger-size VB condition than in both the real-size VB
and the pre-assessment (for illustrations see Figure 2a–d). However, the VAS-FBI scores decreased
compared with the real-size VB.

Table 3. Post-hoc analyses (pairwise comparison) at the different assessment times (pre-assessment,
real-size virtual body and larger-size virtual body).

Assessment Time Conditions

Pre-Assessment
versus

Real-Size VB

Larger-Size VB
versus

Real-Size VB

Larger-Size VB
versus

Pre-Assessment

MD SE MD SE MD SE

PASTAS 0.133 0.491 1.837 * 0.517 1.970 * 0.584
BIAS_X 0.785 1.717 8.245 * 1.957 7.460 * 1.938
BIAS_O 2.629 1.915 8.588 * 2.133 5.958 2.448
VAS-FBI −7.755 * 3.816

VAS-FGW 11.114 * 2.371

Note: MD =Mean differences, SE = Standard Error. * Significant p-values < 0.05. VB = Virtual body.

Finally, there was a statistically significant main effect of group on the VAS-FBI F (1, 48) = 7940,
p = 0.007, partial η2 = 0.142. Regardless of the assessment condition, the synchronous group showed
higher levels of FBI than the asynchronous group (see Figure 2e).

4. Discussion

This study aimed to assess whether a visuo-tactile embodiment-based procedure could elicit
changes in the body anxiety and body image disturbance responses of healthy participants when
owning two different-size virtual bodies. In addition, two different visuo-tactile group conditions were
compared (synchronous versus asynchronous visuo-tactile stimulation).

As expected, all participants, regardless of group, showed higher levels of body image disturbances
(BIDs) and body anxiety after owning the larger-size virtual body (VB) than after owning with the
real-size VB, and the scores were higher in the synchronous visuo-tactile group. Our results support
previous findings suggesting that body image is a state rather than a trait, and can, thus, be modified
by internal and external stimuli [6], such as owning a larger-size VB. Jakatdar, Cash, and Engle [37]
suggested that malleability of the body image is more frequent in ED patients but also occurs in healthy
participants, as our data show. Our results contrast with those of previous studies which did not report
significant differences on body size estimating tasks before and after owning a larger mannequin/virtual
body [15,17]. The differences in the results may be explained by differences in the methodological
procedures used. For instance, even though in all the studies there was a larger-size/overweight virtual
body condition, in our study, participants previously owned a real-size virtual body that represented their
own silhouette, while in two previous studies [15,17], thin/underweight virtual bodies or mannequins
were used instead.

In addition, the appearance of the virtual body, i.e., the body shape, may also explain the
differences between the present study and previous studies. The appearance of the virtual body may
play an important role not only in the eliciting of the illusory feelings of ownership [38,39], but also in
eliciting emotional responses in healthy participants [15]. In our study a weight gain proportionally
spread over the whole body (e.g., the belly, thighs, waist, arms) was reproduced, resulting in a more
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realistic increase of weight across the body, and consequently evoking higher anxiety and body image
disturbance levels in participants when owning the larger virtual body than when owning the real-size
virtual body. In contrast, other studies may have not found similar results because the weight gain was
represented less proportionally, for example, by increasing only the stomach size of the mannequin [15].
Additionally, the increase in the weight of our avatar was previously based on the real-size virtual
body with the participant’s silhouette, allowing a more accurate and natural weight increase in the
larger-size virtual body.

Regarding body anxiety levels, our results are in line with those of a previous study by our
group [31], in which healthy college students undergoing a synchronous visuomotor procedure reported
higher levels of body anxiety and fear of weight gain after owning a larger-size VB than after owning
their real-size VB. However, the current study has attempted to overcome some of the limitations
reported there, such as the small sample size, the lack of an asynchronous visuomotor procedure, and
the lack of a baseline pre-assessment time condition. Furthermore, BID and body anxiety levels did not
differ significantly after owning a virtual avatar with participants’ real measurements (real-size VB)
compared with the pre-assessment. This suggests that, regardless of the type of visuo-tactile stimulation,
all participants delivered, perceived, and felt the real-size VB as their own body, even without being
aware of it.

According to the differences between the synchronous and asynchronous visuo-tactile groups,
there were not statistically significant group differences in BID and body anxiety measures. Interesting
non-significant tendencies were found in body anxiety measures. Participants who underwent a
synchronous visuo-tactile procedure reported higher body anxiety and fear of gaining weight levels than
those in the asynchronous condition, at the larger size VB. One possible explanation for these tendencies,
is that some of the body parts that were (in)congruently stimulated (e.g., the stomach or the thighs) are
usually reported as body areas of higher concern [40] or weight-related body areas [33]. Previous studies
have reported that individuals with ED [40,41] show an attentional preference towards these self-reported
unattractive body areas. Therefore, it might be expected that a synchronous visuo-tactile stimulation
over those salient body areas with a significant weight gain might elicit a higher more unpleasant
anxious response that was not observed at equal levels in the asynchronous group. Consequently, our
results suggest that the specific influence of the FBI induced by a synchronous visuo-tactile stimulation
over specific body parts may differentially affect body anxiety and BID measures after owning a
larger-size VB. Regarding BID measures, our results are in line with previous studies in which inducing
a synchronous or asynchronous visuo-tactile stimulation did not affect body distortion levels after
owning a skinny virtual body [18], or an underweight or overweight virtual body [17].

Regarding the FBI levels, the synchronous visuo-tactile group showed significantly greater FBI
levels in both the real-size VB and larger-size VB than the asynchronous group. Our results are in
line with previous studies that compared synchronous versus asynchronous visuo-tactile stimulation
procedures for eliciting FBI by owning either a slim virtual body or mannequin body (e.g., [15,16,21,23])
or an overweight virtual body [15,17,22]. However, some important differences between our study
and previous research should be noted, such as, for example, the type of visual perspective displayed.
In the present study, a combination of both 1PP and a mirror view perspective were used successively
in order to strengthen the FBI, in comparison to previous studies that have used only a first-person
perspective to elicit the FBI (e.g., [15,21,23]).

Another important difference is the sort of tactile stimulation delivered. A visuo-tactile stimulation
procedure over the whole body (abdomen, upper and lower extremities) was delivered in this study,
in contrast to previous studies in which the only stimulated body parts were the abdomen or the
belly [18,23], or the upper and lower limbs [17]. Additionally, the body posture was also different from
the study conducted by Piryankova et al. [17], in which the participants were seated while the upper
and lower virtual limbs were touched. In our study, all participants were in a standing position, in
which the realism of the virtual avatar is less likely to be affected.
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The current study presents some limitations that should be addressed in future research. Body
mass index (BMI) was not controlled. Although we excluded participants with obesity (BMI > 30) or
who were moderate-to-severely underweight (BMI < 17), previous literature suggested that overweight,
compared to healthy weight, individuals present higher body dissatisfaction levels [42]. Another
important limitation is that no screening questionnaire or clinical structured interview was used to
properly assess the presence of an ED diagnosis or other mental disorders. It should be noted that
even though our participants were allocated randomly, the synchronous visuo-tactile group reported
slightly higher BID levels than the asynchronous group at the pre-assessment time condition. However,
as the group differences did not reach significance, it was decided to continue the statistical analyses.
As regards the length of the experiment, participants generally spent one hour in the laboratory. We
realize that it may cause fatigue, especially because participants were asked to stand still while the
experimenter was running the tactile-stimulation procedure for each body size condition. Following
the previous argument, and so as not to lengthen the experiment further, it was decided not to include
other body-size conditions such as a slimmer virtual body, as the studies by Preston et al. [15] or
Piryankova et al. [17] had done.

These results may have different implications in clinical practice. In the near future, it would
be interesting to apply FBI and VR embodiment-based techniques to treat the fear of gaining weight
and body anxiety in ED patients, and specifically in anorexia nervosa (AN) patients. One possibility
would be to develop an exposure therapy to one’s own body, in which an AN patient could own
an avatar with their own body silhouette and their BMI would increase gradually, according to a
pre-established hierarchy. Additionally, our results support those of previous studies suggesting that
VR embodiment-based techniques may be a useful tool for interventions that aim to modify or improve
BID levels among healthy participants, or in clinical ED patients (e.g., [23]).

Another interesting approach would be to use VR embodiment-based procedures not only to
treat BID, but also to assess it. Following a similar procedure to paper-based figural drawing scale
questionnaires (e.g., BIAS-BD, [12]) or human-based 3D computer scales [43,44], participants or ED
patients could own a virtual avatar and modify different body parts (or the whole body of the avatar)
according to their perceived or desired body size. Additionally, using a VR assessment procedure
would also allow the generation of more ecologically valid experimental settings that represent daily
life situations: for instance, looking at one’s own body in a mirror.

5. Conclusions

This study provides new evidence of the usefulness of VR embodiment-based techniques to
induce changes in body image disturbances or body anxiety in a non-clinical sample of college students.
Specifically, our findings provide new information about how the influence of the FBI, induced by
a synchronous visuo-tactile stimulation, may not only strengthen the FBI when participants own
their real-size VB, but may also elicit higher BID and body anxiety levels after owning a larger-size
VB, with body anxiety measures being particularly affected by a congruent visuo-tactile stimulation.
In addition, a new VR visuo-tactile stimulation procedure over the whole body, which combines
first-person perspective and mirror view, is presented and discussed. Finally, this study presents a
novel procedure for adapting our virtual avatar bodies based on the real-size frontal silhouettes of our
participants, allowing the recreation of a realistic real-size virtual avatar, but even more importantly,
the simulation of a more realistic weight gain in our virtual bodies.

The use of VR embodiment-based techniques opens up new possibilities in body image research,
some of which are presented and briefly discussed in this article. However, considering the high
prevalence of BID among ED patients [12] and among non-clinical populations [10,11], future
interventions should continue to focus on understanding and improving the disturbed representations
that so many individuals have of their body appearance.
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Abstract: The bodily-self, our experience of being a body, arises from the interaction of several
processes. For example, embodied Sense of Agency (SoA), the feeling of controlling our body’s
actions, is a fundamental facet of the bodily-self. SoA is disturbed in psychosis, with stress promoting
its inception. However, there is little knowledge regarding the relationship between SoA, stress, and
other facets of the bodily-self. In four experiments manipulating embodied SoA using a virtual hand
(VH), we examined (1) How is embodied SoA related to other facets of the bodily-self?; and (2) How
is SoA impacted by stress? We found that increased alteration of the VH significantly decreased
subjective ratings of SoA and body ownership (Exp. 1), supporting the close relation between SoA
and body ownership. Interoceptive accuracy and SoA were positively correlated (Exp. 3), connecting
awareness to one’s actions and cardiac signals. Contrary to our expectations, SoA was not related
to trait anxiety (Exp. 3), nor did induced stress impair SoA (Exp. 4). Finally, we found a negative
correlation between self-reported prodromal symptoms and SoA. These results strongly support the
connection between SoA and the bodily-self. Whereas, SoA was not impaired by stress, and weakly
related to psychotic symptoms.

Keywords: sense of agency; metacognition; virtual reality; psychosis; stress; bodily-self

1. Introduction

1.1. Sense of Agency and the Bodily-Self

Experiencing one’s self as a physical entity grounded in a body is termed the ‘bodily-self’ or
‘minimal self’, emphasizing the fundamental nature of this stratum of selfhood [1–4]. The bodily-self
encompasses two related capacities: body ownership and sense of agency (SoA), which are typically
seamlessly interwoven into our experience to such a degree that we are typically not explicitly aware
of them, rather they are pre-reflective [5,6]. Body ownership, the identification with one’s body, relies
on the integration of multisensory signals constructing a coherent representation of the self in the
present moment. For example, synchronous visual–tactile stimulation can create an illusory sense of
body ownership over a rubber hand or a virtual body [7–9]. SoA, the feeling of being in control of
one’s actions, also relies on multisensory integration but incorporates internal neural efferent signals
originating in the agent’s volition [10–12].

SoA primarily relies on the comparison of the predicted consequences of our actions (i.e., forwards
models) with the actual afferent sensory outcomes via a comparator mechanism (but see other
approaches such as Cue Integration, e.g., [13–15] and Postdictive accounts of SoA, e.g., [16,17]). If the
predicted and actual outcome of the action match, then SoA arises, whereas if they are incongruent,
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the outcome will likely be attributed to an external cause [18–20]. For example, while reading this
article on a computer screen, when you scroll the mouse with your finger to continue reading, and
the screen scrolls, an SoA arises for these actions and outcomes. Importantly, two forms of SoA
can be discerned in this example [21,22]. The first, embodied SoA, focuses on the immediate, often
pre-reflective, connection between the intention to perform the action and the action itself (i.e., moving
your finger) [23]. This form of SoA is inherently tied to the body of the agent that performs the
action. The second, non-embodied SoA, focuses on the link between the action performed by the agent
(i.e., moving your finger) and the intended outcome (i.e., screen scrolling). This SoA is related to a more
general sense of causation, linking an action to its predicted outcome that is often detached spatially
and temporally from the agent’s body and action. Historically, there has been no clear distinction
between these two forms of agency, which are often conflated in the literature [11,24–29]. However,
we argue that embodied SoA, with its close affinity to the bodily-self, introduces unique characteristics.
The importance of this distinction is intuitively demonstrated by the hypothetical reaction to the failure
of each form of agency. Imagine the profound shock and fear you would experience if you intended to
move your finger, and it did not move (i.e., embodied SoA). Whereas, if you scrolled your mouse and
the screen failed to scroll (i.e., non-embodied SoA), you would likely dismiss it as a problem with your
laptop. In line with this distinction, the exclusive focus of the current paper is embodied SoA.

In the literature, various experimental paradigms have been used to examine SoA, yet these
diverging paradigms probe different aspects of agency that are often conflated (see [22] for an extensive
discussion). Thus, some paradigms (e.g., [30,31]) use an additional actor within the experimental
setting, and probe agentic authorship by asking participants whether they or the other actor performed
the presented action. While other paradigms have examined the role of active as opposed to passive
actions on SoA (e.g., [26,28,32–34]), examining how the agent’s volition and the availability of neural
efferent signals shape agency. In line with the theoretical suggestion that agency arises primarily
from the congruence of predicted and actual sensory outcomes of action ([35–37]), and in line with
a well-established line of research examining the effects of sensorimotor congruence on agency
(e.g., [28,34,38–41]), the focus of the current paper is on examining how embodied agency is affected by
the introduction of conflicts between actions and their visual consequences

1.2. Embodied SoA and Its Metacognition: Exteroceptive and Interoceptive Contributions

In line with our theoretical definition of embodied SoA that focuses on intention and motor actions,
experimental operationalizations of embodied SoA use naturalistic representations of the body and
focus on the motor action itself. Despite its theoretical and philosophical importance, experimentally
examining embodied SoA has been somewhat limited, requiring creativity and ingenuity, such as using
mirror set-ups and video systems [31,34], to create realistic distortions of self-generated movements.
Recent advances in virtual reality (VR) technology allow for easier, more complex, and better-controlled
manipulations of the bodily-self [9,42,43] and embodied SoA [28,44–48]. Such research has enabled
significant advances in understanding the cognitive and neural processes by which sensory and motor
signals shape the self [1,49,50]. In addition to the integration of exteroceptive signals, research has
highlighted the importance of cardiac signals in the formation of the bodily-self. The neural processing
of cardiac signals is modified by experimental changes in body ownership [51,52]. Moreover, cardiac
signals can be used to induce body ownership over virtual hands [53] and bodies [54]. Within the realm
of SoA, cardiac signals have been related to the subjective awareness of motor actions and errors [55,56].
Given the role of cardiac signals in body ownership and actions, we posited that awareness of one’s
cardiac activity might be linked to awareness of one’s actions and embodied SoA.

Within judgments of SoA, we can distinguish between first-order and second-order
processes [46,57,58]. First-order processes are related to the initial judgment of agency and include
sensitivity—the ability to detect sensorimotor conflicts, and criteria—the decision threshold for
asserting agency. Whereas, second-order processes concern the assessment of one’s initial judgment
and include measures of confidence and metacognition. Importantly, metacognition is a bridge between

112



J. Clin. Med. 2020, 9, 2931

immediate judgments of agency and reflective awareness and self-knowledge of one’s agency [5,57].
Both processes are central in delineating the self and are impaired in psychiatric populations such
as psychosis [20,57,58]. Recently, we found that sensitivity and criteria of embodied SoA were
both highly correlated across distortions in both the temporal and spatial domains introduced on a
virtual hand presentation of self-generated movements [46]. These findings suggest an integrated
mechanism of first-order processes that extends beyond specific domains and supports the processing
of self-generated actions [4,10].

To briefly summarize, embodied SoA is a fundamental process contributing to our experience
of the bodily-self. Accordingly, we hypothesize that SoA will be closely related to other facets of the
bodily-self, such as body ownership and interoceptive processing. Furthermore, we expect that SoA
and its metacognition will be correlated across domains, pointing to central processing and awareness
of embodied actions.

1.3. Open Questions: The Effect of Stress

It is well documented that adverse situations such as stress and anxiety are a contributing factor
to a wide range of psychopathological conditions entailing breakdowns of the self. Following trauma,
people often experience dissociative states such as depersonalization that entail a deep sense of
detachment from themselves, their body, and experiences [59–62]. Likewise, it is widely acknowledged
that stress has a prominent role in the inception of psychosis [63–65]. Large-scale epidemiological
studies have found that adverse life-events and extreme stress during childhood increase the odds
of later psychotic experiences by 2–8 times [66,67]. Psychosis is characterized by disturbance of the
minimal self, affecting the basic, pre-reflexive manner in which we experience ourselves, our body,
and surroundings [3]. Accordingly, psychosis and disturbance of the bodily-self are closely linked to
impaired SoA [68,69]. Across the psychosis continuum, impairments related to SoA are prominent both
in the early prodromal phase [70,71] and in chronic schizophrenia patients [20,47]. Despite compelling
evidence linking stress to psychosis and impairments of SoA, there is a paucity of experimental research
examining how stress affects SoA. Experimentally understanding the effects of stress on SoA may
allow us to uncover the underlying mechanisms and better understand the etiological factors affecting
impaired SoA.

1.4. The Present Study: Goals and Predictions

The goal of the current study was to investigate two central questions using a VR paradigm of
embodied SoA [46]. First, what is the relationship between embodied SoA and other facets of the
bodily-self? Second, how is embodied SoA impacted by stress? These two questions were examined in
a series of four experiments. Specifically, the following predictions were derived: (1) We hypothesized
that increased sensorimotor conflict would significantly decrease subjective ratings of SoA and body
ownership (Exp. 1). (2) We hypothesized that SoA processing (sensitivity, criterion and metacognition)
would be correlated across different domains of sensorimotor conflict, suggesting a generalized
mechanism for embodied SoA (Exp. 2). (3) In line with the role of cardiac signals in the formation of the
bodily-self and motor awareness, we expected that interoceptive accuracy and embodied SoA would be
positively correlated (Exp. 3). Concerning our second question, given the role of stress in the etiology
of disturbances of the self, we expected that stress would be related to impaired SoA. Specifically,
(4) we predicted that self-reported trait anxiety, in line with its close relation to stress [72], would be
correlated with impaired SoA (Exp. 3). (5) Furthermore, we expected that experimentally manipulated
psychosocial stress would affect SoA (Exp. 4). (6) Finally, in line with impairments of SoA in clinical
populations with psychosis, we expected to find a correlation between a high presence of self-reported
Attenuated Psychotic Symptoms (APS) in healthy individuals and impaired SoA (Exp. 2–4).
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2. Participants

Participants in the study were 70 undergraduate students at Bar-Ilan University (37 women) aged
20–48 years (mean 25.4) All participants were right-handed, with normal or corrected-to-normal vision,
and self-reported no history of neurological or psychiatric disease. They gave their informed consent to
participate in the experiment and in return, were paid or given course credit. The study was approved
by the Internal Review Board of Bar-Ilan University and was carried out in accordance with the
relevant guidelines and regulations. Participants were excluded from the analysis if they did not have
a sufficient number of trials (less than 80%), or failed to comply with instructions (see Supplemental
Material Section A for details of participants excluded from each experiment).

3. Procedure

3.1. Experiment 1

In experiment 1 we examined whether increased magnitude of the sensorimotor conflict decreases
subjective ratings of SoA and body ownership in order to validate that our experimental paradigm
indeed assesses embodied SoA. Fourteen participants performed a VR-based paradigm of recognition
of self-generated movements [46]. The technical set-up of the paradigm is described in detail in
Krugwasser et al. (2019). In brief, participants’ right hand was placed 18 cm below a Leap Motion
controller (Leap Motion Inc., San Francisco, CA, USA) and their hand was hidden from them via a
barrier. A realistic Virtual Hand (VH) that mimicked the real hand’s position and movement was
presented on a screen placed in front of the participant, positioned approximately 30 cm from the
participant and at the same angle that the real hand was placed behind the barrier (see Figure 1A for
set-up). In each trial, participants were presented with a fixation cross (1.5 s) followed by a presentation
of the VH (2 s), during which they were instructed to fold only their index finger, while the rest
of their hand remained static. A sensorimotor conflict was introduced in some trials by presenting
the VH’s finger’s movement with one of four magnitudes of temporal delay (i.e., 0/100/200/300 ms)
between the actual movement and the presentation of the VH’s movement. After the presentation of
the VH, participants rated their subjective SoA (i.e., “I felt as if the movement presented was my own?”;
questions were presented in Hebrew) and body ownership (i.e., “I felt as if the hand presented was my
own”) on a Likert scale ranging from −3 (i.e., “completely disagree”) to 3 (i.e., “completely agree”)
that were adapted from similar studies [26,28,73,74]. The order of the questions was counterbalanced
across participants to avoid confusion. Thirty trials of each magnitude were presented, resulting in a
total of 120 trials. A practice block consisting of 15 trials was performed with the experimenter present
in order to ensure compliance with task demands at the start of the experiment and was not included
in analyses. Trials were not analyzed if a camera malfunction occurred, as reported in the camera logs,
if the participant did not respond to one of the questions, or if the reaction time exceeded four seconds.

Figure 1. Cont.
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Figure 1. Experimental set-up and trial flow for the experiment. (A) Experimental set-up.
The participant’s hand is hidden from his view by the barrier, and the camera mounted above
his hand records movement and presents it on the screen in front of him as a VH. (B) Trial flow. In
each trial, a fixation cross was followed by a VH that moved with/without an alteration. Following
the VH’s presentation, in experiments 2–4, participants judged “same”/“not same” in response to the
question “Was the movement of the VH identical to my movement?” (i.e., agency question) and rated
their confidence in their response to the question, “How confident are you?” (i.e., confidence question)
on a scale ranging from 1 (i.e., “not at all”) to 7 (i.e., “completely”). In experiment 1, participants rated
their subjective experience of SoA (i.e., “I felt as if the movement presented was my own?”) and body
ownership (i.e., “I felt as if the hand presented was my own?”) on a Likert scale ranging from −3
(i.e., “completely disagree”) to 3 (i.e., “completely agree”). Please note that across all experiments, the
agency question included no explicit mention of the word ‘agency’.

3.2. Experiment 2

In experiment 2 we examined whether SoA performance across different sensorimotor domains
is correlated, supporting a domain-general mechanism for embodied SoA. Nineteen participants
performed the VH paradigm, with three key differences from experiment 1. First, in some trials, the VH
was presented with an alteration either in the temporal or spatial domain and in other trials without
an alteration. Importantly, alteration in both domains was not presented together in any of the trials.
In the temporal domain, as in experiment 1, one of four magnitudes of delay (i.e., 0/100/200/300 ms)
between the actual movement and the VH’s was inserted. In the spatial domain, an angular deviation
of the VH’s movement was introduced, with four magnitudes of angular deviation (0◦, 6◦, 10◦, 14◦)
inserted in the presentation of the bending movement of the index finger. Thus, during a 6◦ deviation
trial the movement of the VH’s index finger would diverge in a lateral trajectory (i.e., towards the
thumb) from the real index finger’s movement by 6◦. The finger’s motion kinematics were modeled
to ensure a natural-looking motion (see [46] for full details). Second, after the presentation of the
VH, participants judged whether the VH’s movement was identical to their actual movement using
a two-alternative forced-choice question (2 AFC), “Was the movement of the VH identical to my
movement?” (i.e., agency question), and rated their confidence in their response (i.e., confidence
question; see Figure 1B for trial flow). We used this phrasing for the agency question as it probes the
psychophysical aspect of SoA (i.e., the sensorimotor correspondence), and is in line with previous
studies that have involved altered feedback of self-generated movements [46,75–77], although other
approaches using 3 AFC have also been employed (e.g., [24]). Third, participants performed in each
domain, 40 trials of the zero (i.e., no alteration) and first magnitude, and 20 trials of the final two
magnitudes. Thus, a total of 240 trials in random order were presented.

From this task, we calculated four measures pertaining to SoA and its metacognition.
First, we calculated SoA as the proportion of trials in each magnitude of alteration in each domain that
participants responded that the VH’s movement was identical to their movement. Second, we assessed
confidence in SoA by averaging the confidence ratings of the trials with correct SoA (i.e., participants
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responded that the movement was identical when no alteration was present, or that it was different
when an alteration was present). This was extracted for each magnitude of the alteration in each domain.
Third, to allow for comparison of performance between domains, a signal detection framework was
used to calculate sensitivity and criteria for each domain across the different magnitudes of alteration.
Sensitivity reflects the capacity to accurately recognize trials in which the VH’s movement was identical
to the real hand and trials that it was altered. Criterion reflects the individual’s decision boundary
in order to judge that the VH movement was identical [78]. Finally, we calculated metacognitive
confidence. In contrast to the measure of confidence described above, metacognitive confidence
examines whether trials that were correct were rated with higher confidence than trials that were
incorrect. This was calculated as the within-participant Goodman–Kruskal gamma correlation [79]
between ratings of confidence and correctness of answers, capturing the degree to which confidence was
linked to performance [80]. To ensure a sufficient number of observations, metacognitive confidence
was calculated across the different magnitudes in each domain, yielding a single value per domain.

Following the completion of the task, participants completed the Prodromal Questionnaire Brief
version (PQ-B) [81], as a self-report measure of APS that constitutes mild psychotic symptoms that
have been experienced in the past month. We examined the number of items endorsed.

3.3. Experiment 3

In experiment 3 we examined the relation between SoA, interoception and self-reported anxiety.
23 participants performed the VH task identical to the task performed in experiment 2, except for
two differences. First, in this experiment, only a temporal delay was administered. Second, 80 trials
of each magnitude were administered in random order, resulting in a total of 320 trials. Following
the VH task, participants performed a heartbeat tracking task. During the task, they were presented
with a fixation cross for three time periods (25, 35, 45 s), in random order. They were instructed to
press a button each time they perceived a heartbeat. During this period, the heart rate was recorded.
Interoceptive accuracy was calculated as: 1

3 ×
∑

1− |recorded heartbeats−counted heartbeats|
recorded heartbeats [82–85]. Accordingly,

interoceptive accuracy values range from one, signifying perfect accuracy, to zero. Following the
completion of the VH and heartbeat tracking task, they completed both the PQ-B, as in experiment
2, and the State-Trait Anxiety Inventory (STAI) [86]. The ratings of the STAI items were averaged,
resulting in a score ranging from 0, reflecting low anxiety, to 4, reflecting high anxiety.

3.4. Experiment 4

In experiment 4 we examined the effects of experimentally induced stress on SoA. Fourteen
participants performed a VH task similar to that in experiment 2 except for two differences. First, the VH
task was split into two blocks, a ‘neutral’ block succeeded by a ‘stress’ block. Second, only the temporal
domain was administered. For each magnitude of delay in each of the two blocks, 30 trials were
presented, resulting in a total of 240 trials displayed in random order.

To experimentally induce stress, we used an adaptation of well-accepted stress manipulations such
as the Trier Social Stress Test [87] and the Montreal Imaging Stress Task [88] that use peer-evaluation
and assessment of performance as stressors. Specifically, at the start of the neutral block following
the actual practice session with the experimenter, participants were informed that they would now
perform a ‘practice’ block alone that is aimed at acclimating them to the task and that their performance
will not be monitored. Following the ‘practice’ (i.e., neutral) block, the experimenter re-entered the
room and briefed the participants that they will now perform the task as a test, and their performance
will be monitored. To increase psychosocial stress associated with performing the task as a test,
participants were briefed about a fictitious concept of ‘physical intelligence’, described in such a
manner that it is a positive concept related to their self-esteem, and informed that the VH task is a
measure of ‘physical intelligence’. They were informed that their performance in the current block will
be compared to other participants’, and that high performers would be recruited for future studies that
include high monetary reimbursement (see Supplemental Material Section B for description provided
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to participants). To further exacerbate social stress, a camera was set up opposite their face and they
were informed that their facial expressions would be analyzed during this block, (in effect the camera
did not record). Finally, participants were informed that their heart rate would be recorded during
this block.

To assess the physiological reaction to the stress induction, during both blocks, heart rate was
recorded from three electrodes placed on participants’ torso and connected to a G-Nautilus EEG system
(250 Hz sampling rate) [89], and heart rate variability (HRV) was calculated. Briefly stated, HRV is a
measure of the variability in the duration of succeeding R-peaks and is a robust biomarker of the body’s
response to stressors [90–92]. Under stress, HRV is typically decreased, whereas during relaxation
HRV is relatively high. Physiological stress reactivity was calculated by subtracting the HRV of the
neutral block from the stress block. Importantly, negative values of this difference indicated increased
stress during the stress block.

Following the completion of both blocks, participants completed a post-experiment interview with
the experimenter in which they rated their subjective feeling of stress in the neutral and stress blocks
on a Likert scale ranging from 1 (i.e., “not at all”) to 5 (i.e., “completely”). Subjective experience of
stress was calculated by subtracting the neutral block’s score from the stress block’s score. In addition,
the credibility of the stress induction was assessed in the interview. Finally, participants completed the
PQ-B questionnaire.

Importantly, because this task will also be administered to clinical populations such as individuals
at ‘clinical high-risk’ to develop psychosis in the future, we chose a stress manipulation that did not
include negative feedback and could be successfully applied to them. Previous findings highlight
that this population perceives even mildly stressful situations (i.e., solving simple mathematical
problems with feedback introduced as a ‘neutral’ block) as extremely stressful [93], essentially equating
them with the ‘stress’ block. Furthermore, based on our previous experience with clinical high-risk
individuals in experimental settings in which participants were given negative feedback, we sought a
mild stress manipulation that would ensure that they would complete the experiment and not leave
due to the feedback.

4. Data Analysis

Data were processed using in-house Matlab scripts [94]. Statistical analyses were performed
using JASP 0.9 [95]. To assess the effects of different magnitudes of alteration, domains, and blocks
on subjective ratings of SoA and body ownership (Exp. 1), as well as SoA accuracy and confidence
(Exp. 2–4), a within-subject repeated-measures ANOVA was used. In cases where the assumption
of sphericity was violated, we performed Greenhouse–Geisser corrections. Post-hoc comparisons
were Bonferroni corrected. To examine the correlations between variables, Pearson correlations were
calculated. Finally, Bayesian statistics were used to assess evidence of null results [96,97].

5. Results

5.1. Experiment 1

To examine the effects of magnitude of alteration on subjective ratings of SoA and body ownership,
two one-way repeated-measures ANOVAs with the factor magnitude (0/1/2/3) were performed. For SoA
we found a significant main effect of magnitude (F3,39 = 6.72, p = 0.01, η2

p = 0.34; see Figure 2A),
such that as magnitude of alteration increased ratings of SoA decreased. For body ownership we also
found a significant main effect (F3,39 = 7.71, p = 0.006, η2

p = 0.37; see Figure 2B) similar to that of SoA.
Thus, increased alteration of the VH’s movement decreased the subjective experience of both SoA and
body ownership. To assess if SoA and body ownership were indeed experienced by the participants in
the no alteration condition (i.e., M0), we performed a one-sample t-test examining whether M0 ratings
significantly differed from the baseline rating of zero. Both SoA (t13 = 4.13, p = 0.001 Cohen’s d = 1.1)
and body ownership (t13 = 4.13, p = 0.001, Cohen’s d = 1.1) were significantly greater than baseline,
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further strengthening the ecological validity of the VH paradigm. Finally, to compare the effect of
alteration magnitude on SoA as opposed to body ownership, a 2 × 4 repeated-measures ANOVA
with the factors magnitude (0/1/2/3) and embodiment aspect (SoA/body ownership) was performed.
As expected, the effect of magnitude was significant (F3,39 = 8.03, p = 0.006, η2

p = 0.38); however,
neither embodiment aspect (F1,13 = 1.29, p = 0.28), nor its interaction with magnitude (F3,13 = 1.36,
p = 0.27) were significant. To assess this null finding, we examined the contribution of the embodiment
aspect and its interaction with magnitude via the Bayes factor of inclusion (BFInclusion). Briefly stated,
BFInclusion is a measure of the evidence supporting the inclusion of a given factor, by comparing the
effect of including or stripping a given factor from a group of models with an equivalent number of
parameters [98]. This analysis yielded inconclusive evidence for the inclusion of the embodiment
aspect (BFInclusion = 2.7), and moderately supported not including the interaction (BFInclusion = 0.11).
To further elucidate the relation between SoA and body ownership, for each participant we examined
the correlation between the two ratings on each question. For all participants, the correlation was
positive and significant (all p’s< 0.005) and the mean correlation across participants was 0.65 (SD= 0.25),
with a range of 0.26 to 0.98. Thus, these two facets of the bodily-self are strongly entwined, and both
were strongly affected by magnitude of alteration.

Figure 2. Subjective ratings of SoA (i.e., “I felt as if the movement presented was my own?”; Panel
(A)) and body ownership (i.e., “I felt as if the hand presented was my own?”; Panel (B)) in experiment
1. X-axis is the magnitude of temporal alteration; Y-axis is the subjective rating that ranged from −3
(i.e., “completely disagree”) to 3 (i.e., “completely agree”).

5.2. Experiment 2

To examine the effects of domain and magnitude of alteration on SoA, a 2 × 4 repeated-measures
ANOVA with the factor domain (temporal/spatial) and magnitude (0/1/2/3) was used. A significant
main effect of domain was found (F1,54 = 8.87, p = 0.008, η2

p = 0.33; see Figure 3A), such that in
the temporal domain participants tended to judge VH movements to be identical to their own more
than in the spatial domain. Importantly due to the distribution of trials across the magnitude of
alteration, this main effect reflects participants’ increased tendency to mistake altered trials in the
temporal domain. In light of this main effect of domain, in order to examine the effect of magnitude on
SoA, we performed a one-way repeated-measures ANOVA with the factor magnitude (0/1/2/3) for
each domain separately. In the temporal domain we found a significant main effect of magnitude
(F3,54 = 57.44, p < 0.001, η2

p = 0.76; see Table S1 in the Supplemental Material for summary statistics
and pairwise comparisons), as well as in the spatial domain (F3,54 = 78.35, p < 0.001, η2

p = 0.81).
As expected, in both domains, as the magnitude of alteration increased, VH movements were correctly
judged as not identical to the participants’ actual movements. Finally, there was a significant interaction
between magnitude and domain (F3,54 = 6.41, p < 0.001, η2

p = 0.26). As can be seen in Figure 3A,
the differences between domains were most prominent in magnitude one and two, with participants
showing a greater tendency to misattribute movements in the temporal domain in these magnitudes.
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Figure 3. Judgments of SoA (left panels) and confidence (right panels) across three experiments (2–4;
A–C). In the left panels, the Y-axis is the proportion of trials in which participants responded that
VH’s movement was the same as the actual movement, across the different magnitudes of alteration.
Importantly, only in M0 (i.e., no alteration) was it correct to respond ‘same’. In the right panels, the
Y-axis is the participants’ mean confidence rating (rated on a scale of 1–7) of their response to the agency
question in which their response was correct. Lines within colored boxes are medians. (A) Experiment
2. Alterations were introduced in both the spatial (green) and temporal (blue) domain. (B) Experiment
3. Alterations were only introduced in the temporal domain. (C) Experiment 4. Alterations were
introduced only in the temporal domain, and assessed in a neutral (blue) and stress (red) block.

An equivalent repeated-measures ANOVA was used to examine the effects of domain and
magnitude of alteration on the confidence of correct trials. A significant main effect of domain
was revealed (F1,51 = 6.64, p = 0.02, η2

p = 0.27; see Figure 3A), such that participants were more
confident in the spatial domain. This finding complements our previous findings that participants
were more accurate in the spatial domain. In light of this main effect of domain, in order to examine
the effect of magnitude on confidence, we performed a one-way repeated-measures ANOVA with
the factor alteration magnitude (0/1/2/3) for each domain separately. In the temporal domain we
found a significant main effect of magnitude (F3,51 = 13.89, p < 0.001, η2

p = 0.45; see Table S2 in
Supplemental Material for summary statistics and pairwise comparisons), as well as in the spatial
domain (F3,54 = 25.77, p < 0.001, η2

p = 0.60). Contrary to our expectations and findings in subsequent
experiments, in the no alteration magnitude, confidence ratings were relatively low. This may be due
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to the high number of trials with alterations of magnitude zero (i.e., no alteration) and one, that caused
participants to be uncertain whether a slight alteration or no alteration occurred.

To further elucidate the relation between SoA in the different domains, we examined the
between-subject correlation of sensitivity, criterion and metacognitive confidence between the temporal
and spatial domains. For sensitivity, we found a strong correlation between domains (r = 0.71,
p < 0.001). Likewise, for criterion, there was a strong correlation between domains (r = 0.89, p < 0.001),
reflecting that the threshold for evidence used for judgments of agency were related across domains.
Finally, for metacognitive confidence we also found a strong correlation between domains (r = 0.83,
p < 0.001). These findings demonstrate that the mechanism underlying embodied SoA and its
metacognition are not domain-specific rather rely on a domain-general mechanism perhaps related to
the bodily-self. Importantly, these findings are a strong replication of our previous findings concerning
across domain correlations for sensitivity and bias [46], and also extend them to the capacity of
metacognitive confidence.

Finally, we examined the relation between SoA and APS, assessed via the PQ-B questionnaire.
We found a significant negative correlation between APS and sensitivity in the spatial domain (r=−0.68,
p = 0.001) and in the temporal domain (r = −0.49, p = 0.03). Thus, participants that reported more
APS symptoms showed lower sensitivity in both domains. Furthermore, the relation to metacognitive
confidence, in both the spatial (r = −0.65, p = 0.003) and the temporal (r = −0.57, p = 0.01) domains was
significant. Thus, participants that reported higher APS had lower metacognitive confidence.

5.3. Experiment 3

To examine the effect of the magnitude of alteration on SoA a one-way repeated-measures ANOVA
with the factor of magnitude (0/1/2/3) was applied. Replicating our finding in experiment 2, a significant
main effect of magnitude was found (F3,66 = 121.3, p < 0.001, η2

p = 0.85). As the magnitude of alteration
increased the proportion of trials judged to be identical decreased (see Figure 3B). Examining the
effects of magnitude on the confidence of correct trials, using an equivalent ANOVA, also revealed
a significant effect of magnitude (F3,66 = 15.33, p < 0.001, η2

p = 0.41). As can be seen in Figure 3B,
a U-shaped curve of confidence was observed, with the lowest confidence exhibited in magnitude
one of alteration. Presumably, this magnitude of alteration is the most difficult, in line with its high
proportions of incorrect responses. As expected, and in contrast to experiment 2, the no alteration
condition (i.e., magnitude 0) also exhibited high levels of confidence. Presumably, this reflects the
relative ease of correctly identifying movements that are identical.

Examining the correlation between interoceptive accuracy, assessed via the heartbeat counting
task, and sensitivity of SoA, assessed via the VH task, we found a significant positive correlation
(r = 0.52, p = 0.02). Similarly, the correlation to metacognitive confidence was also significantly
correlated (r = 0.47, p = 0.04). Thus, individual differences in interoceptive accuracy and both sensitivity
and metacognition of embodied SoA were closely linked, as would be expected due to these capacities’
close affinity to the bodily-self.

Concerning the relation between the self-reported measures of APS and trait anxiety, and the
performance measures of SoA and interoceptive accuracy. Contrary to our hypothesis and the results
of experiment 2, the correlation between sensitivity of SoA and APS was not significant (r = −0.05,
p = 0.81), with Bayesian statistics providing anecdotal evidence for lack of a correlation (BF01 = 2.97).
Neither was the correlation between metacognitive confidence and APS significant (r = −0.17, p = 0.45),
with Bayesian statistics providing anecdotal evidence for a lack of correlation (BF01 = 2.94). Concerning
trait anxiety, the sensitivity of SoA was not significantly correlated (r = −0.15, p = 0.52), with Bayesian
statistics providing moderate evidence in favor of a lack of correlation (BF01 = 3.1). Meanwhile,
interoceptive accuracy and anxiety showed a non-significant negative correlation (r = −0.36, p = 0.13),
such that participants with higher levels of anxiety had lower interoceptive accuracy.
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5.4. Experiment 4

In this experiment, we examined the effects of experimentally manipulated stress on SoA.
First, we assessed the validity of the stress induction both via the subjective experience of stress as
reported in the post-experiment interview in which participants rated on a Likert scale ranging from
1–5 how stressful they experienced each block to be, and via the physiological change in HRV between
blocks. As expected, the mean rating of stress experienced in the stress block (M = 2.68, SEM = 0.24) was
higher than in the neutral block (M = 2.00, SEM = 0.22), and this difference was significant (t18 = 3.24,
p = 0.005, Cohen’s d = 0.74). In contrast, the difference between HRV in the stress block (M = 0.049,
SEM = 0.005) and the neutral block (M = 0.052, SEM = 0.005) was not significant (t13 = 0.49, p = 0.63).
Importantly, the subjective experience of stress was correlated with the change in HRV (r = −0.64,
p = 0.014). Thus, changes in HRV reflect individual differences in the subjective experience of stress
following its induction. Accordingly, in the analyses concerning the effects of stress, we included HRV
as a covariate to capture these individual differences.

We examined the effect of stress on SoA via a repeated-measures ANOVA with the factors block
(neutral/stress) and magnitude of alteration (0/1/2/3), and change in HRV as a covariate. There was a
significant main effect of magnitude (F3,36 = 86.71, p < 0.001, η2 = 0.87; see Figure 3C), replicating our
previous findings concerning the decrease in SoA as magnitude increases. The main effect of block
was not significant (F1,12 < 1, p = 0.40). Meanwhile, the interaction between block and delay was
significant (F3,24 = 3.56, p = 0.024, η2 = 0.20), with participants under stress more likely to misattribute
their movement in the largest magnitude of alteration. Yet none of the post-hoc comparisons between
blocks across the different magnitudes of alteration were significant (p > 0.12). Comparing sensitivity
of SoA between blocks, contrary to our expectation the difference between sensitivity in the stress block
(M = 1.78, SEM = 0.22) and the neutral block (M = 1.75, SEM = 0.19), was not significant (F1,12 < 1,
p = 0.37). The equivalent Bayesian analysis yielded anecdotal evidence in favor of the null effect of the
block (BF01 = 2.67). Thus, it seems that the stress induction did not affect overall SoA.

Examining the effect of stress on confidence with the equivalent ANOVA used for SoA, we found
a significant main effect of magnitude (F3,24 = 9.74, p < 0.001, η2 = 0.54; see Figure 3C). Replicating
experiment 3, confidence across magnitudes displayed a U-shaped curve with the lowest confidence in
the first magnitude of alteration. The main effect of block was not significant (F1,8 = 2.63, p = 0.14),
nor was the interaction of block and magnitude (F3,24 = 1.1, p = 0.37). Comparing metacognitive
confidence between blocks, under stress metacognitive confidence was higher (M = 0.43, SEM = 0.08)
in comparison to the neutral block (M = 0.41, SEM = 0.07), and this difference was significant
(F1,12 = 10.6, p = 0.007, η2

p = 0.47). Thus, contrary to our hypothesis, stress significantly improved
metacognitive confidence.

Finally, examining the correlation between sensitivity of SoA and APS, contrary to our expectation,
we did not find a significant correlation (r = −0.07, p = 0.79), with Bayesian analysis providing anecdotal
to moderate evidence for lack of a correlation (BF01 = 2.98).

5.5. The Relation between APS and SoA across Experiments

To further examine the relation between APS and SoA with increased statistical power, we pooled
the participants from the three experiments (i.e., Exp. 2–4) in which the binary judgment of SoA was
used and sensitivity could be extracted, and examined only SoA in the temporal domain, because it
was measured in all three studies (in experiment 4 we included only the neutral block). APS showed
a negative correlation to sensitivity (r = −0.17, p = 0.19; see Figure 4A) and metacognition of SoA
(r = −0.20, p = 0.12; see Figure 4B), yet contrary to our expectation these correlations were not
significant. Noting that one participant in experiment 4 endorsed an extremely high number of APS
symptoms (18 out of 21 items), we reexamined the correlation, excluding this participant as an outlier.
There are two justifications for this decision. First, clinical cutoffs of the PQB are typically set at
between 3 to 8 items [81,99]; thus the participant’s high number of items endorsed likely points to
his misunderstanding of the questionnaire or extreme clinical distress that was not evident in his
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functioning. Second, the number of items endorsed by this participant is more than three standard
deviations from the participants’ mean number of items endorsed. Excluding this participant, there was
a significant correlation between APS and sensitivity (r = −0.27, p = 0.04) and metacognitive confidence
(r = −0.32, p = 0.01) of SoA. Yet, it should be noted that these correlations were not corrected for
multiple comparisons.

Figure 4. Correlation between APS and sensitivity (A) and metacognitive confidence (B) across the
three experiments (experiment 2–4). The blue line denotes the linear regression fit and the shaded area
is 95% confidence interval of fit. A red circle surrounds the participant identified as an outlier.

6. Discussion

Across four experiments, using a virtual reality paradigm, we examined two questions pertaining
to embodied SoA. The first question focused on the relationship between embodied SoA and other
facets of the bodily-self, such as body ownership and interoception. All of our predictions derived from
this question were corroborated. First, we found that increased magnitude of alteration significantly
decreased graded subjective ratings of both SoA and body ownership, validating the ecological validity
of our experimental paradigm of embodied SoA (prediction1; experiment1). These two measures
exhibited strong within-trial correlations, further supporting a unified construct of the bodily-self.
This finding is in contrast to theoretical and empirical accounts [26,100] that argue for a dissociation
between these two processes and is in line with previous studies that have found the two to be
correlated [28,73]. Second, our prediction that sensitivity and criteria would be correlated across
temporal and spatial domain (prediction 2; experiment 2) was strongly supported and replicates
the findings of our previous study [46]. These correlations support an account of a domain-general
processing of embodied SoA, differing between individuals but stable across different sensorimotor
prediction domains. The current study also expanded this correlation across domains to the capacity
of metacognitive confidence of SoA. Metacognitive confidence, reflecting the degree to which the
participant is aware of his performance, bridges between immediate judgments of agency and more
reflexive knowledge pertaining to the certainty of these judgments [57]. Correlated metacognition
together with correlated criterion point to similar subjective processes inherently related to embodied
SoA, lending further support to the existence of a central, domain-general representation of the
bodily-self. Future neuroimaging studies may attempt to examine whether embodied SoA across
domains involves similar or distinct neural mechanisms and regions. In line with our third prediction
and further supporting embodied SoA’s connection to the bodily-self [2,52,101–103], we found that
interoceptive accuracy was significantly correlated with SoA (prediction 3; experiment 3). Previous
studies have found that interoceptive accuracy is linked to body ownership [84] and peripersonal
space [85]. The current finding demonstrates the importance of awareness to cardiac signals in
influencing enactment, that alongside embodiment, shape our representation of the bodily-self.

A limitation pertaining to our finding that SoA was closely related to the bodily-self is that in
the current study (Exp. 2–4) we only examined one aspect of SoA, namely the effect of sensorimotor
alterations on SoA. Importantly, it should be noted that SoA entails additional aspects [22], such as
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agentic authorship (i.e., did I or someone else perform the action [24,31]) as well as the effect of passive
as opposed to active actions and the effect of volition on SoA [29,104,105]. Furthermore, the wording
of experiment 1’s question (i.e., “I felt as if the movement presented was my own”) is ambiguous
in the sense that it may be interpreted as probing either the sensorimotor congruency or the agentic
authorship aspect of SoA. Hence, additional studies are needed in order to disentangle the relationship
of these additional aspects of SoA to the bodily-self. Additionally, Exp. 1 only probed the effect of
alterations in the temporal domain on SoA. In light of previous findings that have found significant
differences between domains and their effect on different aspects of SoA [24], future studies should
also examine the effects of spatial alterations on the subjective experience of SoA.

Examining the relation between impaired SoA and APS yielded precarious results (prediction
6). Only in experiment 2 was the correlation to SoA in both domains significant, whereas in both
experiments 3 and 4, we did not find significant correlations and Bayesian analyses provided anecdotal
to moderate evidence for lack of a correlation. Pooling participants from all three experiments,
the correlation was only significant when excluding an outlier. From these mixed findings, we
derive two preliminary conclusions that although consistent with existing research, nonetheless need
to be replicated in future studies. First, the significant correlations found between self-reported
APS and embodied SoA are in line with the ‘psychosis continuum’ that posits the existence of
psychotic-like experiences also in normative functioning populations [106]. Importantly, the current
study expands previous studies [70] by showing that APS is related to both impaired sensitivity of
embodied SoA and its metacognition. Interestingly, a recent study using VR to manipulate other
aspects of the embodied Self (i.e., making the participant bigger or smaller) also showed a correlation
between sensitivity to this alteration and APS [107]. Our correlation between self-reported psychotic
symptoms and metacognition points to the potential role metacognition may play in attenuating and
translating experimentally measured impairments into real-world functioning [108–110]. Second, the
precariousness of the correlations highlights the wide range of symptoms endorsed in the general
population, which especially affects small sample sizes. To clarify, we fully acknowledge the seminal
importance of self-report questionnaires in the early stages of screening for risk of psychosis [81,99,111].
Yet, due to the low specificity of the questionnaires, some individuals endorse a high number of items
that may not be indicative of actual APS and introduces additional noise to correlational analyses.
Accordingly, we interpret these mixed findings with cautious enthusiasm and believe that they require
further replication.

Our second question based on the pivotal role of stress in breakdowns of the self and psychosis
examined the effects of stress on SoA. It yielded complex findings that did not corroborate our two
predictions. The first prediction (prediction 4; experiment 3) concerning the correlation between trait
anxiety and SoA was not corroborated. Although stress and anxiety are closely related concepts [72],
a single self-report questionnaire of anxiety may not capture the ‘stress-sensitivity’ that has been found
to be elevated during the early stages of psychosis. It is typically assessed at numerous time points
over an extended period, via the experience sampling method that allows us to assess participants’
reaction to daily stressors [112–114]. Future studies will use this method, which captures minute
fluctuations in both anxiety and subjective stress, as well as obtaining a more stable measure of stress
reactivity over an extended period. We also note the small sample size and low statistical power
may have impaired the detection of a potential relationship. Furthermore, contrary to our prediction,
we found that experimentally manipulating mild psychosocial stress in healthy individuals improved
metacognitive confidence and did not affect the sensitivity of SoA (prediction 5; experiment 4). In line
with the well-established inverted U-shape effect of stress on performance [115], we hypothesize that
the mild stress placed healthy participants in the upward part of the inverted U, as evidenced by their
enhanced metacognition. This finding highlights the importance of using a graded manipulation of
stress that will allow us to calibrate the effects of the stress manipulation on the participant’s subjective
experience, allowing us to compare participants’ performance at an equated level of subjective stress.
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Although stress did not impair SoA in the current experiments, we nonetheless believe that
paradigms integrating virtual reality and stress inductions are a promising avenue. It is well
recognized that preceding full-blown psychosis and schizophrenia, most individuals undergo a period
of heightened APS, in a risk period often coined ‘clinical high-risk’ [116–118]. Improving our ability
to accurately predict which at-risk individuals will eventually convert to full-blown schizophrenia
is a pressing goal that holds a potential to improve the harsh prognosis of schizophrenia. This has
led to an ongoing search for neurocognitive characteristics and biomarkers specific to the clinical
high-risk population in general and convertors in particular [71,119,120]. Yet the correlation between
various impairments and the actual prognosis is typically weak at best. In line with the prominent
role of stress in the etiology of psychosis and at-risk individual’s heightened reactivity to mild daily
stressors [112,113], we have recently hypothesized that neurocognitive performance under stress may
be of greater predictive value than neurocognitive performance per se [108]. Analogous to cardiac
patients that during rest exhibit an electrocardiogram similar to healthy controls and only under cardiac
stress (i.e., walking on a treadmill) is their signal differentiable. Neurocognitive deficits during the
at-risk phase may only be identifiable in a stressful environment that mimics the environment in which
psychosis typically occurs [108,121]. Importantly, experiment 4 served as a pilot study to examine
the effect of stress on neurocognitive capacities associated with the bodily-self in at-risk populations.
In the hope that performance under stress will yield insight into the etiology of psychosis and improve
our ability to predict conversion.

7. Conclusions

The current study examined embodied SoA using a virtual reality paradigm. We found a strong
connection between embodied SoA and other facets of the bodily-self, both replicating our previous
finding [46] that SoA is highly correlated across different domains of alteration, and finding that it is
correlated with interoceptive accuracy and body ownership. In addition, embodied SoA was correlated
with self-reported psychotic symptoms, further supporting the disturbance of the bodily-self in the
psychosis continuum. Finally, examining how embodied SoA is impacted by stress in a normative
population, we found that it was not impaired. Despite this finding, which was contrary to our
hypothesis, we believe that examining the effects of stress on embodied SoA in clinical populations
holds promise for better understanding the role of stress in the etiology of psychosis.
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Abstract: The clinical use of virtual reality (VR) has proven its efficacy, especially when used as
an exposure technique. A prominent property of VR’s utility is its equivalence with the reality it
represents. In this study, we explored this equivalence in a clinical context using neuroimaging.
A sample of 32 adults with specific phobias (i.e., to cockroaches, spiders, or lizards) was divided into
two groups: One was exposed to phobic stimuli using VR and the other was exposed to real phobic
images (RI). We used brain activations as a dependent measure, focusing specifically on brain areas
usually associated with fear processing. Whole-brain analysis detected higher activations for RI in
the hippocampus, occipital, and calcarine areas. A specific analysis of the amygdala and insula also
detected higher activations and extensions in response to RI, but VR stimuli also activated those areas
in a significant manner. These results suggest that even in those cases where RI stimuli activate all of
the brain’s fear-processing circuits, VR stimuli do so as well. This implies that VR can be useful as an
exposure technique similar to RI and applied as more than a mere training mechanism.

Keywords: virtual reality; real phobic images; anxiety disorders; specific phobia; fMRI; neuroimaging

1. Introduction

The use of virtual reality (VR) as a tool for psychological treatment has grown since it was first
employed [1] as an exposure procedure for the treatment of phobic disorders. Since then, many studies
have been conducted with VR as the main therapeutic resource, which has maintained interest in this
topic over the years [2]. Although VR has been employed in several therapeutic approaches, it most
often takes the form of “virtual reality exposure therapy” (VRET) [3].

The efficacy and efficiency of VRET have been proven in a considerable number of clinical trials
and experimental designs, as shown by several systematic reviews and meta-analyses [3–6]. There are
several reasons for this efficacy: VR is an intermediate step in graduated exposure, a safe condition in
which to train patients to cope with real stimuli. VR also enhances exposure when VRET is combined
with in vivo exposure [5–10]. Interestingly, two processes in the functioning of VR can be inferred
from these explanations: VR accurately represents real stimuli (exposure process [8]), and VR is an
opportunity to cope with a distressing stimulus (training process [11,12]).

The efficacy of VRET has a prerequisite related to the physical properties of the virtual scenarios
used. The key concept here is immersive technology. This concept is related to VR’s property of
“enveloping” participants and making them feel as if they are “actually there”. There are several
definitions of immersive technology [13]. These definitions share the idea that the more similar a virtual
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context is to a real one, the greater its immersive power. Technical characteristics (e.g., environments,
distinctness, movements) and the type of presentation (i.e., 3D) are physical attributes that can shape
a more immersive and consequently more effective VR [14]. Implicitly, the fact that VR scenarios
are “immersive” also means that they are processed similarly to real ones. However, this property
of sensation of presence, being a prerequisite, is not sufficient to explain the efficacy of VRET [15].
This efficacy seems to be supported in the property of VR to stimulate a brain representation to
create an embodied simulation of the body in the world, including main informational processes:
Visceral/autonomic, sensory, and motor information [15]. As a consequence, observed brain activations
as a function of VRET need to reflect this embodied simulation.

Functional magnetic resonance imaging (fMRI) studies have shed light on how patients with
phobias process phobic stimuli. According to systematic reviews and meta-analyses [16–20],
the presence of phobic stimuli is associated with greater activation of the left amygdala and insular
cortex than of other brain areas. Other structures involved in phobic responses are the fusiform
gyrus, the left dorsolateral prefrontal cortex, and the left cingulate cortex. Compared to the limbic
areas, frontal areas have been found to be less consistent and less stable in processing phobic stimuli.
These findings are congruent with the existence of a dual-route functional network in processing
feared stimuli [21–24]: Wave1, a short/unconscious route that involves a direct link between the
thalamus and the amygdala; and Wave2, a long/conscious route that involves the thalamus-sensory
and cortex-entorhinal cortex–hippocampus–subiculum–amygdala.

Given that therapeutic exposure is related to how patients process phobic stimuli, the activation of
these routes can have direct implications for exposure efficacy: Conscious routes imply more complex
processing and a better opportunity for patients to change the significance of a phobic stimulus and
develop a more adaptive response. In this regard, the present study was aimed at testing whether
exposure to virtual phobic stimuli in a group of patients with specific phobias (i.e., to small animals)
could activate the same brain regions as exposure to real image stimuli. We also intended to test
whether virtual stimuli could also facilitate the activation of the conscious Wave2 route in processing
phobic stimuli (as real image stimuli do) and to consider the implications of these data for the efficacy
of exposure techniques. Specifically, we planned to compare activity in empirically supported brain
regions associated with phobic stimulus processing.

2. Materials and Methods

2.1. Participants

The sample was composed of 32 adults. There were 26 (real phobic images (RI): 40.6%; VR: 40.6%)
female and 6 (RI: 9.4%; VR: 9.4%) male participants. Sixteen participants (mean age 35.25 years, SD 12.17)
were exposed to real images of small animals (i.e., cockroaches, spiders, or lizards), and 16 participants
(mean age 33.43 years, SD 10.26) watched films of virtual images of such animals. The phobic stimulus
matched the individual’s phobia.

All participants were right-handed and had normal vision. The main inclusion criterion was
being an adult with a diagnosis of specific phobia. The phobia had to be a primary psychological
disorder and not be explained by another health condition. Other inclusion criteria for participants
included not receiving any treatment for a specific phobia at the time of the study and not having any
impediment to undergoing a magnetic resonance imaging session.

2.2. Instruments

The Composite International Diagnostic Interview (CIDI), Version 2.1 (WHO, Geneve,
Switzerland) [25] was used to verify the diagnosis of phobia. The CIDI is a structured interview
for major mental disorders according to the CIE-10 criteria [26]. For the purposes of this study,
questions related to a specific phobia, social phobia, agoraphobia, and panic attacks were selected.
Participants diagnosed with a specific small-animal phobia were included (F40.218; [26]).
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The S–R Inventory of Anxiousness [27] is a 14-item inventory with a 5-point Likert-type scale that
assesses physiological, cognitive, and behavioral anxiety symptoms associated with an anxiety-inducing
situation. The phobic stimulus target is pointed out prior to the participant′s response. The inventory
has shown high internal consistency (0.95) and adequate convergent validity [27,28]. For the current
study, Cronbach’s alpha was 0.79.

The Beck Anxiety Inventory (BAI) [29] is a 21-item self-report instrument for assessing the severity
of anxiety states. Participants are asked to rate the severity of each symptom using a 4-point Likert-type
scale ranging from 0 (“Not at all”) to 3 (“Severely—I could barely stand it”). Total scores range from
0 to 63. Scores of 26–63 represent severe anxiety [29]. Cronbach’s alpha for the current study was
high (0.93).

Hand preference was assessed with the Edinburgh Handedness Inventory (EHI) [30].
This inventory consists of ten items: Writing, drawing, throwing, using scissors, toothbrush, knife
(without fork), spoon, broom, striking a match, and opening a box. Participants indicated the strength
of their hand preference for each of the 10 items by putting one or two ticks in the appropriate column,
or one tick in each column if they were indifferent about that item. The EHI provides a Laterality
Quotient ranging from +100 (totally right-handed) to −100 (totally left-handed).

2.3. Design

A 2 × 2 factor design was used: The first independent variable was “stimulus format” with two
levels (real images and virtual reality), and the second independent variable was “type of stimulus”
(phobic and neutral stimulus).

The stimuli consisted of small animals in motion. These were filmed in 3D video for the real
images. To control the presentation modality effects, 3D recorded movies were used as the models to
create the virtual reality stimuli. The arousal properties of these virtual reality stimuli were tested by
measuring activations of the brain regions of interest (ROIs) at the initial fMRI session. Because the
virtual stimuli were directly related to each specific phobia (i.e., participants with a spider phobia
received only spider stimuli), stimulus valence was not assessed. All participants were informed about
the stimulus format (virtual or real images).

Both the real image and virtual reality formats included both phobic stimuli (i.e., cockroaches,
spiders, or lizards) and neutral stimuli (i.e., wooden balls). All images were presented before an
identical white background. Stimuli were presented in 3D virtual reality video format (VR group) and
3D real image video format (RI group). Figure 1 shows examples of the RI and VR stimuli.

Figure 1. Example of the real image (RI) and virtual reality (VR) stimuli.

Participants were randomly assigned (direct method) to one of two groups: One received
the stimuli in virtual reality format (VR group) and the other received them as real images (RI
group). Participants were exposed to two different conditions: Phobic stimuli and neutral stimuli (i.e.,
wooden balls).
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We used neuroimaging activations as dependent variables. The images were filtered for ROI,
taking into account previous results with patients with phobias [16–20]. Nine regions were selected for
both hemispheres: Amygdala, hippocampus, insula, fusiform gyrus, occipital cortex (inferior, medial,
and superior), calcarine area, and thalamus.

Stimuli were recorded in 3D and projected in the MRI scanner in stereoscopic 3D video using Visual
Stim digital MRI-compatible 3D glasses (graphics card: GeForce 8600GT), (Resonance Technology Inc.,
Northridge, CA, US). We presented the stimuli using a block design. Each participant was randomly
presented with 16 blocks of phobic images and 16 blocks of images of wooden balls. The duration of
each block was 20 seconds.

2.4. Procedure

The study was conducted from April to July 2016. Phobic participants were recruited through
various media (i.e., website, press, flyers, radio, TV, and newspapers). Next, an e-mail with the
inventories was sent to possible participants. The initial diagnosis of specific phobia according to
participants’ inventory scores was corroborated by a semistructured interview. Those who did not
meet the inclusion criteria (or met the exclusion criteria) were excluded. In addition, due to the
interference with the fMRI analysis, participants with nonremovable metal devices were excluded.
Participants signed an informed consent form included in the study that had been approved by the
Ethics Committee for Research and Animal Welfare of the University of La Laguna (CEIBA2012-0033).
After their participation, subjects were entitled to receive as payment an eight-session free psychological
treatment for specific animal phobia.

2.5. fMRI Data Acquisition

Functional MRI data were collected with a 3T General Electric Signa Excite scan (General Electric,
Madrid, Spain). The BOLD signal was measured with an echo planar imaging sequence with 30 ms of
echo time, 2000 ms of repetition time, 25.6 of field of view, and 75◦ of flip angle. The image dimensions
were 64 × 64 × 32 mm with 4 × 4 × 4 mm voxel dimensions.

2.6. fMRI and Data Analysis

Brain images were analyzed with Statistical Parametric Mapping (SPM 12) software (London
University College, London, UK). Preprocessing procedures included realigning, coregistering,
segmenting (with forward deformation fields), normalizing (structural images with a 1 × 1 × 1 mm
voxel size and functional images with a 4 × 4 × 4 mm voxel size), and smoothing (Gaussian Kernel of
8 mm, FWHM). Images were rendered and adjusted to the standard brain template of the Montreal
Neurological Institute (MNI).

The 2 × 2 factor design was tested with a two-way ANOVA to compare the main effects
of image format and stimuli and the interaction effect between image format and stimuli on the
whole-brain activation.

In addition, images were filtered for ROIs (amygdala, hippocampus, insula, fusiform gyrus,
occipital cortex, calcarine area, and thalamus). All these ROIs were extracted from the WFU Pickatlas
3.0.5b (Radiology Informatic and Imaging Laboratory, Winston-Salem, NC, US) for SPM 12 with the
Automated Anatomical Labeling (AAL2) brain atlas and Brodmann areas atlas.

The Family-Wise Error (p < 0.05 FWE corrected) correction was used. However, noncorrected
probabilities were admitted when they were congruent with the biological model of phobias (but never
higher than 0.001 uncorrected). The error was corrected considering that there was activation when
the activated area was equal to or greater than a 3-voxel cluster with a voxel size of 4 × 4 × 4 mm.

3. Results

An initial statistical analysis was performed to test the comparability between the VR group and
RI group in anxiety measures (S–R and BAI scores). No significant differences (see Figure 2) were
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found between the two groups in these variables ((S–R: VR group M = 7.75, SD = 2.7; RI group M = 6.4,
SD = 4.22) (BAI: VR group M = 18.0, SD = 14.14; RI group M = 16.3, SD = 11.95)).

Figure 2. Anxiety measures.

After that, a two-way ANOVA (whole-brain analysis) was conducted with image format (virtual,
real) and type of stimulus (phobic, neutral) as independent variables. The whole-brain activations are
shown in Figure 3. The interaction effect was significant (F (1.60) = 25.22, p < 0.05). This value was
considered as the F score threshold. Moreover, an overall main effect was found for type of stimulus
(F (1.60) = 26.78, p < 0.05). This main effect revealed a significant difference between phobic stimuli
and neutral stimuli in brain activity: Fear-related stimuli generated higher brain activation than neutral
stimuli. There were no differences in brain activity according to the image format factor (virtual vs.
real phobic stimuli).

Figure 3. Whole-brain interaction effect. F (1.60) = 25.22, p < 0.05 (Family Wise Estimation (FWE)).

The following analyses were performed on the brain areas selected as ROIs. For exploratory
reasons, a significance threshold of p ≤ 0.001, uncorrected k ≥ 3, was used to detect subtle changes
in brain activation. In addition, to reduce the probability of false positive results, we set a contiguity
threshold for cluster volumes of at least 20 voxels with a size of 2 × 2 × 2 mm [31] and did not consider
clusters with a Z lower than 3.00. The fMRI comparisons between the RI group and the VR group in
ROI brain areas are summarized in Table 1. These results showed significantly higher activations with
real images in the hippocampus (R: F(1.60) = 25.77, p < 0.001; L: F(1.60) = 23.74, p < 0.001), fusiform
gyrus (F(1.60) = 48.44, p < 0.000), bilateral middle occipital cortex (R: F(1.60) = 41.25, p < 0.000; L:
F(1.60) = 46.09, p < 0.000), bilateral superior occipital cortex (R: F(1.60) = 44.78, p < 0.000; L: F(1.60) =
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37.34, p < 0.00), and bilateral calcarine area (R: F(1.60) = 32.07, p < 0.01; L: F(1.60) = 29.53, p < 0.01).
No differences were observed in the amygdala, insula, bilateral inferior occipital cortex, or thalamus in
RI compared to VR.

Table 1. fMRI comparisons between the RI group and the VR group in brain regions of interest (ROIs).

AREA Coordinates Hemisphere K Z P

Real Image > VR Phobics

Amygdala Right/Left n.s.

Hippocampus 22, −28, −6 Right 4 3.4 0.0001

Insula Right/Left n.s.

Fusiform gyrus 38, −72, −18 Right 11 4.54 0.0001

22, −64, 14 Right 3 4.51 0.0001

−34, -52, −22 Left 18 3.92 0.0001

−26, −68, −6 Left - 3.51 0.0001

34, −48, −14 Right 4 3.37 0.0001

Occipital cortex

Inferior Right n.s.

Middle 26, −88, 6 Right 49 4.29 0.0001

Superior 26, −72,34 Right 28 4.42 0.0001

Inferior Left n.s.

Middle −30, −72, 26 Left 38 4.47 0.0001

Superior Left n.s.

Calcarine area −14, −76, 1 Left 10 3.7 0.0001

Thalamus Right/Left n.s.

n.s.: Not significant. RI: Real Image; VR: Virtual Reality; AREA: Brain region, K: Voxel’s number, Z: Tipical score.

A new and specific ROI analysis was performed separately for the amygdala and insula as two
brain areas usually associated with the processing of anxiety-related stimuli, taking virtual vs. real
image phobic stimuli as an independent variable. Figure 4 shows the activation observed in the
amygdala. The response to real image stimuli was significant in a cluster in both the right amygdala
(18, 0, −14) and left amygdala (−26, −4, −22), which both exhibited intense activity (t mean = 6.21;
t SD = 0.20 right side, and t mean = 4.98; t SD = 0.54 left side). For VR stimuli, significant activity
occurred in both the right (18, 0, −14) and left clusters (−26, 0, −22), which showed similar intensity
(t mean = 4.59; t SD = 0.27 right side, and t mean = 4.40; t SD = 0.19 left side). These data revealed that
stimulus processing was greater and more extensive in the real image format than in virtual reality.
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Figure 4. Amygdala activation of phobic stimuli processing (virtual and real format) in an adult sample
with a specific phobia. RPh: Phobic real image; VRPh: Phobic virtual reality image.

Figure 5 shows activation of the insula. A similar activation was found in the right insula (42,
24, 2) with both real and virtual images. Yet, in the left insula, real images were associated with
greater intensity (Z = 7.10; p < 0.000; Z = 6.22; p < 0.000; Z = 5.47; p < 0.000; Z = 5.45; p < 0.000)
and extension (42, 24, 2; −46, 12, −6; −30, −28, 22; 38, −28, 22). These data suggest that fear-related
(compared to neutral) images preferentially activated many of the regions involved in a hierarchical
system responsible for organizing defensive behavior in both virtual and real image formats.

Figure 5. Insula activation of phobic stimuli processing (virtual and real format) in an adult sample
with specific phobia.

Finally, to test the research objective related to the functional processing of Wave2 with virtual
or real image phobic stimuli, new ROI analyses were performed: We explored the involvement of
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visual and limbic brain areas and their connectivity, selecting the Brodmann visual area and the
amygdala for study. The insula was also selected because of its functional relationship in processing
interceptive inputs. Figure 6 shows the results obtained. Initial data showed that visual processing
of the stimuli started similarly for both groups. The primary visual activity associated with phobic
stimulus processing (BA17) was similar in the RI and VR groups. However, there were differences in
the associative visual cortex (BA18 and BA19). Specifically, the real image was significant in a cluster
(46, −72, −6) of the right occipital cortex with very extensive (52 BA18 voxels and 59 BA19 voxels) and
intense activity (BA18 t mean = 4.75; t SD = 2.85 and BA19 t mean = 5.72; t SD = 3.82). In the VR
group, significant activity occurred in both right and left clusters. In the right cluster (46, −72, −6),
it was observed in the same coordinate with similar intensity (BA18 t mean = 5.71; t SD = 2.02 and
BA19 t mean = 4.90; t SD = 3.33), but was less extensive (4 BA18 voxels and 11 BA19 voxels). In the
left cluster (−30, −88, −18), significant activity was observed in the associative visual areas with the
same extension in BA18 and BA19 (15 voxels) and stronger intensity (BA18 t mean = 5.51; t SD = 2.96
and BA19 t mean = 4.44; t SD = 1.80). These results suggested differential Wave2 phobic stimulus
processing according to the image format.

Figure 6. Visual activation of phobic stimuli processing (virtual and real format) in an adult sample
with a specific phobia.

4. Discussion

In the present study, we attempted to test whether exposure to virtual phobic stimuli activated
the same brain areas as exposure to real image stimuli in a group of patients with phobias to small
animals. This was explored specifically in regions usually associated with phobic stimulus processing:
Amygdala, hippocampus, insula, fusiform gyrus, occipital cortex, calcarine area, and thalamus.

As pointed out by previous systematic reviews and meta-analyses, greater activations were
found in the areas traditionally involved in fear processing [16–20]. These activations were found
regardless of whether participants were exposed to virtual stimuli or real image stimuli. The absence
of a main effect of image format supports the idea that virtual reality activates similar brain areas to
those that real images do, including the regions involved in both Wave1 and Wave2 phobic stimulus
processing. Main differences between VR and RI phobic stimuli were observed in activation intensity:
Real images generated greater intensity in the hemodynamic response than virtual images. These data
support an idea that is simple, but has clear implications for exposure technique: Real phobic images
produce higher anxiety responses, but virtual stimuli also produce significant levels of anxiety [32].
These results can be understood as an initial endorsement of the use of VR as an exposure procedure [8]
and not as a mere training opportunity [11,12].

As mentioned above, both VR and RI activated the two fear processing routes, but greater
activation of the visual areas (inferior, medial, and superior occipital cortex and calcarine area) was
observed with RI stimuli. The differences between real and virtual images were not found in the
primary visual area (BA17), but in the associative visual areas (BA18 and BA19). The calcarine area has
been found to play a main role in the visual network associated with the conditioning of fear [33,34].
These data indicate a greater activation of the Wave2/conscious route when participants are exposed to
real image phobic stimuli. This greater involvement of associative visual processing has also been
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observed when the stimulus resembles the experience of the individual, as happens with in vivo
exposure to the phobic stimulus [35,36]. These results support the idea that real images activate more
areas from the Wave2 processing of phobic stimuli than VR and could be a therapeutic resource.
Brain activation with feared stimuli produces higher levels of distress, and maintaining exposure to
real images eventually starts to reduce anxiety. Consequently, the more patients become accustomed to
facing the feared stimulus, the less anxious they will be when they face it again and, therefore, the less
they will associate it with the expected negative response.

The study of the interaction between the independent variables in the various brain areas selected
for their involvement in phobia processing, as shown by the ANOVA, revealed differences in the brain
activation of cortical perceptual regions, but not in the limbic system regions. However, the differences in
the ROI analysis observed in the amygdala and insula indicate that fear-related stimuli produced higher
and more extensive brain activation when real images were processed compared to images presented
in virtual reality. As shown by the data, there was also a greater activation (and extension) in the left
insula when participants were exposed to RI compared to VR stimuli. It has been proposed that the
insula integrates bottom-up interoceptive signals with top-down information [37]. Specifically, a signal
is activated when affective visual stimuli are processed and this signal is guided by certain top-down
requirements. The presence of feared stimuli represents an excellent opportunity for these requirements.
Subsequently, this signal can be conveyed to control regions such as the prefrontal cortex for appropriate
behavioral output. This “appropriate” behavior may take the form of an escape behavior for patients
with phobias. In fact, the higher intensity of insula activation during real phobic stimulus presentation
can be associated with more escape behaviors [38]. In addition, VR stimuli may be more suitable for
the exposure procedure because they are less likely to activate escape behaviors.

As virtual stimuli affect ROIs that are usually related to brain responses to phobias, VR produces
a significant subjective experience and generates a sense of presence. Thus, virtual phobic stimuli can
produce a significant level of anxiety. Yet, as shown by the differences in brain activation, the immersive
properties of virtual stimuli are lower than those of real images, but VR also activates a complex neural
connectivity, including several associative areas, far from a mere activation of fear circuitry. Does this
imply that VR can initiate an embodied simulation, aside from a rigorous representation of fear stimuli?
As cited [15], embodied simulation is being proposed as the key mechanism for why VRET is effective,
because VR provides a mental internal model, as a predictive coding regulating the body in its context
effectively. As a result, more thorough experimental designs (with precise brain measures regarding
embodiment) are needed.

Meanwhile, in practice, exposure to real phobic images produces higher activations and it also
may require a greater effort to voluntarily inhibit emotional activation than exposure to virtual stimuli
and consequently may lead to more escape behaviors. Although there are no conclusive data on
this [39], given that VR phobic stimulus exposure activates fewer escape behaviors, lower attrition
rates and more therapeutic adherence can be expected, as reported by other studies [7,9,39,40]. For this,
according to our data, virtual phobic stimuli require two paradoxical properties: They must be as
similar as possible to real stimuli to activate the mechanisms associated with fear responses, but at the
same time, participants need to be able to identify them as virtual.

This study has several limitations. First, the small sample size may have affected the reliability of
the results [41]. In addition, also due to sample size, sex differences could not be taken into account.
Furthermore, this study only used one type of specific phobia (i.e., small animal phobia) with few
experimental stimulation conditions: Data about comorbid phobias and evolution time were not taken
into account, and these data can affect results. Moreover, we did not assess participants’ level of
disgust as an emotional state different to fear/phobia [42], nor did we measure their escape behavior.
However, the role of neural activity with escape/avoidance behavior is well established [43]. To add,
we used 3D filmed real phobic stimuli as a representative condition to in vivo exposure, but this
equivalence was not tested. Finally, we did not establish if the results were due to a phobic condition
or could also be observed in anxious nonphobic individuals.
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5. Conclusions

In short, the small animal images filmed in both real image and virtual reality formats generated
the functional activation of the brain regions involved in the emotional processing of fear—thalamus,
amygdala, hippocampus, fusiform gyrus, insula and occipital cingulate, and prefrontal cortices—in
phobic individuals. However, real images produced more intense brain activations and a different
pattern of hemodynamic responses than those elicited by virtual reality stimuli. This notwithstanding,
these differences do not preclude the use of VR as an exposure resource, as the virtual images provided
a sufficiently intense distress response in phobic individuals, activated a conscious process pathway,
and, furthermore, led to fewer escape behaviors. These data support the use of virtual reality as an
exposure procedure in the treatment of phobia disorders with similar properties to activate underlying
mechanisms of exposure techniques.
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Abstract: The cognitive behavioral treatment of generalized anxiety disorder (GAD) often involves
exposing patients to a catastrophic scenario depicting their most feared worry. The aim of this study
was to examine whether a standardized scenario recreated in virtual reality (VR) would elicit anxiety
and negative affect and how it compared to the traditional method of imagining a personalized
catastrophic scenario. A sample of 28 participants were first exposed to a neutral non-catastrophic
scenario and then to a personalized scenario in imagination or a standardized virtual scenario
presented in a counterbalanced order. The participants completed questionnaires before and after
each immersion. The results suggest that the standardized virtual scenario induced significant anxiety.
No difference was found when comparing exposure to the standardized scenario in VR and exposure
to the personalized scenario in imagination. These findings were specific to anxiety and not to the
broader measure of negative affect. Individual differences in susceptibility to feel present in VR was
a significant predictor of increase in anxiety and negative affect. Future research could use these
scenarios to conduct a randomized control trial to test the efficacy and cost/benefits of using VR in
the treatment of GAD.

Keywords: Generalized Anxiety Disorder (GAD); virtual reality; exposure in virtual reality; cognitive
exposure; standardized scenario; personalized scenario

1. Introduction

In the treatment of anxiety disorders, exposure is defined as “any procedure that confronts the
person with a stimulus which typically elicits an undesirable behavior or an unwanted emotional
response” [1] (p. 121). This stimulus can take an animate form (animal, insect), inanimate
(heights, storms), a situation (public speaking), or even a thought (memories of a traumatic event,
anticipation of a catastrophe). Regardless of the stimulus, the purpose of exposure is to learn
new mental associations between the stimuli and lack of threat [2,3]. Considering that exposure
requires confronting feared stimuli, the confrontation is associated with an increase in anxiety [4].
Studies have demonstrated that, compared to people who do not suffer from an anxiety disorder,
immersions in virtual reality (VR) can elicit anxiety in people suffering from specific phobia [5],
and from obsessive-compulsive disorder characterized by fear of contamination [6] or by checking
behaviors [7]. Several studies, summarized in literature reviews (e.g., [8]) and meta-analyses
(e.g., [9–11]), have documented the relevance and efficacy of using VR to conduct exposure (also called
in virtuo exposure, [12]) in the treatment of anxiety disorders.
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VR is defined as the product of using computer and behavioral interfaces to simulate the
behavior of 3D entities that interact in real time with each other and with a user immersed via
sensorimotor channels [13]. VR systems are designed so images viewed in a head mounted display
(HMD) change according to the user’s head movements. When immersed in VR, individuals can
explore different environments, allowing them to feel as if they are physically in this synthetic
environment [14]. This feeling of being “in” the virtual environment is called ‘’presence” [15] and is
considered an important feature of VR.

Conducting exposure in virtuo in the context of cognitive behavior therapy (CBT) has several
benefits when compared to in vivo exposure. First, in virtuo exposure allows a greater control over
the environment, which can be practical for both therapists and patients [16]. Unanticipated events
(e.g., poor conditions during an airplane flight or unexpected animal/insect reactions) are less likely,
allowing a more controlled exposure session. In virtuo exposure also provides greater standardization
of the exposure cues, which can be useful for researchers as well as clinicians. Finally, using VR is
considered more attractive than in vivo exposure for some patients [17].

However, creating virtual environments for in virtuo exposure for the treatment of generalized
anxiety disorder (GAD) could be more complex than with other anxiety disorders. GAD is defined
by excessive anxiety or worries almost every day for at least six months and concerning a variety of
themes. It is characterized by fear of negative and uncertain future events [18–20]. As opposed to other
anxiety disorders, people suffering from GAD are not essentially afraid of specific and concrete stimuli.
They are afraid of uncertainty accompanied with a broad range of situations. In the cognitive-behavioral
treatment of GAD, exposure is often conducted in the imagination, where patients have to repeat
mentally or write down a scenario depicting one of their worst catastrophic worries [21,22].

Using VR for exposure with GAD has its share of advantages [23]. For example, not all patients are
good at imagining or visualizing feared situations, yet exposure in imagination is often used with GAD
patients. It may be difficult to know what patients are thinking about, if they are engaged in avoidance
or neutralization behaviors while doing exposure, or if the right stimuli are included in the scenario.
With respect to neutralization, subtle avoidance and safety seeking behaviors, using standardized
scenarios reduces the risks of avoidance because the content of the scenario is known and visible to the
therapist during the immersion in VR.

Previous work has been conducted to identify common ingredients in the exposure scenarios of
actual GAD patients [24] and to proposed standardized scenarios that can be used for exposure [25].
Empirical data collected with GAD patients exposed in imagination to their personal worry scenarios
or to the standardized ones showed that standardized scenarios can elicit anxiety (as measured with
self-report and heart rate) and negative affect [25]. In their research, Guitard and her colleagues [25]
demonstrated that the effect size of exposure in imagination to the individualized scenarios was
slightly higher than the standardized ones on the measure of heart rate but, nevertheless, the results
were positive enough to warrant transposing the scenarios used in imagination into VR scenarios and
testing them with people suffering from GAD.

Accordingly, the goal of the current study is to document the potential of virtual environments
adapted from catastrophic scenarios to induce the anxiety necessary to eventually use VR as an exposure
strategy in the treatment of GAD. Three exposure scenarios are compared: (a) exposure to a neutral
virtual environment; (b) exposure in imagination to a personalized scenario (IM-Exp); and (3) exposure
in VR to a standardized scenario (VR-Exp). Each participant was exposed to all three conditions, first to
the neutral environment and then to exposure in imagination or in VR, in random order. The hypothesis
was that exposure in VR will induce more anxiety than the neutral scenario. Power estimations were
performed before the study, with medium to large effect sizes expected for this hyposhesis based on
results from other studies [5,6,25]. To prevent having to prove the null hypothesis (i.e., in virtuo being
as effective as in vivo) without justification, no formal hypothesis was expressed for the comparison
between exposure in VR and in imagination, and no power estimation was conducted a priori.
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2. Materials and Methods

2.1. Participants

Inclusion criteria for this study were as follows: (a) primary diagnosis of GAD, (b) aged between
18 and 65, and (c) never having experienced VR before. The Randot Stereo™ test from Western
Ophtalmics was used to assess if participants have stereoscopic vision. Exclusion criteria consisted
of: (a) suffering from an anxiety disorder other than GAD as primary diagnosis; (b) suffering from
claustrophobia, because the experimentation was held in an immersive CAVE-Like system, a rather
confined area; (c) use of benzodiazepines, because of the impact this type of medication might have on
the variables measured; and (d) suffering from any of the following health issues (due to potential
interactions with VR): diseases related to the inner ear or vestibular system, cardiovascular diseases or
circulatory disorders, migraines, blood pressure disorders or diabetes. The final sample included a
total of 28 participants who all met the criteria.

2.2. Procedure

Participants were recruited through the Université du Québec en Outaouais (UQO) via email and
posters. The project, conducted in concordance with the Declaration of Helsinki and the Canadian
Tri-Council policy statement for ethical conduct for research involving humans, was approved by the
Ethics Committee of UQO and participants signed a free and informed consent form. All individuals
who wanted to participate in the study were first briefly screened by phone in order to assess whether
or not excessive worry seemed present. In cases where anxiety was caused by another disorder, they
were referred to another service. When GAD seemed probable and exclusion criteria were screened, a
first meeting was scheduled to proceed to the complete evaluation using the ADIS-IV. The participants
included in the study were randomly assigned to one of the two conditions: (a) exposure to a
standardized scenario in VR followed by exposure to an individualized scenario in imagination
(VR-Exp/IM-Exp; n = 13) or (b) exposure to an individualized scenario in imagination followed by
exposure to standardized scenario in VR (IM-Exp/VR-Exp.; n = 15). At the end of the assessment
session, all participants were given a battery of questionnaires to complete alone at home (without
consulting other people) and return at the following meeting. In session 2, participants were asked
to identify a worry theme and write a catastrophic scenario based on their worst fear. The writing of
the scenario began during the session to allow time for the therapist to review the content and give
feedback to the participant. Following this, participants were asked to further improve their scenario,
if needed. They were told not to read their scenario at home to avoid habituation. A third and final
session was scheduled in which the exposures took place. Each participant was first immersed in
a neutral non-catastrophic virtual environment for 5 min that consisted of a quiet and empty room
with a glass door and the sun shining in from large windows. Participants were asked to physically
walk around the room to familiarize themselves with VR. Following the first experimental exposure
scenario (either in VR or in imagination), a distraction task was performed where participants were
asked to dash the A letter each time it occurred in a random and incomprehensible text. Following the
distraction task, the other experimental exposure session took place. At the end of the third session,
debriefing was completed to ensure the well-being of the participants following the brief exposure to
the anxiety provoking scenarios and offer relevant clinical referrals, if necessary.

2.3. Virtual Environments (VE)

The three standardized exposure scenarios used in imagination by Guitard et al. [25] were
recreated in VR and the experimenter selected one based on the main worry theme as reported by
the participant: (a) VE 1: an emergency room (used with 11 participants), (b) VE 2: an apartment
(used with 15 participants), or (c) VE 3: a student room (used with 2 participants).
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2.3.1. VE 1: Emergency Room

This environment was created with the intention of eliciting worry in participants suffering mostly
from worries related to health. The participant was immersed in a hospital emergency waiting room.
Other patients are nearby and display symptoms of sickness (coughing) or fatigue. One is wearing a
disposable face mask. Sounds are heard, such as a mother crying after receiving bad news concerning
her child, and a wife is told that nothing can be done to save her husband, etc. Other patients are called
to see the doctor, but not the participant. At some point, doctors come into the waiting room and
discuss a case while looking at the participant, who cannot, however, understand what they are saying.

2.3.2. VE 2: Apartment

The setting for this scenario is an apartment that participants are invited to visit. Participants
first overhear a conversation taking place behind closed doors suggesting that an accident has
occurred. Afterwards, a special announcement is made on the radio regarding recent burglaries
in the neighborhood. At the same time, a rock is thrown at the window, and when the participant looks
out the window, a group of men is seen roughing up another individual. Finally, a brief message is left
on the answering machine. Seven message options are available to choose from: (a) the police calling
because a loved one was involved in an accident, (b) the doctor calling regarding test results that were
previously overlooked, (c) the participant’s spouse, either male or female, is saying that they have
met a new lover and are leaving, (d) the bank needs to be called back regarding several late payments
and is threatening to take action, (e) a receptionist from work calling regarding recent budget cuts
and a problem involving the participant, (f) the university calling regarding unpaid tuition fees and
the impossibility of registering for the semester, or (g) the school is calling regarding the participant’s
child’s recent behavior and academic problems.

2.3.3. VE 3: Student Room

The third environment, created for students, alludes to both academic difficulties and social
isolation. The participant is in his or her room having to study for upcoming exams. Scattered unpaid
bills are visible and suggest financial difficulties. Voices are heard coming from the hall, talking about
a student who is failing out of the program. Roommates heard from another room are planning a party
to which the participant is not invited and that might, furthermore, disrupt his or her study time.

2.4. Measures

2.4.1. Diagnostic and Clinical Measures of Severity

An initial diagnosis of GAD was made using the ADIS-IV at the first session. Questionnaires
were then given to each participant to be filled out at home and brought back at the next session.
Those questionnaires were used to further assess each participant and assess the clinical severity of the
sample as well as describe VR factors that may influence the results.

Diagnostic Measure: Anxiety Disorders Interview Schedule for DSM-IV (ADIS-IV)

This semi-structured interview allows for a thorough evaluation of anxiety disorders as well
as mood disorders, substance-abuse disorders, and somatoform disorders as they hold the higher
comorbidity rates with anxiety disorders. The ADIS-IV [26] was used for diagnostic purposes and the
severity score on the diagnosis of GAD is reported to describe the sample.

Clinical Measure: Penn State Worry Questionnaire (PSWQ)

The French translation of this questionnaire [27] comes from Ladouceur et al. [28]. This 16-item
questionnaire measures the level of worry typical to GAD on a scale of 1 to 5. The psychometric
properties of the English version are very good, with good internal consistency (Cronbach’s alpha
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ranging from 0.86 to 0.95) and test retest reliability (ranging from 0.74 to 0.93) [29,30]. The same
was found for the French version (see [30]) indicate equally good validity and internal consistency.
The PSWQ was used to describe the sample.

Clinical Measure: Cognitive Avoidance Questionnaire (CAQ; Original French Version)

Cognitive avoidance plays an important role in maintaining excessive worry in GAD.
This measure [31] was therefore used to evaluate the degree of cognitive avoidance in the sample.
Studies have indicated good psychometric features for this scale with a Cronbach’s alpha of 0.95 for the
totality of the items on an adult sample and of 0.92 on a sample of adolescents, both non-clinical samples.

2.4.2. Measures of Users’ Experience in Virtual Reality

These questionnaires measure important concepts in clinical applications of VR. They allow
comparing reactions of participants from one study to another.

Users’ Experience: Presence Questionnaire (PQ)

The PQ is a French-Canadian translation (validated by the Cyberpsychology Laboratory of
UQO [32]) of the Witmer and Singer Presence Questionnaire [33]. This questionnaire contains 24 items
in the form of closed-ended questions, on a scale of 1 (“not at all”) to 7 (“completely”), and as a
measure of presence it is useful to describe how participants perceive the properties of the virtual
environments and the technology used. Cronbach’s alpha reaches 0.84. The duration of administration
was approximately 7 min.

Users’ Experience: Gatineau Presence Questionnaire (GPQ)

This questionnaire was created by the Cyberpsychology Laboratory as a brief supplement to the
PQ to address the experience felt by the users while immersed [6]. It includes four questions, on a
scale of 0–100. The GPQ has a Cronbach’s alpha of 0.69.

Users’ Experience: Simulator Sickness Questionnaire (SSQ)

This questionnaire is a French-Canadian translation (validated by the Cyberpsychology
Laboratory of UQO [34]) of the Simulator Sickness Questionnaire [35] designed to measure the level
of unwanted negative effects induced by the immersions in VR. It consists of 16 items, rated on a
four-point scale. This questionnaire was administered to participants for the first time at the beginning
of the meeting involving virtual reality, in order to know their physical state well before the first
immersion (results not shown) and after the immersion in VR. Cronbach’s alpha reaches 0.87. The SSQ
was scored according to guidelines from Bouchard et al. [34] and the raw total score is reported.

2.4.3. Dependent Variables

The following questionnaires were used as dependent variables to assess the level of anxiety and
negative affect throughout the experimentation process of the third session. Participants had to fill out
these questionnaires after each exposure session.

Dependent Variable: State Scale of the State Trait Anxiety Inventory—Form Y1 (STAI-Y1)

The French version of this questionnaire [36,37] was used. Only the Y-1 version (state form) was
retained for the present study because the goal of the project was to assess anxiety levels at different
times during the experimentation rather than evaluate anxiety traits in the participants. The French
version of this measure has excellent psychometric values, with a Cronbach’s alpha of 0.94 and 0.86 for
men and women, respectively [36].
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Dependent Variable: Negative Affect Scale of the Positive and Negative Affect Schedule (PANAS)

The French-Canadian version [38] of the questionnaire developed by Watson, Clark and
Tellegen [39] was used. It consists of two scales; one measuring positive affect and the other negative
affect. Only the negative affect subscale is reported here, given the study’s focus on anxiety. Items
represent different feelings and emotions that are rated on a 5-point scale ranging from 1 (“very slightly
or not at all”) to 5 (“extremely”). Internal consistency of the negative affect subscale is adequate,
with a Cronbach’s alpha ranging from 0.80 to 0.84.

2.4.4. Predictors of Levels of Anxiety and Negative Affect During the Immersion in VR

Predictor: Intolerance of Uncertainty Scale (IUS; Original French Version)

This questionnaire [20] rates the degree of intolerance to uncertainty using 27 items that describe
uncertainty as negative and something to be avoided. Participants have to rate each item on a 5-point
Likert scale ranging from 1 (“not at all characteristic of me”) to 5 (“entirely characteristic of me”).
This measure possesses very good internal consistency (Cronbach’s alpha of 0.91) and good convergent
validity with the PSWQ. Also, the main advantage of this measure is its good sensibility and specificity
to excessive worry that allows it to be administered more than once during treatment to assess
progress [21]. The IUS, and the following two questionnaires, were used to describe the sample and
explore potential predictors of patient’s reactions in VR.

Predictor: Why Worry-II (WW-II)

This questionnaire is a revised version of the original Why Worry [31]. It assesses positive
beliefs about worry with five different subscales: (1) worry as a problem solving tool; (2) worry helps
motivate; (3) worrying protects and prepares in the face of a negative outcome; (4) worrying can,
in itself, prevent a negative outcome and (5) worry is a positive personality trait. This self-reported
measure contains 25 items ranging from 1 (“not at all true”) to 5 (“absolutely true”). This questionnaire
possesses good test-retest reliability (r = 0.81) and internal consistency (Cronbach’s alpha of 0.93) [40].

Predictor: Immersive Tendencies Questionnaire (ITQ)

This questionnaire is a French-Canadian translation (validated by the Cyberpsychology Laboratory
of UQO [32]) of the Immersion Tendencies Questionnaire [33] and contains 18 items calculated on a scale
of 1 (“never”) to 7 (“often”). This questionnaire aims to measure the predisposition of the individual to
experience presence. It was administered only once. Cronbach’s alpha reaches 0.78.

2.5. Experimenters and Hardware

Four experimenters, all doctorate students with training in CBT for anxiety disorders, conducted
the study. Supervision was made available to them and provided by a licensed psychologist.
The immersions in VR were conducted in a 6-side CAVE-Like system using retro projected stereoscopic
displays and wireless motion tracking (see Laforest et al. [6] for a technical description and a picture).

3. Results

3.1. Sample Description

The sample (N = 28) consisted of 24 women and 4 men with a primary diagnosis of GAD.
They were all francophone with a mean age of 38.33 (SD = 12.78). According to the PSWQ, participants
scored within the range of adults suffering from GAD. Comorbid disorders were diagnosed in 64.3%
of the sample—social anxiety being the most frequent (n = 8) while others were specific phobias
(n = 4), panic disorder (n = 3), obsessive-compulsive disorder (n = 1), and other diagnosis (n = 2).
Further description of the sample is provided in Table 1. No differences were found between the two
conditions on the GAD severity (as assessed with the ADIS-IV and the PSWQ), on how they perceived

148



J. Clin. Med. 2019, 8, 309

the quality of the VR system (PQ), and in unwanted negative side effects induced by the immersion in
VR (SSQ).

Table 1. General description of the sample.

Variable N % Mean (SD)

Nationality
Canadian 25 89.3
Senegalese 1 3.6

Level of education
University (some or completed) 18 64.3
College or professional diploma 5 17.9
High school diploma 3 10.7
Some high school 2 7.1

Socioeconomic status
High 9 32.1
Middle 15 53.6
Low 4 14.3

Marital status
Married 10 35.7
Single 8 28.6
Common-law partner 8 28.6
Divorced 2 7.1

Descriptive clinical measures of generalized
anxiety disorder

Anxiety Disorders Interview Schedule-IV severity of GAD 5.7 (0.93)
Penn State Worry Questionnaire 59.88 (8.89)
Cognitive Avoidance Questionnaire 68.32 (20.35)

Descriptive measures of users’ experience
in virtual reality

Presence Questionnaire after the VR-Exp scenario 61.17 (19.05)
Gatineau Presence Questionnaire after the VR-Exp scenario 89.90 (14.32)
Simulator Sickness Questionnaire after the VR-Exp scenario 9.57 (6.65)

Predictive measures selected for
exploratory analyses

Intolerance of Uncertainty Scale 68.61 (21.62)
Why Worry-II Questionnaire 47.29 (17.93)
Immersive Tendencies Questionnaire 70.88 (16.81)

3.2. Statistical Analyses

Prior to analyses, all variables to be used in further analyses were examined for accuracy of data
entry, missing values, normality of distribution, and univariate outliers. After ensuring that there
were no errors in data entry or missing values, we screened for extreme kurtosis and skewness values
(below 1.5 or above −1.5), which would indicate non-normal distributions. The negative affect scale of
the PANAS (neutral scenario and second exposure) had extreme kurtosis values. We also screened for
univariate outliers on the state anxiety scale of the STAI and the negative affect scale of the PANAS.
When univariate outliers were found, they were winsorized to the next most extreme but acceptable
value in that condition (with a z-score less than 1.96 or above −1.96). To do so, z-scores were first
obtained for all variables to be used in further analyses. When a z-score was greater than 1.96 or less
than −1.96, the next most extreme but acceptable value in the same condition was found and replaced
the extreme value that needed to be winsorized. This procedure eliminated all outliers and extreme
skewness and kurtosis values. Parametric analyses were then performed, with descriptive results
reported in Table 2 (note that results were similar if the data is not corrected for outliers).
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Table 2. Means and standard deviations of dependent variables in each experimental condition for the
three scenarios.

Measure and Scenario Condition

IM-Exp/VR-Exp VR-Exp/IM-Exp

M (SD) M (SD)

STAI-Y1
Neutral environment 39.67 (10.83) 41.92 (13.12)
Exposure scenario 1 50.20 (12.81) 46.00 (12.91)
Exposure scenario 2 47.00 (12.66) 51.00 (14.74)

PANAS_NA
Neutral environment 15.47 (5.14) 15.08 (4.25)
Exposure scenario 1 18.33 (6.23) 17.23 (5.12)
Exposure scenario 2 15.67 (3.60) 19.46 (8.61)

Note: IM-Exp = exposure to a personalized scenario in imagination, VR-Exp = exposure to a standardized scenario
in virtual reality.

Following data screening, variables were analyzed with repeated measures ANOVAs, followed by
a priori orthogonal within-subjects contrasts. Contrasts focused on the impact of the neutral scenario
and first exposure and of the first and second exposures on the cognitive exposure group compared
to the virtual exposure group. All Mauchly’s (sphericity) values were non-significant, therefore
the non-corrected values were used. To control for Type-I error rate, Bonferroni corrections were
applied. Controlling with ANCOVAs for the use of three standardized scenarios did not change the
interpretation of the results. When results were not significant, the expected number of participants
required to detect a significant difference at alpha = 0.05 with a power of 0.80 is reported based on
Cohen [41] to illustrate the magnitude of the differences.

Descriptive information and results for all dependent variables following the ANOVAs are
reported in Tables 2 and 3 respectively. For the main effect of Time, a repeated measures ANOVA
showed a significant increase in anxiety as measured with the STAI-Y1, when comparing exposure to
the neutral VE and exposure to either a catastrophic scenario (traditional personalized scenario or VR
scenario, see Figure 1 for illustration). The interaction was non-significant, indicating that exposure to
the traditional personalized scenario over time did not elicit more anxiety than exposure to the virtual
scenario. The first contrast revealed that the first exposure to either the traditional personalized scenario
or the virtual scenario was significantly more anxiety provoking than exposure to the neutral scenario
[t(26) = 3.82, p < 0.001, eta-squared = 0.22, effect size = large, power = 0.96]. The interaction contrast
was non-significant [t(26) = −0.58, p > 0.05, eta-squared = 0.006, effect-size = very small, power = 0.10,
expected N to detect a significant difference with a power of 0.80 > 2000], showing that both scenarios
induced anxiety. The contrast from the first exposure to the second exposure was non-significant
[t(26) = 0.48, p > 0.05. eta-squared −0.004, effect-size = very small, power = 0.07, expected N to detect
a significant difference with a power of 0.80 > 2000], suggesting that the first exposure was not more
anxiety provoking than the second exposure, regardless of the scenario. However, the interaction
contrast was significant [t(26) = 2.20, p < 0.05, partial eta-squared = 0.09, effect-size = medium,
power = 0.65], indicating that the traditional personalized scenario elicited more anxiety than the VR
scenario. The interaction did not remain significant when applying the Bonferroni correction.
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Results on the negative affect scale of the PANAS were somewhat different (see Figure 2 for
illustration). In the group first exposed to traditional cognitive exposure, negative affect decreased in
the second exposure whereas the second group, first exposed to VR, shows an increase in negative affect
when exposed to the traditional personalized scenario. The results for the main effect of Time from the
ANOVA revealed non-significant increase in negative affect overall. The first a priori contrast indicated
that negative affect did significantly increase from the neutral scenario to the first exposure in both
scenarios [t(26) = 2.59, p < 0.05, eta-squared = 0.11, effect-size = medium, power = 0.78], although the
increase did not remain significant when applying the Bonferroni correction. The interaction contrast
was non-significant [t(26) = 0.94, p > 0.05, eta-squared = 0.02, effect-size = small, power = 0.20, expected
N to detect a significant difference with a power of 0.80 = 344], revealing a similar and only slight
increase in negative affect. The second a priori interaction contrast was non-significant [t(26) = 2.03,
p > 0.05 eta-squared = 0.07, effect-size = medium, power = 0.60, expected N to detect a significant
difference with a power of 0.80 = 120], although the effect size was close to significance.

Table 3. Results of main effects of repeated measures ANOVAs for the comparative effect of cognitive
exposure generalized anxiety disorder (GAD) scenarios presented in imagination and in virtual reality.

Effect MS df F p ηp2

STAI-Y1
Time 564.10 2 9.03 < 0.001 0.258
Time × Condition 129.96 2 2.08 0.135 0.074
Condition 4.06 1 0.01 0.92 0.000

PANAS_NA
Time 53.87 2 2.97 0.60 0.102
Time × Condition 48.75 2 2.69 0.078 0.094
Condition 56.38 1 0.61 0.44 0.023

 
Figure 1. Illustration of the differential impact of exposure to a neutral scenario in virtual reality,
a personalized scenario in imagination (IM-Exp) and a standardized scenario in virtual reality (VR-Exp)
on the self-report measure of anxiety.
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Further exploratory analyses were conducted to study predictors of the impact of the exposure to
the standardized catastrophic scenarios in VR. To respect a subject-to-variable ratio that minimizes
parameter inflation and maximizes replicability, only three predictors were selected: two variables
related to GAD (intolerance of uncertainty—IUS, and beliefs about worry—WW-II) and one related
to VR (immersive tendencies - ITQ). Prior to performing the analyses, data were screened for
linearity (by examining a scatterplot), multicollinearity (by verifying the tolerance and VIF values),
autocorrelation among the residuals (by verifying the Durbin-Watson values and examining a
scatterplot), multivariate normality (by examining a histogram), and homoscedasticity (by examining
a scatterplot). All assumptions were met.

In the exploratory predictor analyses of state anxiety during exposure to the standardized scenario
in VR, the main regression was significant [adjR2 = 0.44, F(3, 24) = 7.29, p < 0.01]. Two predictors were
significant, the usefulness of worrying (WW-II; t = 2.99, partial r = 0.46, p < 0.01) and the immersive
tendency (ITQ; t = 4.14, partial r = 0.63, p < 0.001). Intolerance of uncertainty was not a significant
predictor (IUS; t = −0.9, partial r = −0.15, p = 0.35 ns). The exploratory predictor analyses of negative
affect was significant [adjR2 = 0.32, F(3, 24) = 4.79, p < 0.05], with only the immersive tendency standing
out as a significant predictor (ITQ; t = 3.54, partial r = 0.6, p < 0.01). Regression parameters were not
significant for the WW-II (t = 1.62, partial r = 0.27, p = 0.12 ns) and the IUS (t = −0.22, partial r = −0.04,
p = 0.83 ns). The scaterplots in Figure 3 illustrate the tendecy, and individial differences, for higher
predispositions to feel present in VR to be associated with more anxiety and negative affect.

 
Figure 2. Illustration of the differential impact of exposure to a neutral scenario in virtual reality, a
personalized scenario in imagination (IM-Exp) and a standardized scenario in virtual reality (VR-Exp)
on the self-report measure of negative affect.
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4. Discussion

The goal of the current study was to assess the potential of VR scenarios to elicit anxiety in GAD
patients, with the long-term research goal of facilitating cognitive exposure in CBT. The current study
compared a standardized scenario in VR and a traditional personalized scenario. More precisely,
we compared traditional exposure in imagination using a personalized catastrophic scenario to
exposure in VR to a standardized scenario. Exposure to a neutral scenario was used as a baseline for
comparisons. We hypothesized that exposure in VR to the standardized scenario would be significantly
more anxiety provoking than the neutral scenario. No specific hypothesis was formulated for the
comparison between the modalities of exposure.

Our first hypothesis was supported. The state anxiety scores during exposure in VR and in
imagination were significantly higher than the baseline. Results were also in the same range than in
the Guitard et al. [25] study, where participants had to imagine the scenarios instead of being exposed
to them in VR, and to studies using VR for other anxiety disorders (e.g., [6,7]). The actual difference
between exposure to standardized scenarios in VR and personalized scenarios in imagination was
significant only when the sequence of exposure sessions was counterbalanced and it did not remain
significant after controlling for the number of comparisons. The effect size and statistical power of the
comparisons between the two exposure modalities deserve attention. When compared to the neutral
scenario, the increase in anxiety experience in the personalized scenario in imagination versus the
standardized scenario in VR is associated with a small effect size and more than 2 000 participants
would be required to detect a significant difference in the two exposure modalities. This is supporting
the potential of VR with GAD patients. However, the direct comparison of the two modalities with
each other (i.e., the interaction contrast between the exposure scenarios) is associated with a medium
effect size and a lack of power explains why the difference does not remain significant after controlling
for the number of comparisons. Overall, this suggests that personalized scenarios may be more anxiety
provoking. Based on the multiple regression analysis, we can speculate this may be especially relevant
for people who have a strong susceptibility to be immersed in VR. Nevertheless, the potential of using
standardized scenarios in VR remains promising because it did elicit anxiety in GAD patients.

The findings are even more interesting because they were observed on the anxiety measure,
but not on the less specific measure of negative affect. To be more precise, the impact of the exposure
sessions mirror those of the anxiety measure on the a priori contrasts, but the differences do not remain
statistically significant after controlling for the number of comparisons. Readers relying more on effect
sizes than probability levels, or on power analyses, would consider the finding meaningful, consistent
with Guitard et al. [25] and actually revealing more specificity to fear and anxiety than to diffuse
negative emotions.

A pilot and independent clinical trial based on our results support our interest in the use
of VR with GAD patients. Labbé, Thibault, Côté, and Gosselin [42] assessed the effectiveness of
conducting only exposure to one standardized scenario (the emergency waiting room) in VR with
people diagnosed with GAD. Participants were exposed three times to the scenario. Results showed a
significant improvement on all measures related to GAD post-treatment, including the tendency to
worry, symptoms of GAD, and anxiety. Treatment gains were maintained at the two-month follow-up.
In addition, the changes were specific to health-related worries, which is consistent with the content of
the scenario used for exposure. Results from Labbé et al. [42] are in line with the pioneering paper
from Repetto et al. [43] on GAD, although they are the first to address the core fear of GAD.

Some limitations of the current study must be pointed out and discussed. First, the sample is
relatively small. The provision of effect sizes should help gauge the magnitude of the experimental
manipulations and plan larger studies. The effect of repeated exposure to standardized versus
personalized scenarios should also be documented. The sociodemographic and clinical characteristics
of the sample are typical of a study sample of GAD patients, with the exception of slightly more
women than what is found in the general population, where women are usually three times more
likely than men to have GAD [44]. A larger proportion of males would allow comparing the potential
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impact of gender differences. Documenting sex, economic, marital, and educational status in research
articles is important for clinicians and researchers in order to appraise the sample and generalize the
results. Reviews have been conducted on the power of immersions in VR to induce anxiety responses
(e.g., [45]), but the impact of these variables has not yet been examined. Because these variables are
frequently associated with anxiety disorders, their impact on the effect of VR deserve to be explored.
The addition of physiological measures of anxiety would have documented and complemented our
findings with objective measures [25]. However, heart rate or skin conductance would have been
biased and unreliable given implicit differences in the exposure sessions. Participants were seated in
the session of exposure in imagination. But in VR, participants were standing up and were physically
moving when exploring the virtual environment. The intensity of the anxiety response also deserves
attention. The research protocol was not designed to show how much an experience in VR could be
frightening to GAD patients, but to show the potential of scenarios with a feeling of uncertainty to elicit
anxiety in a population that is known to perceive uncertainty as threatening [18]. Finally, to increase
generalization of the results to the psychotherapy contexts, it would have been interesting to conduct
the study while patients are already in therapy and ready to proceed with exposure. Such a study
comes with methodological challenges and it was considered better to first show that scenarios that
are not individualized and presented in VR bear some potential.

Furthermore, the choice of three different VEs instead of only one could be argued as another
limitation. However, the drawback of using only one scenario would be not targeting the main worry
themes of the participants. This would be far more detrimental than comparing only three slightly
different generic scenarios to 28 totally different and individualized ones. A replication study with
a sample selected on the basis of the main worry theme would allow a more direct comparison of the
exposure modalities with similar themes, or a larger sample would allow comparisons between virtual
scenarios. Comparisons with people suffering from other anxiety disorders and with non-anxious
participants would help document the specificity of the reactions to GAD.

The results from the exploratory analyses revealed that immersive tendencies, or individual
predispositions to feel present, significantly predicted the increase in emotional reactions of participants.
The predictive importance of the ITQ was significant when predicting anxiety and negative affect
during exposure in virtuo. Perceived usefulness of worrying was another significant predictor of
state anxiety in VR, but not intolerance of uncertainty. Presenting the neutral immersion in VR to all
participants at the beginning of the experiment may have protected against the elements of novelty
in the task [25], leaving room for other variables to stand out, such as the severity of dysfunctional
thoughts about the usefulness of worry in predicting state anxiety. Future research should document
with a larger sample, more predictors, better control for the different VR scenarios and planned
hypotheses, and predictors of emotional reactions of patients in VR.

5. Conclusions

Because uncertainty is the core fear underlying GAD [18,19], the current study examined if
immersion in virtual standardized scenarios that were developed based on the feeling of uncertainty
and typical GAD worry themes may be relevant to be used in CBT. The increase in anxiety during
immersion support the potential of VR for exposure, even in the case where feared stimuli are not
as specific as in phobias and other anxiety disorders. This paves the way for the development of
psychotherapy protocols that would integrate in virtuo exposure to test in randomized control trials.
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Abstract: The impact of emotion regulation interventions on wellbeing has been extensively
documented in literature, although only in recent years virtual reality (VR) technologies have been
incorporated in the design of such interventions, in both clinical and non-clinical settings. A systematic
search, following the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines, was therefore carried out to explore the state of the art in emotion regulation interventions
for wellbeing using virtual reality. The literature on this topic was queried, 414 papers were screened,
and 11 studies were included, covering adults and older adults. Our findings offer an overview of
the current use of VR technologies for the enhancement of emotion regulation (ER) and wellbeing.
The results are promising and suggest that VR-based emotion regulation training can facilitate
the promotion of wellbeing. An overview of VR-based training interventions is crucial for better
understanding how to use these tools in the clinical settings. This review offers a critical debate on the
structure of such intervention protocols. It also analyzes and highlights the crucial role played by the
selection of the objective and subjective wellbeing assessment measures of said intervention protocols.

Keywords: emotion regulation; treatment; wellbeing intervention; adults; virtual reality; systematic
review

1. Introduction

Emotion is a cultural and psychobiological adaptation mechanism that allows each individual
to react flexibly and dynamically to environmental contingencies [1]. Emotions give meaning to our
lives, intensify our connection with others, inform us about our needs and feelings and motivate us
to make changes [2]. Emotions are multidimensional phenomena. A single emotion comprises of:
a cognitive appraisal, a physical sensation, an intention, a subjective “feeling”, a motor response and,
in most cases, an interpersonal component [1,3]. Emotion Regulation (ER) denotes a set of mental
processes that influences which emotions we have when we have them and how we experience and
express them [4,5]. It is a dynamic process inherent to the mental functioning of human beings, aimed
at down or up-regulating positive or negative emotions in order to reach desirable states [6,7]. Emotion
dysregulation denotes the undesired intensification or deactivation given by the person’s inability
to manage or process emotions effectively [8,9]. Hence, dealing with emotionally rich experience is
part of emotional regulation. A priori assumptions as to whether any particular form of emotion

J. Clin. Med. 2020, 9, 500; doi:10.3390/jcm9020500 www.mdpi.com/journal/jcm159



J. Clin. Med. 2020, 9, 500

regulation is necessarily good or bad do not exist [10]. This is important because it aims to avoid a type
of distinction that is made, for example, between coping strategies, as more or less adaptive regardless
of the context [11,12]. The emotion regulation process is a mechanism may be used to make things
either better or worse, depending on the context. Furthermore, in line with a functionalist perspective,
regulatory strategies may accomplish desired goals but still be perceived by others as maladaptive [13],
such as when a child cries loudly in order to get attention [7]. A notable contextually adaptive ER
strategies is reappraisal. It changes the way one thinks about a potential emotion-eliciting event.
Another one is suppression, which changes the behavioral response to an emotion-eliciting event [14].
Thus, an effective situation-based regulation of emotions is necessary for permanent and enduring
change in a person’s growth and their social functioning [14] and subjective wellbeing [15–17].

The growing development of new technologies and the interest in applying them in the
field of psychology have led to the development of novel virtual reality (VR) systems for
neuro-rehabilitation [18], or the treatment of different mental health disorders [19–22] with the
aim of generating an engaging and realistic virtual world in line with the needs of the person [23].
Applying virtual reality in psychology has one major advantage. It allows researchers and clinicians
to create life-like experiences in a safe environment such as a laboratory or a clinical setting [24,25].
VR-based assessment and treatment allows to keep complex variables under control while preserving
the complexity of real-life experiences [26]. In this regard, the use of virtual reality is promising, because
it allows real-time measurement of cognitive, emotional, physiological, and behavioral responses
in a variety of “real-life” situations while allow for full experimental control [27,28]. In particular,
concerning the application of VR in clinical psychology, virtual environments have been widely used
to enhance the use of successful ER strategies [29]. Since we know that effective ER strategies have
led to several important outcomes regarding mental health, subjective and psychological wellbeing,
and relationship satisfaction [30]. Hence, positive changes in emotion regulation are an important
outcome in the mental health interventions and the development of new technologies such as VR
systems could facilitate and increase the positive outcomes of such ER strategies [29,31]. It has been
demonstrated that VR systems can evoke emotional experiences that lead to psychologically valuable
changes through an enhanced sense of presence in a virtual environment [32–34]. Hence, it is possible
to create a sense of ‘being there’ in a virtual world by designing highly immersive VR experiences,
which rely on multisensory feedback mechanisms [35].

Health and wellbeing are considered as indispensable resources for societies and human
development [36]. The World Health Organization (WHO) has placed wellbeing on the “Health
2020: the European policy for health and well-being” agenda as an objective for social progress [37].
Following the WHO, the purpose of the present review is to investigate whether wellbeing can be
enhanced using new technologies, such as virtual reality. Specifically, the present systematic review
aims to better understand the efficacy of emotion regulation interventions for wellbeing, by using
virtual reality systems in adults and older adults without psychopathological conditions.

2. Method

A systematic review of the scientific literature has been performed to identify studies that reported
VR-based ER interventions for wellbeing in healthy and clinical adults and examined the structure of
their protocols. The methodology is presented in the following paragraphs.

2.1. Search Methodology

Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines
were followed [38]. Four high-profile databases (PubMed, Embase, Scopus, and Web of Science)
were used to perform the computer-based research on the 30th of September 2019 (see Table 1 and
Figure 1). According to the PICO format, we defined the review question as, “is VR training for
emotion regulation, compared to treatment as usual, effective in improving wellbeing in adults (with
psychological distress).” We then proceeded with the definition of keywords for the search strategy.
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The string used to carry out the search strategy was (“virtual reality” OR “virtual environment*” OR
“digital intervention*” OR “digital technologies”) AND (“emotion regulation” OR “affect regulation”
OR “wellbeing”). The initial searches on the databases yielded 530 results. Duplicates were removed
leaving 414 articles for further evaluation. Table 1 shows the details of the results for each keyword on
each database used.

 

Figure 1. Flow Chart.

Table 1. Detailed search strategy.

“virtual reality” OR “virtual environment*” OR “digital intervention*” OR “digital technologies.”

AND PubMed Embase Scopus
Web of
Science

“emotion regulation” 17 20 40 54
“affect regulation” 1 1 2 104

“wellbeing” 14 25 124 128
Sub total 32 46 166 286 Total 530

Without
duplicates

414
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2.2. Study Selection and Inclusion Criteria

This systematic review aims to evaluate the wellbeing and emotion regulation outcome of
VR-based interventions in adults and older adults without psychopathological conditions. Given that
the interest in VR continues to grow, researchers must focus on how the characteristics of VR systems
and the different aspects of the training tasks could influence the intervention outcomes. The aim of
this review is to provide knowledge and guide researchers in the selection of the most appropriate VR
experience for ER interventions. The flow chart of the search strategy results, according to the PRISMA
flow diagram, is shown in Figure 1.

The present systematic review considered randomized control trials, nonrandomized control
trials, intervention studies, and case-control studies. Studies on emotion regulation for wellbeing
with virtual reality (VR) devices in healthy or pathological adults and older adults presenting the
following clinical conditions: traumatic brain injury, motor disabilities, tumor, chronic conditions (heart
failure and chronic pain), were included. The review only includes studies in the English language,
and which satisfied strict criteria for eligibility (research studies, interventions for adults and older
adults, VR non-/semi-/immersive and immersive interventions, interventions for emotion regulation,
interventions for wellbeing, healthy population and clinical patients but not psychopathological,
wellbeing outcomes). Articles that treat psychopathological disorders such as post-traumatic stress
disorder, phobias, substance abuse or psychosis, or lacked necessary information for review in the
full-text or the abstract were excluded. Reviews, meeting abstracts, proceedings, poster presentations,
notes, case reports, letters to the editor, assessment protocols, editorials, and other editorial materials
were also excluded. Retrospective studies were not included because the area of interest requires
post-intervention outcomes.

2.3. Risk of Bias Assessment

To assess the risk of bias, the reviewers followed the methods recommended by The Cochrane
Collaboration Risk of Bias Tool [39] and the STROBE Statement [40]. Three reviewers (J.I.M., M.M.-G.,
and M.M.) independently assessed the risk of bias of each included study against key criteria: random
sequence generation, allocation concealment, blinding of participants, personnel, and outcomes,
incomplete outcome data, selective outcome reporting, and other sources of bias. The following
judgments were used: low risk, high risk, or unclear (either lack of information or uncertainty over
the potential for bias). Disagreements were resolved through consensus, and another author was
consulted to resolve disagreements if necessary. In particular, the selected studies followed strict
criteria in the methods, including presenting critical elements of study design, clearly defining all
outcomes, describing the setting and relevant dates, including periods of recruitment and exposure,
giving sources of data and details of methods of assessment (measurement).

3. Results

Of 414 non-duplicate studies, 386 did not fit the preliminary inclusion criteria; specifically,
they did not present ER interventions for wellbeing using VR systems in adult and older adult
populations. Subsequently, the full text of 28 articles was retrieved and the studies were evaluated
for the specific inclusion criteria. Of 28 studies, only 11 passed the full-text screening phase, while 17
studies were excluded for the reasons that follow: Not interventions (= 4); Results not reported (= 7);
Qualitative/descriptive study (= 6).

3.1. Flow Chart of the Results

The present flow chart (Figure 1) shows a summary of the research strategy (presented previously
in Table 1), the methodology followed during the study selection process, and the final included studies
according to PRISMA Guidelines.
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3.2. Risk of Bias

The majority of the studies except one [41] exhibited a medium and high risk of bias across
multiple dimensions. Table 2 shows the results for the risk of bias assessment. All the studies included
in this review reported the sampling method [41–51], although the performance and the detection
biases during blinding phase were unclear for all but one [41]. Concerning the outcomes, only two
studies [45,47] presented high risk of bias for missing data handled appropriately or for missing a match
between methods and results. Among other risks, we reported a high risk of bias for a small sample size
with a range from eight to fifteen participants in three studies [44,47,51]. We considered important to
report also a high risk of bias for lacking a control group for an experimental comparison [44,45,47–51].
Lastly, only one study addressed to patients have reported a high risk for no homogeneous clinical
sample due to differences in clinical diseases and their specific characteristics [44] that might affect the
interpretation of the outcomes. A clean sample is crucial for the comprehension of the ramification of
disease on emotional functioning.

Table 2. Risk of bias assessment.

Random
Sequence

Generation
(Selection

Bias)

Allocation
Concealment

(Selection
Bias)

Blinding of
Participants
and Personal
(Performance

Bias)

Blinding of
Outcome

Assessment
(Detection

Bias)

Incomplete
Outcome Data

(Attrition
Bias)

Selective
Reporting
(Reporting

Bias)

Other Bias

Villani and
Riva 2008 low unclear unclear low low low low

Tong et al. 2015 low unclear low unclear low low low

Cikajlo et al. 2016 high high unclear unclear low low

high: small sample
size/no control

group/\no
homogeneous clinical

sample

Hasan et al. 2016 high high unclear unclear high high high: no control group

Konrad et al. 2016 low low low low low low low

Baez et al. 2017 low low unclear low low low low

Singh et al. 2017 high high unclear unclear high high high: small sample
size/no control group

Weerdmeester
et al. 2017 high high unclear unclear low low high: no control group

Bornioli et al. 2018 high high unclear unclear low low high: no control group

Lorenzetti et
al. 2018 low low unclear unclear low low high: small sample

size/no control group

Bornioli et al. 2019 high high unclear unclear low low high: no control group

NOTE: low (risk of bias); unclear (risk of bias); high (risk of bias).

3.3. Study Characteristics

Table 3 shows the studies’ characteristics according to extraction parameters. Eleven studies
were analyzed to understand the usefulness of interventions for emotion regulation and wellbeing
using virtual reality (VR) systems. In order to accomplish the aims of the systematic review and to
facilitate the understanding of the selected studies, the following clusters in Table 3 were considered:
(1) Authors; (2) Year; (3) Sample (N); (4) Sample characteristics; (5) Mean age (SD or range); (6) VR
Task; (7) VR Set-Up; (8) emotion regulation and/or wellbeing assessment; (9) Primary Outcomes.
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3.4. Interventions for Adults and Older Adults

3.4.1. Age Differences in Emotional Experience

Several investigations suggest that VR-based ER interventions in adults and older adults could
improve quality of life, physical and mental health and delay the onset of health disorders [29,30].
We considered it appropriate to divide the discussion of the results according to the age of the
participants. This choice was based on two reasons. Firstly, studies in the adult and elderly
populations have different objectives. Secondly, emotional experience, expression and regulation,
like all psychological phenomena, depend on physiological functioning [52]. In regard to the former,
Gross et al. examine age differences in participants’ reactions to negative events, showing that older
people report better control over emotions compared to younger people [53]. In regard to the latter,
studies observe how heart rate increases and epithelial cells lining the vasculature either constrict or
dilate in response to an arousing stimulus. This overall pattern of reactivity is reduced among older
adults [54,55].

In the following paragraphs we discuss the characteristics of the selected VR interventions.
The examined studies focus on the use of virtual environments for intervening on emotion regulation
processes, and for improving the wellbeing of healthy and clinical populations.

3.4.2. Interventions for Adults

The evaluated interventions for adults and older adults (specifically the VR characteristics, the VE
content, and the aims) are summarized in Tables 4 and 5 respectively.

Table 4. Interventions for adults.

Study
Sample

(Type of)
VE

Characteristics
VE Content Aim of the VR Task

Virtual Environments for Healthy Participants

Villani and Riva (2008) [42] Healthy Immersive A waterfall and a beach of
an island

Relaxation and enhancement
of wellbeing

Konrad et al. (2016) [41] Healthy Non-immersive Mood survey Mood regulation and
improvement wellbeing

Weerdmester et al. (2017) [48] Healthy Immersive Underwater world Regulation of physiological
arousal

Bornioli et al. (2018) [49] Healthy Non-immersive Five different pedestrian
areas of a town

Enhancement of behavioral
activation for wellbeing

Lorenzetti et al. (2018) [51] Healthy Non-immersive A landscape of hills and
cornfields

Regulation of physiological
arousal

Bornioli et al. (2019) [50] Healthy Non-immersive Five different pedestrian
areas of a town

Enhancement of behavioral
activation for wellbeing

Virtual Environments for Patients

Tong et al. (2015) [43] Clinical Immersive Walk in the forest Mindfulness-based stress
reduction

Cikajlo et al. (2016) [44] Clinical Immersive A river and a mountain
landscape

Mindfulness-based stress
reduction

Singh et al. (2017) [47] Clinical Non-immersive Three different sports:
tennis, bowling, and boxing

Enhancement of behavioral
activation for wellbeing
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Table 5. Interventions for older adults.

Study Sample (Type of) VE Characteristics VE Content Aim of the VR Task

Virtual Environments for healthy participants

Hasan et al. (2016) [45] Healthy Non-immersive Social networks, emails
Enhancement of ICT-skills for
the improvement of social
functioning and wellbeing

Baez et al. (2017) [46] Healthy Non-immersive A gymnasium
Enhancement of behavioral
activation for fall prevention
and wellbeing

Bornioli et al. (2018) [49] Healthy Non-immersive Five different pedestrian
areas of a town

Enhancement of behavioral
activation for wellbeing

Bornioli et al. (2019) [50] Healthy Non-immersive Five different pedestrian
areas of a town

Enhancement of behavioral
activation for wellbeing

3.4.3. Virtual Environments (VE) for Healthy Participants

In what follows we examine studies conducted in a healthy population (see Table 4). Villani and
Riva’s used two virtual environments, one depicting a waterfall zone, and another an island, to induce
relaxation and to enhance the wellbeing of participants [42]. The authors employed these scenarios in
a way that maximizes the sense of presence in the virtual world, which enhances the quality of the
relaxation experience [42]. Konrad et al. [41] used a web-based technology-mediated reflection (TMR)
application, called the “Mood Adaptor,” to enhance ER. It is a systematic process that reviews rich
digital records of past personal experiences. According to the authors, such autobiographical memory
approach increases general wellbeing. In their intervention, participants were instructed to write down
a positive thought while experiencing a negative mood and, vice versa, write down a negative thought
while in a positive mood [41]. Their explanation relies on the fact that recalling negative experiences
while in a positive mood can update the emotional appraisal of the past experience and generate more
adaptive perspectives of the past [41].

Weerdmeester et al. [48] have examined the role of self-efficacy in the context of biofeedback
video games for ER. A pilot study was conducted with a VR videogame, called DEEP, which uses
respiratory-based biofeedback to help individuals cope with stress and anxiety. Self-efficacy was found
to be a significant predictor of physiological regulation, and a key factor in the improvement of mental
wellbeing [48]. The biofeedback paradigm has been defined as a system in which physiological activity
is continuously measured and fed back to the user in real-time [48]. In fact, in Weerdmeester’s study,
deep, calm breathing allows the player to stay afloat and move smoothly through the underwater
world [48]. Lorenzetti et al. [51] have developed a neurofeedback game using a virtual environment as a
medium to convey a real-time sensory feedback to participants, in association with ongoing tenderness,
anguish, and neutral emotional states. Lorenzetti et al., used a BCI-based neurofeedback system in
which neural activity was linked to the color of the virtual environment which allowed the real-time
visualization of the fluctuation of emotional states. Orange denoted tenderness, purple—anguish, and
natural light tones—neutral disposition [51]. Participants were instructed to experience tenderness or
anguish as intensely as possible in the respective trials and to volitionally increase the intensity of their
emotions [51].

Bornioli et al. [49,50] support the large amount of evidence concerning the benefits of walking in
natural areas. In their two studies, participants had to walk, in five different, virtually recreate, sites:
a pedestrianized historic environment in Bristol’s Old Town, characterized by neoclassical buildings
and cobbled paving; a pedestrianized modern environment in a complex of concrete and glass-fronted
buildings; a pedestrianized environment with a mix of greenery and historic elements, framed by
the Bristol Cathedral; a commercial road with high street retail outlets and cafés and a single-lane
road with moderate moving traffic, constituted by cars and buses; and an urban park. The outcomes
underline the crucial features that make walking positive for psychological wellbeing and encourage
this activity [49,50].
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3.4.4. Virtual Environments for Patients

Other studies have used interventions on patients with specific pathologies (see Table 4) using
virtual environments to enhance ER and wellbeing. Two of these used Mindfulness-based Stress
Reduction (MBSR) Meditation through virtual environments as a non-pharmacological approach to
treating chronic disorders, such as chronic pain [43], and patients with traumatic brain injuries [44].
In both studies, virtual meditation was significantly more effective than MBSR alone in reducing
reported levels of pain [43], and at making participants experience a higher level of satisfaction [44].
Singh et al. have examined the impact of VR games on psychological wellbeing, upper limb motor
function and reaction time in adults with physical disabilities. In the latter study, wellbeing was a
secondary outcome, as a positive consequence of the physical reactivation of the patient through the
use of motor task games [47].

3.4.5. Virtual Reality Set-Up

The examined studies have used different types of virtual reality systems. Among the studies that
have used immersive VR systems, two have selected a head-mounted display in combination with a
smartphone and a head-tracker [42,44]. However, in the study conducted by Tong et al. [43], the authors
used a Virtual Meditative Walk system that requires the use of a stereoscopic VR display. The display was
mounted on a movable arm to ensure flexibility and to ease patient comfort. Furthermore, the authors
used a sensor in order to track changing arousal levels, which are small clips put onto two of the patient’s
fingertips [43]. In the DEEP biofeedback game study, participants had to use deep diaphragmatic
breathing in order to navigate in an immersive virtual environment through an enchanted underwater
world [48]. The game used a customized controller belt that measures the expansion of the player’s
diaphragm and a head-mounted device. Other studies have used non-immersive devices, such as
mobile applications [41]; Nintendo® Wii Fit [47]; tablet and laptop [45,46,49,50]; and computer-based
interface (BCI) [51].

3.4.6. VR Interventions for Older Adults

Positive emotions have a significant influence on mental and physical health [56,57]. Their role in
the wellbeing of the elderly has been established in numerous studies, so it is worthwhile exploring how
older adults can improve the number of positive experiences in their daily lives [58]. Digital technologies
are a powerful tool to enhance social inclusion [59], to support a more active and independent life
in older adults and consequently to facilitate their wellbeing [60]. Among the presently investigated
studies (see Table 5), Hasan et al. [45] and Baez et al. [46] proposed VR interventions focused on
enhancing abilities for the maintenance of autonomy in older adults. Hasan et al. have carried out
a two-year project on the social use of information and communications technologies (ICT) in older
adults. The interventions consisted in the establishment of computer kiosks in aged-care facilities
and weekly classes for developing ICT skills and enhancing wellbeing [45]. The study conducted by
Baez et al. was a home-based intervention program to promote physical activity in older adults [46].
In this study, a web and a tablet application have been delivered to participants in order to enable and
motivate them to participate in a home-based group training session, under the supervision of a human
coach. After a period of eight weeks of training, participants presented a significant improvement
of subjective wellbeing [46]. Moreover, in two studies conducted by Bornioli’s and co-authors with
older adults, the authors used a virtual walk intervention to enhance physical activity intentions and
psychological wellbeing [49,50].

3.5. Outcome Measures for Wellbeing

3.5.1. Physiological Markers

A large number of studies among those evaluated in this systematic review use physiological
markers as an objective measure to assess the effectiveness of VR interventions for ER. In this regard,
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the appraisal theory of Scherer allows us to explain the link between emotional states experienced by
participants during interventions and their physiological responses [61,62]. In particular, this occurs
due to the direct connections between stimulus evaluation check units and response modalities in the
neuroendocrine system, autonomic nervous system, and somatic nervous system, independently from
action tendencies [61]. A study by Villani and Riva (2008) [42] shows a significant reduction of anxiety,
as well as a significant improvement of positive emotional states, in particular, relaxation, measured
through physiological parameters that demonstrate good fluctuations of respiration rate, heart rate,
and skin conductance. Tong et al. use a VR system that incorporates biofeedback mechanisms to
support the learning of mindfulness practice [43]. This technological intervention may be an effective
and long term non-pharmacological alternative to traditional pain management [43]. Furthermore, a
biofeedback system has been used through the implementation of a belt for tracking the breathing
rhythm of the participant during a VR relaxation-based game [48]. Biofeedback is an interesting
mind-body therapy using electronic instruments to help individuals gain awareness and control over
physiological processes [63]. Biofeedback is the process of measuring an individual’s physiological
activity such as brain activity, heart rate or breathing, and subsequently provide real-time information
about this activity to the individual [64]. Through this feedback component, participants become more
aware of their physiological activity, so they can learn how to gain control over it and improve their
wellbeing [65,66].

In addition to the studies examined above, a neurofeedback (NFB) system had been used
to enable the participants to regulate their brain activity, to enhance and recover emotional and
cognitive capacity and to improve their underlying neurobiology [51]. Neurofeedback makes use of
electroencephalography (EEG) biofeedback to guide participants in modifying their cortical activity, alter
their states of consciousness, and affect cortically mediated physical and psychological functioning [67].
Novel forms of NFB, such as ones based on real-time functional magnetic resonance imaging (rtfMRI),
hold a still vastly unexplored potential for complex technological applications, such as the currently
discussed VR-based ER interventions [68].

3.5.2. Wellbeing Scales Outcomes

Given the primary objective of the present manuscript, in Table 6 we summarized an overview of
the main wellbeing measures used in the evaluated studies. Several wellbeing measures were used as
pre- and post-intervention measures: the State and Trait Anxiety Inventory (STAI) to evaluate anxiety
levels [42,51]; the Beck Depression Inventory (BDI) to assess depression levels [51]; the Depressive,
Anxiety and Stress Scales (DASS) to assess state anxiety and depression levels [47]; the Positive
And Negative Affect Scale (PANAS) to measure the positive and negative affect through 10 positive
and 10 negative moods/emotion adjectives [42,51]; the Coping Orientation to Problems Experienced
Questionnaire (COPE) assessed the different strategies commonly activated in daily problem solving [42].
Results show a significant reduction of anxiety [42,47,51], and a significant improvement of positive
emotional states [42,51]. Given that there is no universal measure of wellbeing, Konrad et al. include
both hedonic (e.g., pleasure, satisfaction), and eudaimonic (e.g., meaning, personal growth) scales to
triangulate different measurement perspectives: Subjective Happiness Scale, Satisfaction With Life
Scale, and Ryff Scales of Psychological Wellbeing [41]. Moreover, positive intervention outcomes have
been measured in both clinical and healthy populations with the Mindfulness Attention Awareness
Scale (MASS), and the Satisfaction With Life Scale (SWLS) [44]. Tong et al., did not use a scale to
monitor changes in mindfulness awareness, rather, they used the pain level and biofeedback data as
an objective wellbeing measure [43]. However, there are no subjective wellbeing measures in that
study [43]. Another interesting measure that has been used in the reviewed studies is the wellbeing
scale of the Multidimensional Personality Questionnaire (MPQ) that underlined improvements in both
groups with no significant difference between groups in social wellbeing outcomes [46].
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Table 6. Wellbeing Measure Scales Description.

Scale Description of Measure

State-Trait Anxiety Inventory (STAI)

A commonly used measure of trait and state anxiety. It can be used in clinical
settings to diagnose anxiety and to distinguish it from depressive syndromes.
Form Y, is its most popular version. It has 20 items for assessing trait anxiety
and 20 for state anxiety. All items are rated on a 4-point scale (e.g., from
“Almost Never” to “Almost Always”). Higher scores indicate greater anxiety.

Positive And Negative Affect Scale (PANAS)
A self-report questionnaire that consists of two 10-item scales to measure both
positive and negative affect. Each item is rated on a 5-point scale of 1 (not at all)
to 5 (very much).

Coping Orientation to Problems Experienced
Questionnaire (COPE)

A self-reported questionnaire developed to assess a broad range of coping
responses with a score on a 4-point scale (e.g., from “I usually don’t do this at
all” to “I usually do this a lot”). There are two main components to the COPE
inventory: problem-focused coping and emotion-focused coping.

Mindfulness Attention Awareness Scale (MASS)
A 15-item scale designed to assess a core characteristic of mindfulness, namely,
a receptive state of mind in which attention, informed by a sensitive awareness
of what is occurring in the present, simply observes what is taking place.

Satisfaction With Life Scale (SWLS)

A 5-item scale designed to measure global cognitive judgments of one’s life
satisfaction (not a measure of either positive or negative affect). Participants
indicate how much they agree or disagree with items on a 7-point scale (e.g.,
from 1 “strongly disagree” to 7 “strongly agree”).

Subjective Happiness Scale A 4-item self-report measure developed to assess an individual’s overall
happiness as measured through self-evaluation on a 7-point Likert-type scale.

Ryff Scales of Psychological Well-Being

A psychometric inventory in which respondents rate statements on a scale of 1
to 6 (e.g., from 1 “strong disagreement” to 6 “strong agreement”). It is based on
six factors: autonomy, environmental mastery, personal growth, positive
relations with others, purpose in life, and self-acceptance. Higher total scores
indicate higher psychological well-being.

Wellbeing scale of the Multidimensional
Personality Questionnaire (MPQ)

A personality test meant to measure personality that gives ratings on four broad
traits: Positive Emotional Temperament, Negative Emotional Temperament,
Constraint, and Absorption. High scorers on the specific wellbeing scale
describe: having a cheerful happy disposition; feeling good about themselves;
seeing a bright future ahead; being optimists; living interesting, exciting lives;
enjoying the things they are doing.

Depressive, Anxiety and Stress Scales (DASS)

A 42-item self report instrument designed to measure the three related negative
emotional states of depression, anxiety and tension/stress. The rating is based
on a 0-3 point scale (e.g., from 0 “Did not apply to me at all” to 1 “Applied to
me very much or most of the time”).

Emotion Regulation Questionnaire (ERQ)

A 10-item scale designed to measure respondents’ tendency to regulate their
emotions in two ways: (1) Cognitive Reappraisal and (2) Expressive
Suppression. Respondents answer each item on a 7-point Likert-type scale (e.g.,
from 1 “strongly disagree” to 7 “strongly agree”).

University of Wales Institute of Science and
Technology Mood Adjective Checklist (UWIST
MACL scale)

A scale that measures self-reported mood in the dimensions of energetic
arousal, tense arousal, and hedonic tone.

The Social Care-Related Quality of Life (SCRQoL) Scale was administered to track changes
in the quality of life of older users to their daily routines, based on the outcome domains of social
care-related quality of life identified in the Adult Social Care Outcomes Toolkit (ASCOT) [45]. Moreover,
Weerdmester and colleagues selected the Trier Social Stress Test, a tool for investigating psychobiological
stress responses [48]. Pre- and post-wellbeing assessments used the stress and hedonic tone measures
based on the University of Wales Institute of Science and Technology Mood Adjective Checklist scale
(UWIST MACL), to measure different stress-related states (nervous, tense, relaxed, calm), and the
hedonic tone (happy, content, sad, sorry) [49,50].

4. Discussion

This review aimed to investigate how emotion regulation interventions using virtual reality
(VR) systems can enhance the wellbeing in healthy and clinical adults and older adults, without
presenting psychopathological conditions. In recent years there is a growing interest in the use
of advanced technologies in supporting wellbeing and promoting health [34], following emerging
evidence that technology can increase emotional, psychological and social wellbeing [69]. Technological
approaches appear to be more advantageous in terms of intensity and duration of treatment, costs, and
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usefulness in the continuity-of-care [70,71]. Considering the multifaceted construct of wellbeing, in
what follows, we strive to unpack the complex picture provided by the results of the hereby examined
studies. This complexity emerges from the different functional aims of the studies, employed in
pursuit of wellbeing enhancement. Three studies (27%) were developed for relaxation or following the
Mindfulness-Based Stress Reduction (MBSR) protocol [42–44]; two studies (18%) used biofeedback
or neurofeedback as peripherical technique for the regulation of physiological arousal [48,51]; one
study (9%) used survey forms for a mood regulation and improvement wellbeing [41]; four studies
(37%) intended to encourage a participants’ behavioral and physical activation in order to enhance
their subjective wellbeing through outdoor [49,50] or indoor activities [46,47]; one study (9%) aimed to
enhance ICT-skills of elderly people in support of their social functioning and wellbeing [45].

In the examined studies, virtual reality has been used in different ways to promote wellbeing in
healthy and clinical populations. Some authors used mindfulness as a non-pharmacological approach
to manage participant’s emotion regulation abilities and to enhance their wellbeing [43,44]. It has been
demonstrated that immersive VR can be used as a powerful pain control technique to manage and
modulate pain in healthy and clinical populations [72–75]. This is in line with the study conducted by
Tong et al., in which the authors found that the use of an immersive VR combined with a biofeedback
system, can be a helpful approach for managing chronic pain on a long-term scale [43].

In the present review, the combination of VR with biofeedback systems was particularly interesting.
In recent years the development and use of game-based biofeedback to promote physical and mental
wellbeing is growing [76–78]. An example, is the study of Weerdmester et al., in which an intervention
based on the VR game “Deep”, combined with a biofeedback system, highlighted positive and
promising outcomes to help individuals cope with stress and anxiety [48]. This technique relies
on visual and auditory feedback to guide participants in becoming more aware of their breathing
and incentivizes the adoption of a more calm and relaxed breathing pattern [66,79,80]. Furthermore,
promising results of game-based biofeedback have been found for emotion regulation and the treatment
of stress and anxiety [81].

Neurofeedback (NFB) is a type of biofeedback which facilitates the real-time voluntary regulation
of brain activity through a brain-computer interface [67,68]. Lorenzetti et al. [51] showed that NFB
has promising effects on enhancing behavior, cognitive and emotional processes in healthy subjects.
Performing exercises in an immersive VR environment is shown to decrease depression, anxiety, and
stress [82]. Intervention outcomes, are in accordance with the literature, highlight a reduction in anxiety
scales [42,47,51], and an improvement of positive emotional states [41,42,44,49–51].

For instance, Singh et al. [47] suggest that interactive VR games can be used as an exercise tool
to improve psychological wellbeing and reaction time among adults with physical disabilities, for
whom the use of technology may promote adherence, motivation, and participation in physical activity
and exercise programs [46,47,49,50]. Positive results can also be seen in older adults, as demonstrated
in the intervention program proposed by Baez et al. [46]. This intervention program was designed
to promote physical activity in older adults, either in a group or in a home-based setting, showing
equivalent health outcomes for both groups, but different results when considering adherence [46].
These interventions point out the importance of immediate wellbeing responses, in that, positive
affect can be beneficial to long-term health [57,83]. A large number of studies have demonstrated the
association of regular physical activity with positive outcomes for improving health and wellbeing
conditions [84,85]. Moreover, home-based intervention programs aimed at promoting physical activity
in older adults, either in a group or individually, have demonstrated the potential to improve health
and functional performance [86]. The social wellbeing in the elderly is another issue that requires
attention. Hasan et al. identified the complexity of this problem domain and engaged older adults
through activities aimed at enhancing their ability to remain productive [45].

These results are an important outcome for wellbeing. The literature demonstrates that VR-based
interventions are as effective as traditional ones in the treatment of different mental disorders, but
can achieve positive outcomes in less time [87]. The difference between VR-based interventions and
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treatment as usual (TAU) remains to be clarified. Some of the currently examined studies, highlights a
significative difference between the experimental and the control group [43,46], but further randomized
controlled trials are required to achieve a better understanding of the effectiveness of VR compared to
non-VR interventions.

Why are VR-based ER interventions important for wellbeing? To address this question, we have
to consider several things. Emotions can be transient phenomena which emerge from momentary
situational goals and subside with the short-term achievement of such goals [88]. Emotions can also
derive from long-term goals and enduring values concerning health, close relationships, and important
work-related projects [89]. Hence, knowing the specific antecedents of specific emotions is crucial to
better understand the complexity and potential of technological ER interventions.

The present review underlines that virtual reality systems evoke a general positive emotion and
could promote a healthy life [90] and an optimal state of functioning such as flow [91]. The sense of
flow in VR is evoked when the user is immersed in a highly rewarding activity, accompanied by a
high sense of control [92,93]. Flow can subsequently promote the feeling of immersion in the virtual
environment [94]. Four studies among those investigated, have used an immersive VR system and
have emphasized the importance of the immersion degree in a virtual environment. These studies
used a head-mounted display (HMD) through which participants can be immersed in an interactive
virtual reality scenario [19]. Through the HMD, the experimenter may provide different sensory input,
as well as synchronize participants’ movements with the generated virtual feedback (e.g., avatar
movements, or reaching virtual objects) [20]. In order to increase the sense of immersion, feedback
across different sensory channels is provided, such as, visual, acoustic, and tactile. This can also be
achieved through the use of input tools such as trackers, gloves and other controllers, that allow to
continuously monitor the position and movements of the users, and synchronize them with the VR
interactions [32,95]. From a psychological point of view, at the basis of the feeling of immersion in VR
is the sense of “presence,” defined as the psychological sensation of “being there” in the virtual scene
instead of in the physical and real environment [28,35,96]. The sense of presence has also been defined
as the “feeling of being in a world that exists outside of self” [93,94]. The sense of presence in a virtual
environment is given not only by the realism of its graphics but also by subjective characteristics,
such as the potential of a given virtual scenario to elicit certain emotional responses [42]. In this way,
a VR-based intervention can modify personal experiences by inspiring users to try new things [97]
and allow them to modify habitual emotional responses to specific situations [7,98]. A VR system
has the potential for a laboratory vs. everyday functioning rapprochement. Virtual environments
allow to immerse participants in digitally recreated real-world activities which can be enacted in the
safety of the laboratory setting [99]. The ability of VR systems to reproduce the complexity of real-life
situations is a peculiar element for ER interventions. Due to this peculiarity, the user can be immersed
in a complex virtual environment that requires the use of a complex set of ER strategies that form
a dynamic pattern. An ER strategy does not have to be unique and universal, but in order to be
useful and transferable to daily life, it must be adaptive and generalizable across situations [6,100].
In this sense, the use of virtual reality is promising, because it allows the user to learn complex
ER strategies and, potentially, experience them in different environments similar to the real world.
Lastly, a VR system provides experimental control and dynamic presentation of stimuli in ecologically
valid scenarios [18,26,27,71,101]. This can be done by measuring the real-time cognitive, emotional,
physiological and behavioural responses in a variety of life-like virtual situations [28].

The obtained results show that interventions using virtual reality systems allow people to change
or improve their ER strategies. One such strategy is “situation selection” [4]. It is an antecedent-focused
strategy that examines all the actions that we execute before the emotional response has become
fully active and has modified behavioral or physiological responses and selects the best action [55].
Furthermore, technology can provide different options to appraise emotional stimuli, hence different
cognitive appraisals pertaining to the same potential trigger and eventually different emotional
responses [7]. In regard to patients with specific disorders, VR interventions can facilitate the approach
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to rehabilitation therapy by training more contextually adaptive ER strategies such as “reappraisal”,
which lead to better short-term affective, cognitive, and social consequences, compared to less adaptive
strategies such as “suppression” [14]. VR systems improve patients ability to regulate the emotions that
accompany their everyday experiences with their health condition [29]. Such targeted interventions
that facilitate a reappraisal, can elicit a subsequent “cognitive change” [7,55]. This change refers to
selecting what meaning people attach to the specific intervention [4,7]. External variables that are
properties of the stimulus can influence the choice of emotion regulation strategy; in fact, reappraisal
affordances, defined as the opportunities for re-interpretating a stimulus, which are inherent to the
stimulus itself, can greatly shape such choices [13]. The personal meaning assigned to a specific
situation is crucial for establishing habitual experiential, behavioral and physiological responses which
repeat in that same situation [5].

One of the main aims of emotion regulation interventions is to modify the emotional responses of
the subjects to one specific situation [102]. The outcome of the interventions reviewed in this article
could be interpreted according to “The process model of emotion regulation” of Gross. According to
Gross reappraisal-like processes could influence emotional responses. Efforts to down-regulate emotion
through reappraisal alters the trajectory of the entire emotional response, leading to lesser experiential,
behavioral, and physiological responses [7,102]. An example of this process is found in the studies that
used Mindfulness-Based Stress Reduction (MBSR) protocol in virtual reality to minimize the negative
emotional impact in patients with traumatic brain injuries [44] and the Meditative Virtual Walk for
patients with chronic pain [43]. Mindfulness is a core skill of Dialectical Behavioral Therapy employed
in the treatment of emotion dysregulation. It consists in observing, describing, and “allowing” emotions
to flow without judging them or trying to inhibit them. Mindfulness is hypothesized to influence
the habitual or automatic response to emotional behaviors and their associated appraisals. Hence, in
comparison to Gross’s Model, mindfulness may alter automatic response tendencies by altering the
habitual approach or avoidance response to that of a non-judgemental awareness of the emerging
emotions [103]. During the interventions the individual can reappraise the emotional responses to
their health conditions. This type of reappraisal can also be seen in the intervention conducted by
Konrad et al. [41]. In this intervention, subjects were asked to describe a negatively appraised past
experience while in a positive mood. This was proven to update their emotional response to the past
experience, encouraging the emergence of more adaptive perspectives [104,105]. Finally, virtual reality
tools promote the sense of environmental mastery and the continued development of competence
and self-knowledge, both in clinical and non-clinical populations [106,107]. However, there is a major
difference between both populations. In a healthy population, an ER intervention can cultivate more
adaptive, for daily life, ER strategies. In a clinical population, ER interventions are useful for increasing
the patient’s ability to handle their specific pathology.

In conclusion, the choice of wellbeing measures is essential to assessing the efficacy of the
intervention. Humans do not act mechanically, but rather according to their subjective interpretation
of the world. Hence, objective indicators alone may not be sufficient to hedge the several
conceptualizations of wellbeing [108]. It is fundamental to gain knowledge about the subjective
interpretations of emotional states. This can happen by directly asking people about their emotions,
perceptions, and evaluations [108]. Currently, wellbeing is not a clearly defined concept and the present
review shows that several ways to measure wellbeing exist [36]. Despite that difficulty, it is important
for studies to clarify the theoretical framework of wellbeing in which the intervention intends to
operate. The choice of the theoretical framework can better guide the design of the intervention and
the choice of more adequate wellbeing measures.

5. Conclusions

In conclusion, the results of this systematic review show that technology can improve the ability
of people to handle emotionally-rich life situations by training more contextually adaptive emotion
regulation strategies.
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The use of virtual reality in this sense is promising because it allows the user to learn complex ER
strategies in the context of life-like digital environments. VR interventions can modify the user’s ER by
inspiring new actions, allowing for the modification of the emotional response across a reappraisal of
emotional stimuli, and subsequently, memorizing the re-evaluated experience. Finally, virtual reality is
a tool that fosters a sense of environmental mastery, and, a feeling of personal growth and autonomy.

The literature in this field is going in an interesting direction, and we recommend some future
steps based on the findings of this systematic review, for future design, implementation, and evaluation
of VR-based ER interventions in healthy adults and older adults. The results of this systematic review
underly the importance of an appropriate assessment and highlight the positive effects of assessing both
subjective and objective measures in future studies to fully evaluate the efficacy of VR interventions
for ER. The results from both subjective and objective measures will provide an overall and complete
frame of the efficacy of VR interventions for ER. Finally, future research should aim to investigate the
underlying mechanisms and factors that may contribute to the effectiveness of biofeedback systems
when using VR interventions for ER in order to maximize their positive therapeutic outcomes.
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Abstract: Background: Dental treatments often cause pain and anxiety in patients. Virtual reality
(VR) is a novel procedure that can provide distraction during dental procedures or prepare patients to
receive such type of treatments. This meta-analysis is the first to gather evidence on the effectiveness
of VR on the reduction of pain (P) and dental anxiety (DA) in patients undergoing dental treatment,
regardless of age. Methods: MEDLINE, CENTRAL, PubMed, EMBASE, Wiley Library and Web of
Science were searched for scientific articles in November 2019. The keywords used were: “virtual
reality”, “distraction systems”, “dental anxiety” and “pain”. Studies where VR was used for children
and adults as a measure against anxiety and pain during dental treatments were included. VR
was defined as a three-dimensional environment that provides patients with a sense of immersion,
transporting them to appealing and interactive settings. Anxiety and pain results were assessed
during dental treatments where VR was used, and in standard care situations. Results: 31 studies
were identified, of which 14 met the inclusion criteria. Pain levels were evaluated in four studies
(n = 4), anxiety levels in three (n = 3) and anxiety and pain together in seven (n = 7). Our meta-analysis
was based on ten studies (n = 10). The effect of VR was studied mainly in the pediatric population
(for pain SMD = −0.82). In the adult population, only two studies (not significant) were considered.
Conclusions: The findings of the meta-analysis show that VR is an effective distraction method to
reduce pain and anxiety in patients undergoing a variety of dental treatments; however, further
research on VR as a tool to prepare patients for dental treatment is required because of the scarcity of
studies in this area.

Keywords: virtual reality; distraction systems; dental anxiety; pain

1. Introduction

Pain suppression during dental interventions has been a major accomplishment for humankind.
In 1842, William E. Clarke gave ether to a patient for the removal of a tooth; later, in 1844, a dentist
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named Horace Wells used nitrous oxide as an anesthetic for dental extractions; and in 1846, another
dentist, William T. G. Morton, became a pioneer in the use of inhaled ether as an anaesthetic at the
Massachusetts General Hospital [1].

Patient anxiety when facing dental procedures is determined by two circumstances: on the
one hand, the prior act of anesthetizing, which in itself frequently causes a state of phobia [2] and,
on the other hand, the subsequent dental treatment. The number of studies on this pathology has
exponentially increased over the last few years, growing from a very low number in the 1940s to the
more than 6000 papers that are currently available, according to the U.S. National Library of Medicine
(Figure 1).

Figure 1. Increasing tendency of publications, according the U.S. National Library of Medicine database,
using “dental phobia” as the keyword.

Different therapies have been proposed for the prevention and treatment of P and DA, among
them virtual reality (VR) distraction techniques [3].

Although it is a concept that is difficult to define, VR is generally accepted as a three-dimensional
environment generated by means of computer technology that creates a sense of immersion in the user,
transporting the individual to appealing and interactive settings [4].

The benefits of using VR for the reduction of dental anxiety (DA) and pain (P) levels during
dental procedures has been extensively addressed in scientific literature [5–9], and its usefulness as a
distraction tool is receiving increasing attention in medical contexts [9]. During aversive experiences,
VR can improve pain management [10] and reduce the perceived duration of the procedure [11].
Moreover, a recent systematic review examined the effectiveness of virtual reality distraction in reducing
pain [12]. This could be an advantage for many patients who reject DA control using anti-anxiety drugs
because of their disadvantages or side effects, which can be, among others, impaired cognitive function
and coordination, since they act as depressants on specific areas of the central nervous system [13–15].

The purpose of this study was to conduct a systematic review of literature comparing the
effectiveness of the use of VR as a method for reducing anxiety and pain levels during dental treatment.
This systematic review constitutes an essential tool to synthesize the scientific information available,
increasing the validity of the conclusions and of individual studies, and identifying areas of uncertainty,
where research is necessary. Meta-analysis (when possible) provides very useful information, to
facilitate understanding of the effect of a treatment or intervention, both in general and in specific groups
of patients. In addition, it allows us to increase the precision in the estimation of the effect, detecting
effects of moderate magnitude, but of clinical importance, that could go unnoticed in primary studies.

2. Methods

The study selection process was carried out according to the Preferred Reporting Items
for Systematic Review and Meta-Analyses (PRISMA) guidelines for systematic reviews and
meta-analysis [16].

2.1. Protocol

The search strategy was conducted using the population, intervention, comparison and outcome
(PICO) framework, based on the following question:
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“Are distraction techniques using VR effective against the anxiety and pain caused by dental
procedures?”

To answer this question, a population of patients undergoing dental treatment, with no age limit,
were selected. The intervention consisted in using audio–visual or VR distraction methods. Controls
were patients who were not subjected to audio–visual or VR distraction methods. The results revised
in the literature were the DA or P values obtained using different validated scales:

- For pain: Visual Analogic Scale (VAS), Wong–Baker Faces Scale (W–BFS) and Faces Pain
Scale-Revise (FPS-R).

- For anxiety: Consolability Scale (FLACC), Verbal Rating Scale (VRS), Modified Dental Anxiety
Scale (MDAS), (Norman Corah’s anxiety questionnaire (NCAQ) and Venham’s Clinical Anxiety
Rating Scale (VCARS).

2.2. Search Method for the Identification of Studies

A search of the MEDLINE, CENTRAL, PubMed, EMBASE, Wiley Library and Web of Science
electronic databases was conducted in November 2019 to identify relevant scientific articles. The search
terms used were: “virtual reality”, “distraction systems”, “dental anxiety”, “pain”.

2.3. Inclusion and Exclusion Criteria

Inclusion criteria:

(a) Articles published in English.
(b) Randomized controlled clinical trials related to dental anxiety and pain associated with dental

procedures in children and adults.
(c) Studies assessing anxiety in said procedures.

Exclusion criteria:

(a) Non-randomized studies or non-controlled clinical trials.
(b) Comparative studies.
(c) Narrative reviews and systematic reviews.
(d) Case studies.
(e) Irrelevant and duplicate studies and those that did not meet the established inclusion criteria.

2.4. Data Extraction and Analysis

Studies that made no reference to the research question were removed, and the titles and abstracts
of the articles selected were obtained and entered in an Excel spreadsheet. Two reviewers (NL-V and
JMF) selected the titles and abstracts independently. Discrepancies in terms of study inclusion were
discussed between the two mentioned reviewers until consensus was reached. Subsequently, the full
texts of the selected studies were obtained for their review and inclusion.

2.5. Risk of Bias (RoB) of Included Articles

The Cochrane Collaboration, London, UK, tool was used to assess the methodology of the scientific
evidence in all the selected studies [17].

2.6. Quality of the Reports of the Included Studies

This was assessed according to the modified Strengthening the Reporting of Observational studies
in Epidemiology (STROBE) statement [18], which includes a total of 22 items. Each item was assessed
by reviewers NL-V and JMF, who attributed scores of 0 (not reported) or 1 (reported), carrying out a
complete count of all the studies included (Table 1).
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2.7. Statistical Analysis

In the meta-analysis, four studies were excluded on the grounds that two of them [7,19] did not
present results and the other two [20,21] presented confusing results at the time of their assessment.
Physiological data, such as pulse rate, degree of oxygen saturation, blood pressure and more were
not included, incorporating data related to pain and anxiety only, during dental treatments. Pain and
anxiety were analyzed separately in children and adults. The mean scores and SDs (standard deviations)
for pain and anxiety, during the procedure with VR and control, were extracted from the selected
articles, using mean scores and interquartile ranges, or reported, directly, by the authors of the studies.
Other information not related to VR was not taken into consideration in our meta-analysis. The different
measurement scales and VR devices used were not considered. The meta-analysis was performed
using Stata v.14.2 (StataCorp LP, College Station, TX, USA) and closely followed the methods proposed
by the Cochrane collaboration [17]. The methods can be observed in the different tables and figures.
The standardized difference of means (SMD) was used as a measure of effect to account for different
measurement scales both for anxiety and pain. Statistical heterogeneity among studies was assessed
using the Q test according to Dersimonian and Laird and the I2 index (heterogeneity: I2 > 30% being
moderate, >50% substantial and >75% considerable [17]). We decided to pool the study-specific
estimates with the random effects model to protect our composite estimates (for anxiety and pain)
from heterogeneity in the context of a relatively limited number of studies. We also decided a priori to
present the results not only for all the studies together, but also as a subgroup analysis according to age
group (children and adults) derived from the different clinical usefulness and interpretation. Finally,
funnel graphs (not shown) and p-value calculation (Egger test) were used to assess the publication bias.

3. Results

3.1. Characteristics of the Studies

Until November 2019, a total of 31 studies were gathered and subsequently assessed by the
reviewers. Three duplicate studies were removed after an initial detection. A second detection led to
the removal of 14 studies, which left a total of 14 full-text studies for the final selection [2,6,7,9,19–28]
(Figure 2). Pain levels were assessed in four studies, two in children [20,28] and two in adults [2,21];
anxiety levels in three, two in adults [9,19] and one in children [26]; and anxiety and pain together in
seven studies, five in children [22–25,27] and two in adults [6,7].

Table 2 provides a general description of the details of each study. The risk of bias (RoB Cochrane
Collaboration Tool) in the studies considered is shown in Figure 3. All the studies complied with
random sequence. Two of the studies included [25,28] did not comply with allocation concealment
and only 35% complied with blinding of participants and personnel. It should be noted that none of
the studies included complied with blinding of outcome assessment.
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Figure 2. Flow chart of the study selection process. PRISMA (Preferred Reporting Items for Systematic
Review and meta Analyses) [16].

Figure 3. Risk of bias.
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The STROBE criteria reported an average score of 27.4 (± 0.85), the maximum scores corresponding
to the studies by Al-Halabi et al. [20] and Mitrakul et al. [27]. It is also noteworthy that Item
9 (Bias) was only reported in five studies [21,22,24,26,27], which is also the case with Item 19
(Limitations) [20–22,26,27] (Table 1).

3.2. VR and Anxiety Management

Regarding anxiety, the composite measure is not significant, neither for all together (children +
adults) (p = 0.302), nor for children (p = 0.243) (Figure 4) nor adults (p = 0.567) (Figure 5). The
heterogeneity seems to be moderate (Table 3).

 

Figure 4. Forest plot for anxiety in Children.

 
Figure 5. Forest plot for Anxiety in Adults.

189



J. Clin. Med. 2020, 9, 1025

T
a

b
le

3
.

M
et

a-
an

al
ys

is
of

an
xi

et
y.

C
ha

ra
ct

er
is

ti
cs

of
in

di
vi

du
al

st
ud

ie
s

an
d

m
et

a-
an

al
ys

is
.a

:S
ta

nd
ar

di
ze

d
di
ff

er
en

ce
of

m
ea

ns
.

A
g

e
g

ro
u

p
/S

tu
d

y
Y

e
a
r

S
ca

le
T

e
st

C
o

n
tr

o
l

S
M

D
a

H
e
te

ro
g

e
n

e
it

y
I2

(p
-V

a
lu

e
)

P
u

b
li

c.
b

ia
s

p-
V

a
lu

e
(E

g
g

e
r

T
e
st

)
n

M
e
a
n
±

sd
n

M
e
a
n
±

sd
W

e
ig

h
t

M
e
a
n

9
5
%

-C
I

p-
V

a
lu

e

C
hi

ld
re

n
+

A
du

lt
s

(n
=

9)
28

2
28

4
−0

.5
4

−1
.5

8
to

0.
49

0.
30

2
31

%
(p
=

0.
16

9)
p
=

0.
39

9

C
hi

ld
re

n
(n
=

7)
(s

ee
Fi

gu
re

5)

Sh
et

ty
V

2
[2

5]
20

19
M

D
A

S
60

11
.3
±3

.5
60

16
.5
±3

.5
14

.6
%

−1
.4

8
−1

.8
8

to
−1

.0
7

N
un

na
M

1
[2

3]
20

19
V

C
A

R
S

35
0.

57
±

0.
61

35
1.

00
±

0.
84

14
.5

%
−0

.5
8

−1
.0

6
to

−0
.1

0
N

ih
ar

ik
a

P1
[2

4]
20

18
M

D
A

S
20

19
.6
±0

.9
20

17
.3
±0

.8
13

.8
%

2.
74

1.
86

to
3.

63

M
it

ra
ku

lK
2

[2
7]

20
15

FL
A

C
C

21
26

.0
±9

.1
21

28
.0
±

12
.0

14
.3

%
−0

.1
8

−0
.7

9
to

0.
43

M
it

ra
ku

lK
1

[2
7]

20
15

FL
A

C
C

21
29

.5
±

11
.3

21
27

.3
±

10
.6

14
.3

%
0.

20
−0

.4
1

to
0.

80

A
sl

A
m

in
ab

ad
iN

1
[2

2]
20

12
M

D
A

S
60

12
.6
±1

.0
60

17
.7
±1

.2
14

.2
%

−4
.4

6
−5

.1
4

to
−3

.7
8

A
l-

K
ho

ta
ni

A
[2

6]
20

16
M

D
A

S
28

0.
14
±

0.
36

28
0.

75
±

0.
52

14
.3

%
−1

.3
4

−1
.9

3
to

−0
.7

6

To
ta

l
24

5
24

5
10

0%
−0

.7
4

−1
.9

9
to

0.
51

0.
24

3
38

%
(p
=

0.
13

9)
p
=

0.
53

6

A
du

lt
s

(n
=

2)
(s

ee
Fi

gu
re

6)

Ta
nj

a-
D

ijk
st

ra
K

[9
]

20
14

M
D

A
S

22
3.

73
±

0.
65

24
3.

33
±

0.
87

54
.6

%
0.

51
−0

.0
8

to
1.

10

G
uj

ja
r

K
R

1
[6

]
20

19
M

D
A

S
15

18
.3
±2

.6
15

18
.8
±2

.8
45

.4
%

−0
.1

8
−0

.9
0

to
0.

54

To
ta

l
37

39
0.

20
−0

.4
8

to
0.

87
0.

56
7

0%
(p
=

0.
31

7)
-

190



J. Clin. Med. 2020, 9, 1025

 
Figure 6. Forest plot for pain in Children.

3.3. VR and Pain Management

For pain, there is a significant protection for children (SMD = −0.82, i.e., a substantial effect
according to Cohen’s scale [29]) (Figure 6), but not for adults (Figure 7), since the 95%-confidence
interval (CI) includes the null value 0 (Table 4). Nevertherless, it is based only on two studies.

 
Figure 7. Forest plot for Pain in Adults.
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3.4. Publication Bias and Heterogeneity

All estimates seem not to be affected by publication bias, according to the Egger test (Tables 1
and 2), but heterogeneity seems to be substantial.

4. Discussion

While anxiety and pain are usually associated with dental treatments, the number of studies
addressing their management, especially during anesthetic block, which is one of the procedures that
usually causes great anxiety among patients, is very limited [2,30].

Although most studies are based on pediatric population, fear of dental treatment affects
15%–20% of the population, being recognized by the World Health Organization (WHO) as a real
pathology [3,31,32] that leads those who are affected by it to reject even the most basic dental treatments,
such as simple dental check-ups or cleanings [33]; thus, its management is essential to improve the
patient’s quality of life [34].

Despite the existence of rigorous reviews of literature [5], we believe that this is the first systematic
review and meta-analysis focused on the efficacy of VR in patients, regardless of age, who suffer from
anxiety triggered by dental treatments.

Our meta-analysis is based on 10 studies: two on pain, two on DA and six on DA and P together,
and has proved that VR is an effective tool for reducing pain (SMD = −0.82), as reported by child
patients during a variety of dental procedures.

Some studies proved that, both for pain and anxiety, the use of VR was more effective in children
than in adults. A possible reason for this could be that VR is especially appealing to children, since
they become more engaged in whimsical thinking and are fascinated by imaginative play [35].

Nevertheless, regarding age, it should be noted that the differences in the efficacy of VR, in
each study, could be due to the interpretive problems to which these analyses are susceptible; such
phenomenon, known as ecological fallacies, could be associated either to the heterogeneity of the
study’s characteristics (methodological diversity), or to the study populations (clinical diversity) [36].

VR was found to be more effective for treating P and DA than conventional treatments; however,
it is difficult to assess its efficacy as compared to other types of distraction. Klassen and colleagues [37]
conducted a meta-analysis on distraction using music therapy as an alternative method to reduce
anxiety and pain in different medical and dental procedures, finding a significant reduction, with an
effect size of 0.35. A Cochrane review of psychological interventions using different types of distraction
to relieve pain in children and adolescents, published in 2006 and updated in 2013 and 2018 [38–40],
reported different distraction techniques such as musical therapy, reading, watching films, hypnosis,
breathing techniques and combined cognitive-behavioral strategies, as effective tools to reduce pain
and anxiety during needle procedures. However, the reviewers considered the level of certainty of the
review to be low, since in most of these studies there was no blinding of participants and assessors.
This is consistent with our meta-analysis, according to which only 35% of the studies included met
this requirement.

The heterogeneity of VR software and hardware is also relevant to the immersive approach, which
is influenced by the interaction with the virtual environment, either through translation or change
of position, rotation or change of direction, viewpoint or perspective and visual field. This aspect
is difficult to analyze when referred to patients who are undergoing dental treatment (especially in
children), since adequate patient immersion is hindered by the fact that they are expected to remain
with their heads as still as possible to facilitate the professional’s work [41].

Large devices (hardware), also hinder the dentist’s work, limiting vision of and access to the
dental operation area [42].

Another interesting aspect that has not been given due regard by researchers is gender difference
and its significance in terms of fear of dental treatment. Patients who suffer from dental phobia are
characterized by a gender-specific brain structure. Such differences have not been sufficiently addressed
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by researchers and clinicians, and could contribute to greater effectiveness in the management of dental
phobia [43].

Likewise, patients’ different personality traits were not considered in the studies included, either.
Patients with dental fear and a high predisposition to anxiety magnify their pain expectations when
they are exposed to critical situations. When patients with dental anxiety undergo dental treatment,
their beliefs about the negative consequences of bodily excitement can negatively influence their
assessment of pain linked to such treatment [44]. DA as a predisposing factor is associated with a state
of anxiety, which has a constant impact on pain during the patient’s entire dental treatment; hence,
anxiety should be assessed as a critical step not only towards anxiety management in patients with
high DA, but also towards P management in all dental patients [45].

On the other hand, the studies included used different pain and DA assessment scales: VAS,
W-BFS, FPS-R FLACC, VRS, MDAS, NCAQ and VCARS. Likewise, none of the studies included single
scales for joint assessment by dentist and patient. Vital signs as emotional state indicators were also
assessed in some of the studies, thus it would be convenient and appropriate to find validated scales
that might be used to adequately assess all of these aspects [46].

Eijlers and colleagues [5,47] presented two preparatory studies for pediatric surgery based on
VR training programs; however, the use of this type of preparatory program before certain dental
procedures is yet to be explored by researchers and, therefore, it is currently not possible to compare
effects with and without preparation.

Moreover, none of the studies drew attention to factors that could moderate VR’s effectiveness,
such as a subject’s sensitivity to anxiety or their temperament. Shy and emotional temperaments could
be associated with dental anxiety [48–51].

For all these reasons, we believe that this systematic review has certain limitations in terms
of number, quality and methodology of the studies included: only three studies in adults were
included [2,6,9], which is too scarce to consider them significant in our analysis, the authors themselves
even acknowledge the limited sample size in one of them [2], and the existence of major limitations
with regard to participant and assessor blinding, in another [6].

Hence, to determine the effects of VR on anxiety and pain in dental treatments, it would be
necessary to reduce the risk of bias, to remove confusion factors and to establish a clear definition of
the adequate parameters, all with the purpose of obtaining results that can be translated into broad
clinical applications, so that the evidence can effectively support the practice of clinical dentistry.

5. Conclusions

This systematic review and meta-analysis leads to the conclusion that VR is a useful tool to reduce
P in children undergoing dental treatment. No significant effect was found for DA. Studies in adults are
scarce. On the other hand, most of the studies chose to focus on immersion in the pediatric population,
neglecting a series of aspects that should be considered, such as training programs, the different types
of software and hardware of virtual reality devices, the temperament and patient personality, gender
difference and more. Due to all this, the role of virtual reality in the control of anxiety and dental pain
in children and adults should be considered as a topic for future research.
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Abbreviations

VR Virtual Reality
DA Dental Anxiety
VAS Visual Analogic Scale
W–BFS Wong–Baker Faces Scale
FPS-R Faces Pain Scale-Revise
FLACC Consolability Scale
VRS Verbal Rating Scale
MDAS Modified Dental Anxiety Scale
NCAQ Norman Corah’s anxiety questionnaire
VCARS Venham’s Clinical Anxiety Rating Scale
RoB Risk of Bias
SDs Standard Deviation
SMD Standard Mean Deviation
CI Confidence Interval
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Abstract: Due to the lack of pharmacological treatment for dementia, timely detection of subjects at
risk can be of seminal importance for preemptive rehabilitation interventions. The aim of the study
was to determine the usability of the smart aging serious game (SASG), a virtual reality platform,
in assessing the cognitive profile of an amnestic mild cognitive impairment (aMCI) population,
its validity in discriminating aMCI from healthy controls (HC), and in detecting hippocampal
degeneration, a biomarker of clinical progression towards dementia. Thirty-six aMCI and 107 HC
subjects were recruited and administered the SASG together with a neuropsychological evaluation.
All aMCI and 30 HC subjects performed also an MRI for hippocampal volume measurement. Results
showed good usability of the SASG despite the low familiarity with technology in both groups. ROC
curve analyses showed similar discriminating abilities for SASG and gold standard tests, and a greater
discrimination ability compared to non-specific neuropsychological tests. Finally, linear regression
analysis revealed that the SASG outperformed the Montreal cognitive assessment test (MoCA) in
the ability to detect neuronal degeneration in the hippocampus on the right side. These data show
that SASG is an ecological task, that can be considered a digital biomarker providing objective and
clinically meaningful data about the cognitive profile of aMCI subjects.

Keywords: virtual reality; serious game; mild cognitive impairment; dementia; Alzheimer disease;
digital biomarker; hippocampus; MRI; cognitive rehabilitation; computerized assessment

1. Introduction

Virtual reality (VR) has been defined as an application that allows users to navigate and interact with
a three-dimensional computer-generated environment in real time [1]. Paralleling the advancements
of information technology (IT) in the implementation of multi-dimensional platforms for the care of
patients [2–4], VR gives the opportunity to improve cognitive assessment allowing more ecological
and smart instruments of evaluation [5–10]. In particular, serious games (SGs), defined as “digital
applications specialized for purposes other than entertaining” [11,12], with their capacity to implement
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VR environments can represent an easily-accessible method to assess cognitive functions in a more
ecological way, since they can host complex environments resembling real-life context with different
levels of complexity [7,9,10,13].

Although the field of SGs is quite young, digital applications for clinical purposes are becoming
more and more available, and some of them have been validly used in healthy subjects [10,14,15] as
well as in clinical populations, particularly in Parkinson’s disease [9,16] and in subjects with amnestic
mild cognitive impairment (aMCI) and dementia [17–22]. Data from the literature confirm that SGs are
not only appropriate but also recommended for the assessment and stimulation of elderly people with
MCI and dementia [23].

Faced with the increasing number of new evaluation instruments, the need to implement
scientifically valid, reliable and smart instruments to detect clinical and pre-clinical conditions in the
early stages is of pivotal importance.

MCI is a “mild neurocognitive disorder” [24,25] lying on the continuum between normal aging
and cognitive decline [26,27], affecting approximately 10% to 20% of adults over 65 years of age [26].
MCI is defined as a symptomatic pre-dementia stage in which the cognitive impairment does not
affect the functional activities of daily living [26]. The incidence for the development of dementia in
individuals with MCI older than 65 years of age is approximately 4.9% in two years [28]. Among
the different forms of MCI, the amnestic form (aMCI) refers to a condition in which the memory
dysfunction predominates [29] and that is associated with specific brain changes, such as reduction of
hippocampal volume [30,31] and cortical thinning in medial temporal [30] and parietal [32,33] cortices.
These abnormalities are specific for aMCI and represent biomarker of neuronal degeneration [34].
In particular, the reduction of the hippocampal volume is currently considered a biomarker to detect
the subjects with aMCI at higher risk of cognitive decline [35,36]. Consequently, with their brain
changes aMCI subjects have a higher risk of developing Alzheimer’s disease (AD), when compared to
non-amnestic MCI [37]. This strong association with dementia makes aMCI an important target for early
pharmacological and rehabilitation interventions such as cognitive and physical exercise training [38,39].
In this line, at the beginning of 2018 the American Academy of Neurology published the new practice
guidelines, underlying the importance to assess people in this pre-clinical condition using validated
tools, detecting both functional impairment and cognitive status in a longitudinal way [28]. For large
scale and timely screening for aMCI, more ecological tools, mimicking everyday activities, are becoming
a cardinal issue. In this line, an ecological, virtual 3D environment-based tool named “smart aging”
(smart aging serious game, SASG-http://www.cbim.it/en_new/serious-games-en/index.html [7,10]),
aimed at evaluating multiple cognitive domains, was developed. The SASG integrates five cognitive
tasks in a setting resembling a real house. Subjects are asked to play the tasks of the game following
simple instructions while moving through the rooms, while the software evaluates performance
accuracy and reaction times. When tested in a large cohort of aged cognitively-preserved subjects,
SASG was demonstrated to be a valid tool for assessing cognitive functions [10]. The interface of SASG
is specifically designed to be easily accessible to older or non-expert computer users by means of a
touchscreen, a first-person perspective, and an automatic navigation system.

According to these premises, the present study had a three-fold aim: 1. to evaluate the usability
of SASG in a cohort of aMCI patients and healthy controls (HC), taking into account the familiarity
with the used technology; 2. to investigate the validity of SASG in discriminating between aMCI and
healthy control subjects in comparison with gold standard pencil paper neuropsychological tests; and
3. to determine the validity of the SASG in detecting hippocampal degeneration as a neuroimaging
marker of neuronal injury in comparison to gold standard pencil paper neuropsychological tests.
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2. Materials and Methods

2.1. Recruited Sample

A total sample of 139 subjects participated in the study. Subjects with a diagnosis of aMCI (n = 32)
were consecutively recruited from the outpatient memory clinic at the IRCCS Fondazione Don Carlo
Gnocchi ONLUS (FDG, Milan, Italy). The inclusion criteria were: (1) aMCI diagnosis according to
the recommendations of the National Institute on Aging [27] and the DSM 5 diagnostic criteria [24];
(2) presence of a mini-mental state examination [40] score ≥ 24, corrected for age and years of education
according to Italian normative data [41]; (3) age≥ 65 years and school attendance≥3 years; (4) abnormal
memory function confirmed by an informant and documented by the neuropsychological examination;
(5) no impairment in functional activities of daily living as determined by a clinical interview with both
the patient and the caregiver; (6) absence of psychiatric illnesses, with particular attention to depressive
symptoms (Hamilton depression rating scale score ≤ 12 [42]) and severe behavioral disturbance;
(7) absence of severe auditory/visual loss that can prevent from the use of technological device and from
the execution of the serious game; (8) absence of major brain abnormalities at MRI scan or significant
cerebral vascular diseases (Hachinski score above 4) [43].

A sample of age-, gender- and education-matched HC (n = 107) was also included. HC were
obtained from the CBIM repository and from volunteers recruited from FDG. In more detail, HC were
recruited from universities of the third age, social clubs and among volunteers working in the FDG and
caregivers of outpatients. All the HC lived independently, had active social and cognitive lives and
were native Italian speakers. They underwent an in-clinic neuropsychological evaluation including
MMSE score and a neurological interview to exclude major neurological complaint. They fit the
inclusion criteria number 3, 5, 6 and 7 of the above listing and presented a MMSE ≥ 28. The study was
approved by the Ethics Committee of the Don Gnocchi Foundation and all subjects signed a written
and informed consent.

2.2. Neuropsychological Evaluation

All subjects performed in a clinical setting and in close proximity with SASG completion,
a neuropsychological evaluation. This was conducted by a trained neuropsychologist using
conventional pencil–paper test including:

[i] the Montreal cognitive assessment test (MoCA): an established rapid cognitive screening
tool able to differentiate MCI from normal aging and from AD patients, with a high sensitivity and
specificity [44,45]. Raw data were corrected according to Italian normative data [46].

[ii] the immediate and delayed recall scores obtained from the free and cued selective reminding
test (FCSRT, [47]), a widely used memory test that provides details on the encoding and retrieval
phases of the memorization processes. Data were corrected according to [48].

[iii] the trail making test (TMT, [49]), versions A and B, for the assessment of executive functions
and mental flexibility, as well as visual search, and processing speed. Data were corrected according
to [50].

2.3. Serious Game Task: The Smart Aging Serious Game (SASG)

Each subject was asked to complete, in a clinical setting, a single SASG (http://www.cbim.it/en_
new/serious-games-en/index.html) session, extensively described elsewhere [6,7,10]. Shortly, the SASG
was administered in presence of a neuropsychologist and was performed using a touch-screen monitor,
in a first-person perspective. SAGS is an ecological serious game based on a virtual house, in which
subjects are asked to interact with the different parts of the scenario and to perform specific tasks.
All the actions performed by the subjects within the SAGS are recorded and measured, allowing
the assessment of memory, executive functions, working memory, and visual spatial processes [10]
through the execution of five tasks. Task 1 (T1), named “Object search”, investigates memory, spatial
orientation and attention; task 2 (T2), called “Water the flowers while listening to the radio”, assesses
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executive functions and divided attention; task 3 (T3), “Make a phone call”, evaluates executive
functions, selective attention, working and perspective memory; task 4 (T4), “Choose the right object”,
investigates memory and task 5 (T5), “Find the objects”, assesses long-term memory (recall), spatial
orientation and attention.

In order to familiarize with the virtual environment and the use of the touch screen before the
actual evaluative session, subjects naïve in the use of ICT and touch screens, were presented with
a 10-min interactive demo. Successively, no other feedback was provided while the subjects were
performing the serious games.

In line with Bottiroli (2017) [10], we collected accuracy (accuracy index, AI) and time (time index,
TI) measurements for each SAGS task. AI and TI were then converted into z-scores considering the
mean and standard deviation of the HC sample. For each task a total score was computed (as the
difference between AI and TI, in line with [10] and the sum of the total scores of all tasks was computed
to calculate the Smart Aging Total Score (SASG-Total).

Computer familiarity measures were collected with an ad hoc questionnaire according to [51].
Specifically, each subject was asked to fill out a computer questionnaire concerning its familiarity with
computers and touch-screen use, expressed in terms of frequency of use, before SASG session.

2.4. MRI Acquisition and Analysis

All of the aMCI performed a single brain MRI acquisition (1.5 T Siemens Magnetom Avanto,
Erlangen, Germany) within two weeks from the neuropsychological evaluation, to collect a
high-resolution 3D-T1 image (MPRAGE; TR/TE = 1900/3.37 ms, FoV = 192 mm × 256 mm, in-plane
resolution 1 mm × 1 mm, slice thickness = 1 mm, number of axial slices = 176) in order to measure
hippocampal volumes. The MRI protocol included a dual-echo turbo spin echo proton density
PD/T2-weighted image (repetition time (TR) = 5550 ms, echo time (TE) = 23/103 ms, matrix size =
320 × 320 × 45, resolution 0.8 × 0.8 × 3 mm3) for the evaluation of the white matter hyperintensities.

High-resolution T1 images have been analyzed using Freesurfer’s recon-all pipeline (https:
//surfer.nmr.mgh.harvard.edu/, [52]) and total hippocampal volumes have been segmented using the
hippocampal subfield segmentation tool of Freesurfer (v.6.0) [53], basing on a statistical postmortem
atlas built primarily upon ultra-high resolution (~0.1 mm isotropic) MRI data. Quality checks were
performed at each step of the pipeline, and at the end of the cortical parcellation according to
ENIGMA guidelines (http://enigma.ini.usc.edu). Total intracranial volume (TIV) has been computed
using Freesurfer automatic subcortical segmentation, on the basis of the probabilistic aseg atlas [54].
Hippocampal volumes were then normalized for the total intracranial volume obtaining a normalized
value (n-Hipp), using a proportional approach [55].

2.5. Statistical Analyses

Statistical analyses have been performed using MedCalc 18.5 (http://www.medcalc.org).
Descriptive statistics included relative and absolute frequencies for categorical variables, median and
IQ range for non-normally distributed continuous measures and means and standard deviation (SD)
for continuous measures. The normality of data distribution was assessed considering the skewness
and kurtosis coefficients and an appropriate parametric/non-parametric test was used for statistical
analyses. When appropriate, data were corrected for multiple comparison using the Bonferroni
correction, dividing the α-value (0.05) by the number of statistical tests on dependent variables.

Direct comparisons (one-way ANOVA or Mann–Whitney) on age, gender and educational level
were performed to assess the between-groups matching for these variables. In order to assess the
presence of hippocampal degeneration, n-Hipp volume of aMCI group was compared to an internal
dataset of 30 healthy subjects with comparable age, gender and education and with the same inclusion
criteria defined in the Section 2.1.

For aim 1, i.e., evaluating the usability of SASG, a between-groups comparison was performed on
the results of the computer and touch screen familiarity questionnaire with a chi-squared analysis.
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The key performance indicator considered for the usability of the platform was the percentage of
subjects that completed the SASG evaluation (all 5 tasks). Moreover, in order to test the influence of the
familiarity with computers and the SASG score, a 2 × 2 ANOVA with clinical group (aMCI vs HC) and
frequency of computer use factor (infrequent vs. frequent) on SASG total score data was performed.

For aim 2, that is, determining the validity of SASG in discriminating between aMCI and HC,
we performed between groups direct comparisons (one-way ANOVA or Mann–Whitney) for SASG,
for the conventional pencil–paper test used to detect aMCI (MoCA total score, FCSRT scores), and
for pencil paper–tests not focused on mnemonic functions (TMT-A and B). To further investigate
the validity of SASG, a ROC (Receiver Operating Characteristics) curve analysis was performed to
determine differences in the sensitivity and specificity of SASG in comparison with MoCA, FCSRT,
TMT A and B. On the basis of our ROC curves, the best cut-off score for SASG in discriminating
between HC and MCI was also investigated (Youden J index).

Finally, for aim 3, i.e., determining the ability of SASG to detect the hippocampal neuronal loss,
a partial correlation analysis was performed between SASG Task total score (SASG-Total) and n-Hipp
and between MoCA test and n-Hipp. Age, gender and years of education were included as a covariate
of no interest. Only tasks that resulted significantly correlated with n-Hipp volume were entered into a
linear regression analysis.

3. Results

3.1. Demographics and SASG Usability

Demographics of the recruited sample are detailed in Table 1. No between-group differences
in age, education and gender were found. As expected, the two groups differed in the MMSE score.
Moreover, aMCI subjects showed significantly lower n-Hipp volume bilaterally compared to the HC
group belonging to the MRI internal database (n = 27; mean age 73.59 ± 4.88 years; nine males, mean
education 11.59 ± 3.81 years; MMSE 29.33 ± 0.89). Due to movement artifacts, two subjects with aMCI
were excluded from MRI data analyses (n = 30; mean age 76.07 ± 4.73 years, 15 males, mean education
10.87 ± 3.80; MMSE 27.69 ± 1.76).

Table 1. Group comparison to compare healthy controls (HC) and amnestic mild cognitive impairment
(aMCI) groups for demographic variables.

aMCI HC p-Value [η2; Observed Power]

n 32 107
Age, yrs (mean ± SD) 76.75 ± 5.31 76.47 ± 3.03 n.s.

Gender (M:F) 17:15 54:53 n.s. #
Education, yrs (mean ± SD) 10.75 ± 3.84 10.95 ± 4.09 n.s.

MMSE 27.65 ± 1.79 28.74 ± 1.27 0.0027
N-Hipp volume n = 30 n = 27

Left n-Hipp (mean ± SD) 0.001710 ± 0.0000 0.002055 ± 0.0000 <0.001 ** [0.22; 0.96]
Right n-Hipp (mean ± SD) 0.001783 ± 0.0000 0.002099 ± 0.0000 <0.001 ** [0.26; 0.99]

n: number of subjects; yrs: years; SD: standard deviation; M: male; F: female; MMSE: mini mental state examination;
N-Hipp volume: normalized hippocampal volume; # Chi-squared Test; ** ANOVA = age and education as covariates
and (η2 partial value; observed power).

Results from the computer familiarity scale (Table 2) shows no differences between groups in the
frequency of computer use, with 53.12% of aMCI and 60.38% of HC subjects who never used a PC,
while the remaining had a frequent use (at least weekly). The frequency of use of a touch screen was
comparable between groups: 62.5% of aMCI and 72.65% of HC who had never used a touch screen
before the participation in the study; 18.75% of aMCI and 20.75% of HC who used it unfrequently
(not more than once a month); and 18.75% of aMCI and 6.60% of HC who had a frequent (at least
weekly) use. All the subjects from both groups completed the five tasks of the SASG session indicating
an appropriate level of usability of the digital tool also for a population of aMCI. Testing the influence
of familiarity on SASG score our ANOVA 2 × 2 results shows significant group effect (F(1134) = 64.109,
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p < 0.001), however, the effect of frequency of use factor was not significant (F(1134) = 2.975, p = 0.087)
and no significant interactions were found (F(1134) = 0.74, p = 0.391), indicating that familiarity with
the use of the PC did not influence SASG score.

Table 2. Frequency of use for technological devices in our sample.

aMCI HC p-Value

n 32 106
Frequency of computer use

Infrequent % (n) 53.12% (17) 60.38% (64) n.s. #
Frequent (at least once a week) % (n) 46.88% (15) 39.62% (42)
Frequency of use of a touch screen

(last year)
Never % (n) 62.5% (20) 72.64% (77) n.s. #

Infrequent % (n) 18.75% (6) 20.76% (22)
Frequent (at least once a week) % (n) 18.75% (6) 6.60% (7)

n: number of subjects; # Chi-squared test; n.s.: not significant.

3.2. Neuropsychological Assessment Results

Data relative to the neuropsychological evaluation (Table 3) reveal that for the MoCA test total
score the aMCI group performance was within the normal range (see cut-off values in Table 3) but
significantly worse than the HC. As for the memory performances, assessed with the FCSRT test,
the aMCI group performed worse than controls and below the cut-off value in all four indices assessing
immediate and delayed free and total recall memory. On the contrary, the performances at the TMT A
and B test were in the normal range and comparable between groups.

Table 3. Neuropsychological evaluation. ES = Equivalent Score. ES = 0 pathological score; ES = 1
borderline range.

Test aMCI HC Cut-off (ES = 0) ES = 1 p-Value

n 32 107
MoCA (mean ± SD) 22.26 ± 2.84 26.97 ± 2.35 ≤15.50 15.51–18.28 <0.001 *

FCSRT (median, IQ range)
IFR adjusted 19.59 (15.79 to 23.80) 27.38 (25.38 to 29.42) ≤19.59 19.60–22.53 <0.0001 §

ITR 36 (33.5 to 36.00) 36 (36.0 to 36) <35 – 0.0005 §

DFR adjusted 6.12 (2.67 to 10.16) 9.67 (8.67 to 10.89) ≤6.31 6.32–7.66 <0.0001 §

DTR 12 (9.5 to 12.0) 12 (12 to 12) <11 – <0.0001 §

TMT (median, IQ range)
TMT-A 39 (21.5 to 64.0) 40 (28.0 to 59.0) >93 93–69 n.s §

TMT-B 91 (55.0 to 182.75) 77.5 (49 to 115) >282 282–178 n.s. §

n: number of subjects; MoCA: Montreal cognitive assessment—adjusted total scores [46]; FCSRT: free and cued
selective reminding test [48]; IFR: immediate free recall; ITR: immediate total recall; DFR: delayed free recall; DTR:
delayed total recall; TMT: trail making test [49]; in bold = p-values surviving Bonferroni’s correction (p < 0.007)
* One-Way ANOVA; § Mann–Whitney test.

3.3. SASG Results

Results of the SASG (Table 4) show significant differences between groups in the accuracy of all
SASG tasks, with the exception of T2 and T3, and in the time indices of all subtests except the T4.
SASG-total is significantly lower in the aMCI group.

ROC curves were computed to evaluate the diagnostic sensitivity and specificity of SASG-total
and all the pencil–paper neuropsychological tests (Figure 1, Table 5). The results show high values for
both parameters for all tests except the TMT A and B. Moreover, the ROC comparison analysis reveals
that SASG-total is comparable to MoCA and FCSRT in the ability to discriminate between groups,
while the comparison with TMT A and B reveals significantly higher ability for the SASG-total.
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Table 4. Smart aging serious game (SASG) evaluation, expressed in z-scores. Mann–Whitney test.
Effect size (d) and power are also included for each statistic.

Test
aMCI

(Mean, IQ)
HC

(Mean, IQ)
p-Value

Effect Size
(d)

Power
(1-β err prob)

SASG Accuracy Index
(AI)

Task 1 −0.96 (−1.60 to −0.31) 0.12 (−0.31 to 0.55) <0.0001 1.04 0.99
Task 2 0.48 (0.10 to 0.74) 0.23 (−0.28 to 0.68) 0.040 0.33 0.36
Task 3 −0.78 (−0.78 to 0.83) 0.83 (−0.78 to 0.83) 0.026 0.45 0.59
Task 4 −0.99 (−2.39 to 0.15) 0.41 (−0.15 to 0.98) <0.0001 0.94 0.99
Task 5 −1.75 (−2.51 to −0.63) 0.50 (−0.06 to 0.50) <0.0001 1.28 0.99

SASG Time index (TI)
Task 1 1.02 (0.72 to 1.53) −0.06 (−0.70 to 0.65) <0.0001 1.26 0.99
Task 2 0.63 (0.28 to 1.40) −0.01 (−0.57 to 0.50) <0.0001 0.90 0.99
Task 3 1.03 (0.69 to 1.46) −0.19 (−0.78 to 0.77) <0.0001 1.19 0.99
Task 4 0.45 (−0.20 to 0.69) 0.15 (−0.78 to 0.74) n.s. 0.34 0.37
Task 5 1.33 (1.28 to 1.38) −0.30 (−0.90 to 1.19) <0.0001 1.81 0.99

SASG−Total −8.29 (−12.04 to
−4.90) 0.84 (−3.07 to 3.71) <0.0001 1.61 0.99

SASG-total: smart aging serious game total score; in bold = p-values surviving Bonferroni correction (p < 0.005).

 

Figure 1. ROC curve comparison between smart aging total score and conventional paper-and-pencil
test. Little stars indicate the criterion associated to Youden J statistic.

Table 5. Statistical comparison between the SASG ROC curve and other tests in terms of sensitivity,
specificity, AUC, SE and confidence intervals.

Test Sensitivity Specificity AUC SE 95% CI p-Value
Criterion Value

(J Index)

SASG-Total 84.4 75.5 0.88 0.03 0.81 to 0.92 – ≤−3.28 (0.60)
MoCA (adj) 71.9 90.6 0.89 0.03 0.81 to 0.94 n.s. ≤23.44 (0.62)

FCSRT – DFR (adj) 65.6 97.2 0.76 0.06 0.67 to 0.83 n.s. ≤6.78 (0.63)
FCSRT – IFR (adj) 71.9 91.5 0.85 0.05 0.79 to 0.91 n.s. ≤22.35 (0.63)

TMT-A (adj) 15.6 95.3 0.52 0.06 0.43 to 0.60 <0.0001 ≤14 (0.11)
TMT-B (adj) 40.63 84.91 0.61 0.06 0.53 to 0.70 0.0001 >130 (0.25)

Results have been considered as statistically significant when surviving Bonferroni corrected threshold, p < 0.01.
p-value = comparison with SASG-Total. AOC: area under the curve; SE: standard error; CI: confidence interval;
J: Youden J statistic; SASG-total: smart aging serious game total score; MoCA: Montreal cognitive assessment; FCSRT:
free and cued selective reminding test; DFR: delayed free recall; IFR: immediate free recall; TMT: trail making test;
adj: adjusted.
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3.4. SASG, MoCA and Hippocampal Volume

When investigating the presence of neuronal degeneration through n-Hipp volume, we found a
significant volumetric reduction in aMCI compared to HC subjects bilaterally (Table 1). Moreover,
results of the partial correlations between SASG-total and neuropsychological variables (MoCA, FCSRT
and TMT) with hippocampal volume reveal significant correlation between right n-Hipp volume and
the serious game. No significant relation is present with MoCA score FCSRT and TMT after Bonferroni
correction (Table 6).

Table 6. Partial correlations between test and normalized hippocampal volume. Age, gender and
education have been included as covariates of no interest. Results have been considered as statistically
significant when surviving Bonferroni-corrected threshold (p < 0.008).

Left n-Hipp Right n-Hipp

n 30 30
SASG-Total

Corr 0.28 0.50
p-value n.s. 0.0076

MoCA

Corr −0.08 0.06
p-value n.s. n.s.

FCSRT-IFR/DFR

Corr
p-value

0.30/0.4673
n.s./0.0140

0.39/0.48
0.046/0.011

TMT-A/B

Corr
p-value

0.29/0.24
n.s./n.s.

0.15/0.08
n.s./n.s.

n-Hipp: normalized hippocampal volume; SASG-total: smart aging serious game total score; Corr: correlation
coefficient r; MoCA: Montreal cognitive assessment; FCSRT: free and cued selective reminding test; DFR: delayed
free recall; IFR: immediate free recall; TMT: trail making test; n.s.: not significant.

Finally, a linear regression analysis to evaluate the predictive value of SASG to determine
hippocampal volume reveals a significant relationship between right n-Hipp and SASG-total (R2: 0.14;
p-value: 0.042).

4. Discussion

The recent technological advancements in digital medicine have fostered the development of
innovative tools for a better care of people’s health and wellbeing [56]. In the last years, several lines of
research have led to the development of innovative ICT solutions to perform cognitive evaluation with
the use of SGs, virtually reality based instruments able to reproduce more ecological environments,
in both healthy and neurological populations [5,7–10,16,23]. Recent data demonstrated the usability
and efficacy of SG for the early detection and monitoring of cognitive impairment in neurodegenerative
disorders [57].

The first aim of the present study was to test the usability of an innovative virtual reality tool,
the smart aging serious game (SASG) platform, in a cohort of aMCI subjects.

In our sample, the majority of subjects (whether aMCI or HC) had never used a PC and a touch
screen before performing the SASG session. Despite this finding, no effects of familiarity were found
on the SASG score and all the participants were able to go through the whole SASG session in a clinical
setting, indicating a good level of usability. This result confirms the good usability of the platform
for our sample. Indeed, SASG interface was specifically implemented for older and non-expert users
and did not necessitate skilled abilities [6,10]. All the aspects of the usability of the platform were
considered in a previous work [6] and several technical precautions were considered. For instance,
to overcome the difficulties in navigating through 3D scenarios, the touch screen was found to be more
usable than the mouse. Moreover, these data suggest the possibility to also use the SASG platform
remotely from the patient’s home. This last use, though, will require a dedicated validation.
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The second aim of the study was to determine the validity of the SASG in discriminating between a
preclinical population with aMCI and successful aging subjects. Data on well-established pencil–paper
tests confirmed the amnestic profile of the aMCI population that showed reduced scores in the MoCA
test, and in the immediate and delayed FCSRT subtests and relative total scores [58]. On the contrary,
as expected no differences between groups were found in the TMT tests, a task specifically targeted to
measure visual–motor skills, mental flexibility, processing speed and sequencing [59]. This confirms the
specificity of the amnestic impairment of the aMCI a preclinical condition with a high risk to develop
AD type of dementia. The cognitive profile using SASG depicts a picture similar to the one observed
with conventional paper-and-pencil tests. In detail, considering only the accuracy (i.e., independently
from the time of execution), aMCI have a reduced performance in all tasks involving mnemonic
functions (T1, T4 and T5) with preserved competences in tasks involving mainly executive functions
and attention (T2 and T3). When considering the time of execution (i.e., independently from the
accuracy), results show a slowdown in aMCI in all tasks except task 4, the only one presenting with a
reduced visual complexity due to the bi-dimensional aspect of the scenario and thus not requesting an
increased cognitive effort to deal with the greater graphical complexity of a 3D-environment [7,10].
Given the comparable unfamiliarity with technology in both groups, the reduced performances in the
aMCI versus HC subjects can be reasonably interpreted as the result of the different neuropsychological
profile. Taken together, these data highlight the validity of SASG in discriminating aMCI from HC.

To further investigate this issue, we calculated the specificity and sensitivity of SASG and compared
them to those of gold standard tests for aMCI detection, the MoCA test and the immediate and delayed
recall of the FCSRT. Results of these analyses show that SASG has a very good performance (AUC:
0.879) in discriminating between groups, and these are statistically comparable to immediate and
delayed recall of the FCSRT and to MoCA test, as shown with the ROC analysis. This is in agreement
with data demonstrating the validity of the FCSRT in detecting memory deficits in subjects at risk of
AD, making the use of this test recommended by the International Working Group (IWG) [11]. Finally,
SASG results in a significantly higher sensitivity and specificity when compared to the TMT. This result
was expected due to lack of involvement of mnemonic abilities in the TMT. Taken together these data
demonstrate the validity of SASG in detecting mild neurocognitive deficits involving the memory
domain that do not impact the functionality of everyday life such as in the aMCI condition [26].

Finally, the third aim was to test the relationship between the SASG tasks and the hippocampal
volumes. Results show that SGSA is comparable to FCSRT and outperforms MoCA in the ability to
detect the reduction in the hippocampal volume. This datum is very important since pre-morbid
hippocampal volume is predictive of a subsequent clinical progression towards AD and it is thus
considered a biomarker [35,36]. In a previous study by Sarazin et al. [60], the FCSRT was proved
to be correlated with left hippocampal volume, particularly in the CA1 region in AD patients [60].
In our study we found a significant relationship between SASG performance and right hippocampus
volume. Interestingly, this asymmetric relationship can be due to the visual–spatial nature of the
task. The right hippocampus has been indeed demonstrated to be involved in memory for locations
within an environment, and this corresponds to some of the tasks involved in the SASG evaluation
(see [61] for a review).

5. Conclusions

In conclusion, this virtual-based tool constitutes an ecological and clinically meaningful task,
useful to assess the cognitive profile in subjects with subtle and selective memory complaints such as
aMCI subjects. SASG has substantial advantages that make it useful even in a clinical context: it is user
friendly, ecological and motivating for the users [10,62]. The integration of technology into cognitive
assessment practices provides a new ground for a modern approach to neuropsychology, making it able
to digitally collect and combine a higher number of variables in a better evaluation of the behavioral
profile. This aspect is of seminal importance and, in this perspective, the SASG represents an ecological
tool for the timely detection of the functional impairment of this clinical condition, as recommended in
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the practical guidelines on MCI of the American Academy of Neurology [28]. Moreover, the significant
relationship of SASG performance with the right hippocampal volume demonstrates how results on
this task hold the potential to offer a putative digital biomarker able to capture the aMCI condition.
The herein presented data are relevant because they show the efficacy of SASG in recognition of patients
at risk to develop AD in a pre-clinical stage. Considering the lack of pharmacological treatments
for this condition, early detection of subjects at risk is decisive for the implementation of timely and
effective rehabilitation interventions as the only opportunity to reduce the risk and the impact of the
cognitive decline.
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Abstract: This study aimed to investigate the association between a virtual reality (VR) intervention
program and cognitive, brain and physical functions in high-risk older adults. In a randomized
controlled trial, we enrolled 68 individuals with mild cognitive impairment (MCI). The MCI diagnosis
was based on medical evaluations through a clinical interview conducted by a dementia specialist.
Cognitive assessments were performed by neuropsychologists according to standardized methods,
including the Mini-Mental State Examination (MMSE) and frontal cognitive function: trail making test
(TMT) A & B, and symbol digit substitute test (SDST). Resting state electroencephalogram (EEG) was
measured in eyes open and eyes closed conditions for 5 minutes each, with a 19-channel wireless EEG
device. The VR intervention program (3 times/week, 100 min each session) comprised four types of VR
game-based content to improve the attention, memory and processing speed. Analysis of the subjects
for group–time interactions revealed that the intervention group exhibited a significantly improved
executive function and brain function at the resting state. Additionally, gait speed and mobility
were also significantly improved between and after the follow-up. The VR-based training program
improved cognitive and physical function in patients with MCI relative to controls. Encouraging
patients to perform VR and game-based training may be beneficial to prevent cognitive decline.

Keywords: virtual reality; dementia; mild cognitive impairment; electroencephalogram

1. Introduction

Dementia is a syndrome characterized by global cognitive impairment [1] and an estimated
50 million people worldwide have dementia [2]. It is most prevalent in individuals aged > 65 years and
is considered as the greatest health challenge in the 21st century [3]. The pharmacological treatments
have not yet led to an important breakthrough in the treatment of dementia, resulting in gravitation
toward non-pharmacological approaches to alter the progressive course of the disease [4]. Mild
cognitive impairment (MCI) is the prodromal stage of dementia [5], with around 46% progressing to
dementia within 3 years [6]. Some MCI patients are stable or return to a normal state over time [7].
Thus, MCI serves as an ideal stage for preventive interventions.

The most promising non-pharmacological interventions for delaying the progression of MCI to
dementia are exercise, cognitive training [8] and multicomponent intervention [9], and recently, virtual
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reality (VR) has also been explored for treatment and prevention of dementia [10]. A randomized
control trial in normal older adults comparing physical exercise, cognitive exercise and VR exercise
demonstrated that VR exercise showed significant improvements in cognitive as well as physical
function, and VR exercise was more favored than physical exercise by the elderly [11]. In older
adults with MCI, VR intervention has been reported to improve memory function [12]. VR is a
computer-simulated environment, closely resembling real-life situations and scenarios, which provides
the user with the sensation of physically “being there” [13,14]. VR can be divided into non- immersion,
semi-immersion, and full immersion, based on the levels of immersion. Immersive VR provides
enhanced ecological validity and the possibility to personalize the activity and environment to the
needs of individuals, making VR-based training more engaging [15]. The higher level of immersion
corresponds to a more realistic VR environment to the user [16]. The immersive VR has been used
mostly for neurophysiological assessment, cognitive rehabilitation and the effect of VR on different
cognitive domains such as executive function, attention, memory and spatial orientation is being
investigated [17].

Immersive VR-based cognitive training has recently attracted attention in the research filed
of MCI and dementia [18]. A recent meta-analytic study has also reported the positive effect of
semi-immersive VR on cognition and physical function in individuals with MCI and dementia [19].
A fully immersive VR-based cognitive intervention study on older adults with and without dementia
reported significantly higher cognitive progress in those without dementia compared to those with
dementia [20]. A feasibility study using fully immersive VR cognitive training in MCI and dementia
patients showed a high feeling of safety, satisfaction, reduced anxiety fatigue and low discomfort
compared to pen-paper training [15]. This advantage of VR over pen-paper cognitive training can
be beneficial to ensure adherence to cognitive training and when performed with caution, it has the
potential to be an efficient intervention for dementia patients [15,21].

Nevertheless, immersive VR is increasingly used in health-related fields and interventions and
has the potential to be a powerful tool in delaying the onset of degenerative brain and mental diseases.
However, the evidence regarding the effectiveness of immersive VR in MCI and dementia is limited [22],
especially the fully immersive type of VR. Several studies still rely mostly on non- and semi-immersive
VR [23] and the advantages of VR with full immersion and interaction on prevention of dementia have
not yet been explored to their full potential. Therefore, we aimed to investigate the effect of the fully
immersive virtual reality intervention on cognitive, brain and physical function in older adults with
MCI. In addition to the neurocognitive tests, we also used electroencephalography (EEG) to assess the
effect of VR intervention on cognition in our study. EEG is the least invasive measure of brain electrical
activity. EEG power measures are associated with memory, executive function and global cognition in
patients with MCI [24].

2. Materials and Methods

2.1. Subjects

The study was announced through three regional health care centers in Busan metropolitan city,
South Korea. A total of 234 participants applied and all of them underwent a screening process.
The inclusion criteria were: (i) >55 and <85 years and (ii) individuals diagnosed with MCI based
on medical evaluations consisting of neurological examinations and detailed neuropsychological
assessments conducted by a dementia specialist. MCI was defined by the Consortium to Establish a
Registry for Alzheimer’s Disease Assessment Packet (CERAD) with the cut-off score developed by
Chandler et al. [25]. Following some exclusion criteria, 100 out of 234 subjects were recruited to be
part of this study. The exclusion criteria are explained in Figure 1. Thirty-two subjects out of 100 did
not participate in the study due to personal reasons, hence our study included a total of 68 subjects
who were then randomly allocated to either the control (n = 34) or VR-intervention (n = 34) group.
To avoid selection bias, the random allocation was assigned via a computer-generated, fixed block
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randomization procedure to either the intervention or control group, generating blocks stratified by
age, gender, education level, and participating center. The participants’ mean age was 72.5 ± 5.32 years
(mean ± standard deviation (SD)).

Figure 1. Flowchart of study design.

The study procedure was approved by Dong-A University Institutional Review Board on
24 October 2019 (IRB No. 2-1040709-AB-N-01-201909-HR-036-04) and all participants provided signed
informed consent at the beginning of the study. This study is registered in the University Hospital
Medical Information Network (UMIN) Clinical Trials Registry (Registration No. UMIN000040107).

2.2. Intervention

The intervention group performed a total of 24 sessions of VR-based cognitive training for eight
weeks. Three sessions were held per week and each VR training session lasted for 100 minutes, which
also included instruction regarding VR training and eye stretching exercises in between VR training,
as described in Figure 2. On the other hand, the control group participated in an educational program
on general health care once a week during the study intervention period (8 sessions). Each session
was 30 to 50 minutes. The program was led by health professionals, an exercise specialist, a physical
therapist and a nutritionist, and subjects were given information such as nutrition regarding proper
diet and foods, and exercise tips to prevent geriatric diseases such as frailty, sarcopenia and dementia.
In addition to VR training, the intervention group was also provided with an educational program
following the same protocol as the control group.

The VR training consisted of 4 series of games. All the VR training game contents were developed
by SY Innotech Inc., Busan, South Korea. The VR training was performed with an Oculus VR headset
(Oculus quest headset) and two wireless hand controllers, one for each hand. The virtual reality
program consists of four types (Figure 2): Juice making: This game requires the subject to pick a recipe
for making a given juice in a virtual reality space, memorize the listed fruits, select the memorized
material from the shelf and toss it into a container. The container is vigorously shaken until juice is
made and then poured into the cup. Crow Shooting: The shooting game is set up on the beachside
where the subjects are asked to shoot flying black birds. The right controller turns into a gun and the
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left controller into a shield. Fireworks (find the fireworks number): Three numbers are shown on the
screen when the game starts and fireworks burst in a random order from the numbers. When the
firework display is over, the subjects need to click the numbers in the order of which the firework
exploded. Love house (d: memory object at the house): In this particular game, subjects are placed in a
virtually simulated house where they were given 30 seconds to memorize the location of objects in
the shelf and around the living area. The items are then misplaced, and the subjects are required to
reorganize the objects in the correct location with the help of a VR hand controller.

Figure 2. (A) This figure illustrates the design for the virtual reality (VR) training design and game
contents. The total training duration was 100 minutes (three 20 min VR training sessions, and three
10 min eye massage and stretching sessions) held three times a week for 8 weeks. (B) The contents of
the VR training games: (a) juice making, (b) crow shooting, (c) find the fireworks number, (d) memory
object at the house, (e) and (f) example of subject.

2.3. Cognitive Function

Cognitive assessments were performed by neuropsychologists according to standardized
methods. Global cognitive function was assessed with the Korean version of the Mini-Mental
State Examination-Dementia screening test (MMSE-DS) [26]. From the National Center for Geriatrics
and Gerontology Functional Assessment Tool (NCGG-FAT), the trail making test (TMT) A & B, and
symbol digit substitution test (SDST) in the form of an electronic tablet were used to assess cognitive
function [27]. In TMT A, the subjects were instructed to touch the target number in consecutive order
of 1–15 shown in the tablet as quickly as possible. In TMT B, the subjects were instructed to touch
numbers and letters alternatively in consecutive order. In SDST, 9 pairs of numbers and symbols were
shown in the top half of the tablet display, and the subjects were asked to match the symbols to their
corresponding numbers displayed in the bottom half of the display. TMT and SDST were both timed,
and shorter time taken to complete the test indicated better cognitive function.
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2.4. EEG Recording and Data Acquisition

The EEG was recorded in a dimly lit and quiet room with a Cognionics Quick-20 (Cognionics Inc.,
San Diego, CA, USA) dry EEG headset. The EEG headset had a built-in design based on the international
10–20 system (Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1 and O2) positioned
according to the international 10–20 system [28]. The resting state EEG data of 5 minutes was recorded
with the eyes closed condition. The subjects were instructed to keep their eyes closed but stay awake
during EEG recordings. The EEG was recorded at a sampling rate of 500 Hz and filtered through a
band-pass of 0.53–120 Hz. The electrodes impedance was kept under 500 kΩ. The artifact removal
was conducted with independent component analysis (ICA) individually for each channel. The
EEG brain power ratio-theta/beta ratio (TBR), theta/alpha ratio (TAR) and delta/alpha ratio (DAR)
between baseline and follow-up data (within the VR intervention and control groups) were analyzed in
iSyncBrain software, v.2.1, 2018 (iMediSync, Inc., Seoul, South Korea) and the difference was observed
with paired t-test. The EEG band power was shown in a topographic map (Topo map) plotted with the
built-in sLoreta function in iSyncBrain software v.2.1. The differences were observed with paired t-test.

2.5. Physical Function

Physical function was assessed by gait speed test, mobility test and handgrip strength. The gait
speed test was 7 m long, which included a 1.5 m acceleration distance, a 4 m “preferred walking speed”
followed by a 1.5 m deceleration distance. Only the 4 m walk was timed. The 8-feet Up and Go test of
2.44 m was used to assess mobility. Handgrip strength (HGS) of the non-dominant hand was measured
with a digital hand dynamometer (TKK 5101 Grip-D Takei, Tokyo, Japan). The HGS was measured
twice and the mean value was used for statistical analysis. During the test, participants were instructed
to maintain their shoulders slightly apart from their body, and hold the dynamometer pointing to
the ground.

Socio-demographic variables such as education, age, medication intake and smoking were
acquired through interviews by trained researchers.

2.6. Statistical Analysis

All comparisons were two-sided, with an alpha level of 0.05. All statistical analyses were analyzed
using the IBM SPSS Statistics, version 25.0, 2017 software package for Windows (SPSS Inc., Chicago,
IL, USA). The Shapiro–Wilk test was used to determine the normality of the data distribution. The
independent t-test or the chi-square test was used to assess differences in the baseline (beginning of the
intervention) variables. We used the intention-to-treat approach, and between-group comparisons
of continuous variables were conducted using a repeated measures analysis of variance (ANOVA)
model after adjusting for the potential covariates (age, sex and years of education) for primary and
secondary endpoint outcome. Time was treated as a categorical variable, and the models included
group, time and group-by-time interaction as fixed effects. The conclusions about the effectiveness of
the VR intervention were based on between-group comparisons of change in global and prefrontal
cognitive function (working memory, processing and executive function) from baseline to 8 weeks
after, as assessed with the MMSE, TMT A & B, SDST and other physical function determined by the
time-by-group interaction of the model.

3. Result

In Table 1, the demographics of the study population along with baseline physical functions and
global cognitive functions are described. There are no significant differences in parameters between
the intervention and control groups at the baseline.
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Table 1. Selected anthropometric, cognitive and physical function characteristics of the subjects at
the baseline.

Variables VR Intervention Control

n (male) 34 (6) 34 (10)
Age (years) 72.6 ± 5.4 72.7 ± 5.6

Education (years) 9.3 ± 4.0 8.4 ± 3.5
Height (m) 1.58 ± 0.08 1.58 ± 0.08

No. of medication intake (n) 2.3 ± 1.4 2.12 ± 1.4
Weight (kg) 60.7 ± 9.8 61.3 ± 9.1
BMI (kg/m2) 24.3 ± 3.0 24.5 ± 2.7
SBP (mg/hg) 129.6 ± 15.8 129.6 ± 17.9
DBP (mg/hg) 74.8 ± 11.3 69.5 ± 11.8

Grip strength (kg) 22.2 ± 6.3 23.4 ± 5.7
Gait speed (s) 1.15 ± 0.33 1.18 ± 0.21

8-feet Up and Go (s) 6.27 ± 1.48 7.04 ± 2.02
MMSE (score) 26.0 ± 1.8 26.3 ± 3.3

TMT A (s) 26.3 ± 7.3 27.9 ± 9.2
TMT B (s) 56.6 ± 25.0 58.5 ± 28.1

SDST (score) 33.4 ± 9.0 32.4 ± 8.2

BMI: Body mass index, SPB: Systolic blood pressure, DBP: Diastolic blood pressure, MMSE: Mini mental state
examination, TMT A: Trail making test A, TMT B: Trail making test B, SDST: Symbol digit substitution test. The
values are expressed in mean and standard deviation (mean ± SD). All variables have no significant differences
measured by independent t- test or chi-square test.

In Table 2, TMT B time decreased significantly in the intervention group compared to the control
group (p = 0.03). Similarly, small, but not significant, positive changes were observed in MMSE and
SDST. The physical function such as gait speed (p =0.02) and 8-feet Up and Go were significantly
improved (p = 0.03) in the intervention group.

Table 2. The comparison of physical function and global cognitive function between baseline and post
intervention in the VR intervention and the control groups.

Variables VR Intervention Control
Group x Time

Interaction

Baseline Follow Up p-Value a Baseline Follow Up p-Value a p-Value b Effect
Size

Grip strength (kg) 22.2 ± 6.3 24.4 ± 5.3 0.03 23.4 ± 5.7 23.9 ± 5.7 n.s. n.s. -
Gait speed (m/s) 1.15 ± 0.33 1.19 ± 0.37 0.04 1.18 ± 0.21 1.12 ± 0.26 * 0.01 0.02 0.143
8-feet Up and go (s) 6.77 ± 1.48 6.32 ± 1.92 0.02 7.04 ± 2.02 7.06 ± 1.87 * n.s. 0.03 0.107
MMSE (score) 26.0 ± 1.8 26.9 ± 2.0 n.s. 26.3 ± 3.3 26.4 ± 2.7 n.s. n.s. -
TMT A (s) 26.3 ±7.3 24.2 ± 5.3 0.04 27.9 ± 9.2 27.8 ± 8.1 n.s. n.s. -
TMT B (s) 56.6 ± 25.0 51.3 ± 24.8 0.03 58.5 ± 28.1 63.2 ± 25.1 * 0.01 0.03 0.208
SDST (score) 33.4 ± 9.0 39.6 ± 9.5 0.02 32.4 ± 8.2 21.8 ± 8.2 < 0.01 0.03 0.264

The values are expressed in mean and standard deviation (mean ± SD). a Paired t-test between baseline and
follow-up assessment. b Repeated-measures analysis of variance (ANOVA) testing interaction of intervention
(VR intervention versus control) by time (baseline versus follow-up) for each outcome, adjusted for age, gender and
years of education. Effect size is partial eta squared for group by time. * Represents a significant difference between
the intervention and control group. n.s. = not significant, MMSE: Mini mental state examination, TMT A: Trail
making test A, TMT B: Trail making test B, SDST: Symbol digit substitution test.

3.1. EEG

3.1.1. Band Power

In the elderly, increased Theta wave (>3.5 to <8 Hz) is associated with the risk of developing
cognitive impairment [29,30]. The theta has been observed to be significantly decreased around the
parietal (p = 0.013) and temporal (p = 0.036) regions at follow up (G2) compared to baseline (G1) in the
VR intervention group (Figure 3).
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Figure 3. This figure shows a significant decrease in Theta power in the parietal (p = 0.013) and temporal
areas (p = 0.036) at follow up (G2) compared to baseline (G1) in the VR intervention group.

3.1.2. Power Ratio

The higher TBR is related to mind wandering, which is considered to be associated with reduced
attention [31]. In the VR intervention group, the Theta/Beta ratio (TBR) is decreased in the temporal
(p = 0.035) and parietal (p = 0.027) regions at follow up (Figure 4). In the control group, all power ratios
did not show any changes.

Figure 4. This figure shows a significant decrease in the Theta/Beta power ratio (p = 0.027) at follow up
(G2) compared to baseline (G1) in the VR intervention group.

4. Discussion

Our study examined the effect of a VR game intervention on cognitive and brain activity in older
adults with MCI. Our findings show that the VR game intervention is an effective way to improve
cognitive and frontal brain function in MCI patients. The improvements in the 8-feet Up and Go test
and gait speed were also observed in the intervention group.

Over the past decade, technology-based cognitive interventions have gained immense interest
worldwide. Our study results show positive effects for the VR intervention on key outcome variables,
such as cognitive and physical function. The VR intervention effect in the cognition category is consistent
with the result of a systematic review by Coyle et al. [32]. Coyle and colleagues showed that the VR
intervention moderately improved the cognitive function of participants with cognitive impairment.
A recent VR study has reported improvements in executive functions [33] after the VR intervention,
similar to our study results. TMT is often used as a measure of executive function [34]. TMT A
measures psychomotor speed and visual scanning, while TMT B reflects working memory [35–37].
However, our results showed significant positive improvements in TMT B but not in TMT A. The
contents of our VR training consisted of games such as love home, juice making and fireworks, which
required subjects to memorize objects, recipes and numbers respectively, highly involving use of
working memory along with other cognitive functions, such as attention and processing speed. This
could explain the significant change in TMT B score. In addition, we also measured brain electrical
activity during the resting state of mind. The theta power was observed to be decreased in the VR
intervention at follow up. Increased theta, in the elderly, is associated with the risk of developing
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cognitive impairment [29,30]. Our study also a showed significant decrease in TBR in the temporal and
parietal regions of the brain. The higher TBR was observed to be related to mind wandering, which
is considered to be associated with reduced attention [31]. However, detailed studies over a longer
period on each EEG rhythm are required to draw its strong relationship with VR training.

Studies have also shown that VR intervention is effective to improve physical function and walking
speed of community-dwelling patients who had a stroke [38–40]. Our study results further expand this
data as significant improvements in physical function, especially gait speed and the 8-feet Up and Go
test, in MCI patients were observed after 8 weeks of VR training. Several studies have found physical
functions such as handgrip strength [41–43] and gait speed [44] to be associated with cognitive decline
in older adults. Gait speed has been reported to rely on motor function and cognitive processes, which
includes executive function and attention [45], which may explain the relationship between gait speed
and cognition. Furthermore, improved brain function may be due to health promoting behaviors, such
as physical activity and nutrition, and health literacy [46]. However, further studies are needed in order
to evaluate the bidirectional relationship between the improvement of cognition and physical function.

VR provides an artificial interactive environment closely representing reality. Older adults with
dementia can experience various sensory stimulation in a comfortable and safe virtually simulated
environment, which could lead to a boost in functional learning and transfer of learned functions [47].
Unlike computerized computer training, VR is immersive and closely mimics reality, intensifying
ecological legitimacy, offering greater potential for transfer to activities of daily life (ADL) [48]. We
performed fully immersive VR training in order to examine the effectiveness of using VR intervention
on cognitive, brain and physical function in MCI patients. The VR contents in our study used real
life locations. Fully immersive VR corresponds more to feeling like the individual is experiencing
real-life scenarios [23]. A functional magnetic resonance imaging study showed that the virtual
reality-generated environment activates the associated brain areas, similar to the real environment [49].

Our study yielded a positive effect of fully immersive VR training on cognitive as well as physical
function in older adults with MCI. The subjects in the VR intervention group strongly adhered to the
training and the dropout number was low (n = 1). One of the limitations of our study was that there
was no follow up in the middle of the intervention period or some period after the study was over, due
to which the short- and long-term effect of the VR intervention on cognition and physical function were
not observed. Secondly, the VR intervention program group had more sessions (n = 24) compared
to the control group (n = 8) and hence, the intervention group had more interaction with each other
and their supervising health professionals. The increased social interaction has been associated with
preventing cognitive decline [50,51]. This could have somewhat contributed to positive results in the
intervention group. The participants of our study were predominantly women (n = 52), compared
to men (n = 16), and future studies regarding gender differences on the effect of the VR intervention
are necessary.

5. Conclusions

In summary, our results show that VR-based cognitive training has a positive effect on cognition
in MCI patients. Although the global cognitive function did not change significantly, we observed
significant improvement in executive function, and some physical functions such as gait speed and the
8-feet Up and Go test. Moreover, the EEG test showed a positive change in brain activity related to
attention after the intervention period. Nevertheless, further work is needed in this area to confirm the
long-term effectiveness and feasibility.
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Abstract: Objective: the objective of this review is to analyze the advances in the field of rehabilitation
through virtual reality, while taking into account non-immersive systems, as evidence have them
shown to be highly accepted by older people, due to the lowest “cibersikness” symptomatology. Data
sources: a systematic review of the literature was conducted in June 2019. The data were collected
from Cochrane, Embase, Scopus, and PubMed databases, analyzing manuscripts and articles of the
last 10 years. Study selection: we only included randomized controlled trials written in English
aimed to study the use of the virtual reality in rehabilitation. We selected 10 studies, which were
characterized by clinical heterogeneity. Data extraction: quality evaluation was performed based on
the Physioterapy Evidence Database (PEDro) scale, suggested for evidence based review of stroke
rehabilitation. Of 10 studies considered, eight were randomized controlled trials and the PEDro
score ranged from four to a maximum of nine. Data synthesis: VR (Virtual Reality) creates artificial
environments with the possibility of a patient interaction. This kind of experience leads to the
development of cognitive and motor abilities, which usually positively affect the emotional state
of the patient, increasing collaboration and compliance. Some recent studies have suggested that
rehabilitation treatment interventions might be useful and effective in treating motor and cognitive
symptoms in different neurological disorders, including traumatic brain injury, multiple sclerosis,
and progressive supranuclear palsy. Conclusions: as it is shown by the numerous studies in the field,
the application of VR has a positive impact on the rehabilitation of the most predominant geriatric
syndromes. The level of realism of the virtual stimuli seems to have a crucial role in the training
of cognitive abilities. Future research needs to improve study design by including larger samples,
longitudinal designs, long term follow-ups, and different outcome measures, including functional
and quality of life indexes, to better evaluate the clinical impact of this promising technology in
healthy old subjects and in neurological patients.

Keywords: virtual reality; cognitive and physical rehabilitation; oldest old person

1. Introduction

Virtual reality (VR) is a trending, widely accessible, contemporary technology of increasing utility
to biomedical and health applications [1]. VR is the technological experience that allows for a full
immersion in virtual spaces with which you can interact via specific wearable or using only your hand.
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A key feature of all VR applications is interaction. Virtual environments (VE) are created and allow for
the user to interact with not only the VE, but also with virtual objects within the environment. In some
systems, the interaction might be achieved via a pointer operated by a mouse or joystick button. In
other systems, a representation of the user’s hand (or other body part) might be created within the
environment where the virtual hand movement is generated [2].

VR ranges from non-immersive to fully immersive, depending on the degree to which the
user is isolated from the physical surroundings when interacting with the virtual environment.
Non-immersive virtual reality allows for interacting with the environment through mouse or joystick;
immersive virtual reality, instead, uses tools that are connected to the human body in order to perform
the same motor task [3,4]. Non-immersive VR systems have been studied as a therapeutic tool for
improving symptoms in neurological disorders and have shown potential to promote cognitive and
motor improvements even in advanced stages of different neurological diseases (e.g., stroke, Alzheimer
and Parkinson disease (AD, PD), multiple sclerosis (MS), and traumatic brain injury) because of these
characteristics [5–9].

The use of VR technology in rehabilitation derives from research in computational neuroscience
involving motor learning mechanisms [10]. VR provides real-time visual feedback for movements,
thereby increasing engagement in enjoyable rehabilitation tasks [11].

VR provides alternative rehabilitation programs with new and effective therapeutic tools that can
improve the functional abilities in a wide variety of rehabilitation patients in a neurological setting,
offering several features, such as goal-oriented tasks and repetition. The use of VR environments for
virtual augmented exercise has recently been proposed as having the potential to increase exercise
behavior in older adults [12] and it also has the potential to influence cognitive abilities in this
population segment [13]. Therefore, VR represents a real opportunity for the cognitive rehabilitation of
neurological patients with different neuropsychological symptoms, especially in attention, memory,
problem-solving and executive dysfunction, and in behavioral impairments [7–9].

Moreover, VR training has been mostly described for the upper limb [14,15], but also for the lower
limb [16], balance and walking [17,18], as well as for perceptual/cognitive skills [19].

To our knowledge, systematic reviews or meta-analyses have been undertaken to review the
utility of VR technologies in a single arm of rehabilitation (i.e., motor or cognitive rehabilitation, upper
or lower limb rehabilitation), focusing on a specific pathology (stroke, PD, AD, MS) [6,7,9].

Despite the growing evidence of the positive effects of VR in rehabilitation of functional and
cognitive abilities, some systems still raised concerns regarding their acceptability with complex clinical
populations, as, for example, the older people. In particular, during trials with immersive systems, few
adverse events have been described by participants, including headache and dizziness [20]. Finally,
little is known about the perceived effect of the exposure at multisensory input during a complex
activity, such as treadmill walking with VR in patients during post-stroke rehabilitation to improve
balance and gait ability [6,21].

The objective of this review is to analyze the advances in the field of rehabilitation through VR,
while taking non-immersive systems into account, as evidence have shown to be highly accepted by
older people, due to the lowest “cibersikness” symptomatology [20]. For this purpose, Randomized
Controlled Trials (RCTs) were analyzed in order to investigate the effects of rehabilitation programs
integrated with innovative non-immersive VR systems and suggest future clinical applications.

2. Methods

2.1. Literature Search and Study Selection

The methodology of this systematic review was based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines, as the main aim of this work is mapping
all the available literature in the rehabilitation with non-immersive virtual reality. A systematic review
of the literature was conducted in June 2019. The data were collected from Cochrane, Embase, Scopus,
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PubMed, and Science Direct databases, analyzing manuscripts and articles of the last 10 years (from
June 2009 to June 2019), in order to obtain the latest evidence in the field.

Based on consultation with the multidisciplinary team, non-immersive VR studies and applications
related to rehabilitation intervention were searched while using the following search terms, and the
combination thereof: non-immersive, virtual reality, virtual game, rehabilitation, motor impairment,
and cognitive impairment.

After the preliminary search, 26 articles resulted from PubMed, 19 from Scopus, 283 from Science
Direct, 10 from Embase, and 11 from Cochrane.

The findings were analyzed and screened by four experts of the team, a bioengineer, a clinical
neuropsychologist, a statistician, and a neurologist. In particular, three review authors independently
reviewed titles and abstracts that were retrieved from the search in order to determine whether they met
the predefined inclusion criteria. A fourth review author (a statistician) moderate any disagreement.
The full text articles were subsequently analyzed.

The first screening was based on the analysis of the title and of the abstract, as well as deduplication
of the findings. Another researcher confirmed the accuracy of the papers selection and screened for
any possible omission. After the first step, 11 articles resulted from PubMed, two from Scopus, and 0
from Science Direct, Embase, and Cochrane.

2.2. Study Selection

We included RCTs and reviews written in English that aimed to study the use of non-immersive
virtual reality in rehabilitation. Thus, we selected studies meeting the following criteria:

1. Studies conducted on adult patients aged ≥65 years
2. Studies devoted to use a non-immersive virtual reality in rehabilitation
3. Studies including upper limb rehabilitation, lower limb rehabilitation, or cognitive rehabilitation
4. Randomized clinical trials, with control group that received conventional rehabilitation therapy
5. Before-after comparison of a single group
6. Review articles

On the contrary, we excluded studies that met the following criteria:

1. Conference proceedings
2. Studies for which the full text was not found
3. Studies written in languages other than English
4. Technical papers
5. Qualitative studies

All case-report studies and case-control studies were excluded for a lack of sustainability of results,
as well as works concerning the development of new technologies.

2.3. Data Collection

After the screening based on the inclusion/exclusion criteria, conducted on the full text articles,
the studies were selected as follows: 0 from Scopus, 10 from PubMed, and no one from Cochrane,
Science Direct and Embase, and one from other sources. The countries of the selected studies are:
Spain (2), France (2), Italy (2), Israel (1), United State of America (1), Canada (2), and Brazil (1). The fact
that the studies have been performed in different countries shows that the topic is of general interest.
Figure 1 shows the flowchart search strategy applied.
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Figure 1. Flow diagram of the study selection process.

3. Results

A total of 10 papers were included. Studies are both reviews [22,23] and clinical papers [24–31].

3.1. Study Quality Evaluation

Quality evaluation was performed based on the PEDro scale and on the Cochrane’s Risk of Bias
(RoB) tool, suggested for evidence based review of rehabilitation while using non-immersive virtual
reality [32,33]. The final score was settled when three authors reached agreement after repeated review
and analysis. Of eight studies considered, five were randomized controlled trials and the PEDro score
ranged from four to a maximum of nine, and the RoB score ranges from one to five (Table 1).
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3.2. General Characteristics of the Study Population

All of the studies were focused on older people with a mean age of 65.2 (±9.4) years for the
experimental group and 69.2 (±9.4) years in the control group. The number of participants that were
involved in all the studies is 1008 ranged from 6 to 376.

To our knowledge, of the older people involved in the trials, 586 were males and 392 females.
The majority of the patients suffered from stroke (n = 593), followed by older people at high risk

of falls, with more than two falls in six months (n = 182), patients with amyotrophic lateral sclerosis
(n = 30), AD (n = 24), or PD (n = 24).

3.3. Descriptive Analysis and Outcome Measures

Table 2 shows the characteristics of the studies. The outcome could not be pooled into meta-analysis
due to the following reasons. Clinical heterogeneity (Table 2) can be clearly observed from the
participant, intervention, exercise mode, and outcome measures of the included studies. Diversity is
seen in patient conditions and pathology, frequency, and duration of VR intervention, whether the
impairment concerns the upper or the lower limb, whether the experiment conducted was pure VR
(only VR) or VR mixed with traditional physical therapy or with exercise therapy, and whether the
outcome measure contains follow-up.
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3.4. Intervention Effects

Eight papers report the results of clinical trials involving a group of patients that performed
a training with VR system versus a control group that performed a traditional physiotherapy
training [25–29,31], or a comparison within the same group performing a VR training while using
different exercise control modalities [30].

The period of VR training ranged from four to six weeks, each day of the week or three training
sessions per week, while the duration of each single session with VR system ranged from 15 to
60 minutes. Only in one study [27] the duration of intervention was two weeks. Generally, all
the experimental groups (EGs) in the studies have received both therapies with VR and traditional
physiotherapy, while the control groups (CGs) have only received traditional physiotherapy. Two
studies have a follow up after eight and 12 weeks [29] or six months [28].

The study of Walker et al. [24] reported the lowest number of subjects (n = 6) within one-year
post-stroke. It is a before-after study and all the subjects performed training with a treadmill equipped
with a VR system. All the participants made significant improvements in their ability to walk, increasing
the over ground walking speed and the Berg Balance Scale (BBS) scores.

The study of Turolla et al. [25] involves 376 post-stroke patients randomized into two groups,
receiving combined VR and upper limb conventional therapy or traditional therapy alone. VR
rehabilitation seems more effective than conventional interventions in restoring upper limb motor
impairments and motor related functional abilities.

The study of Allain et al. [26] involves 24 Alzheimer’s disease patients as compared with 32
healthy elderly controls on a task designed to assess their ability to prepare a virtual cup of coffee,
comparing the performance with an identical daily living task. Significant relations are found between
virtual and real coffee-making scores, and between virtual score and Instrumental activities of daily
living (IADL) scale, which supports the validity of the virtual reality training.

In a study of Saposnik et al. [27], 141 post-stroke patients were randomized into two groups: the
first received the VR therapy and the second received recreational therapy. The results show that
within each group the performance time improves from baseline to the end of treatment, whereas no
differences are found between groups.

The objective of Mirelman et al. [28] was to verify whether an intervention combining treadmill
training with non-immersive virtual reality (to target both cognitive aspects and mobility) would lead
to fewer falls than treadmill training alone would. To do this, the authors recruited 282 older people
at high risk of falls and randomized them into two groups to receive treadmill training plus VR or
treadmill training alone. In the six months after training, the incident rate was significantly lower in
the experimental group.

The study of Segura-Ortì et al. [29] involves 18 patients on hemodialysis: nine performed 30
minutes of non-immersive virtual reality training and nine performed 30 minutes of aerobic training.
Both interventions improved physical function, such as gait speed and no significant differences, were
found between groups.

In the study of Trevizan et al. [30], the performance on a computer task in patients with amyotrophic
lateral sclerosis while using three (motion tracking, finger motion control, or touch screen) different
commonly used non-immersive devices was evaluated. The control and experimental group both
showed better performance on the computer task when using the touch screen device.

Pelosin et al. [31] analyzed 39 patients with Parkinson’s disease, assigned to treadmill training
group or treadmill training with non-immersive virtual reality intervention group to assess cholinergic
activity. The results showed that the experimental group improved obstacle negotiation performance,
and reduced the number of falls as compared with control group.

4. Discussion

A review of the evidence on VR efficacy in patients affected by a neurological disease is mandatory
due to the rapid development of VR programs in the last years and the increasing literature on VR
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application in neurological conditions, in order to enable clinicians to have an up-to-date understanding
of the potential clinical beneficial effects of these techniques.

Therefore, the aim of this paper was to systematically evaluate the evidence of the effectiveness of
VR compared to conventional therapies. It must be stressed that few studies summarize the current
best evidence on the effectiveness, user compliance, feasibility, and safety of VR interventions for
rehabilitation treatment in neurological disorders.

VR creates artificial environments with the possibility of a patient interaction. This kind of
experience leads to the development of cognitive and motor abilities, which usually positively affect
the emotional state of the patient, increasing collaboration and compliance.

Moreover, the VR rehabilitative treatment might be personalized according to the specific abilities
and needs of the subject.

Parkinson disease is one of the most common age-related brain disorders with both
dopamine-related motor symptoms and nonmotor symptoms due to other neurotransmitter circuits
involvement, such as the cholinergic, noradrenergic, and serotonergic pathways.

The cognitive decline is among the most common and relevant nonmotor symptoms in PD and
it affects different cognitive domains, in particular attentional, visuospatial and executive domains,
and also memory. VR in the cognitive PD treatment could be useful in improving, in particular, the
visuospatial and executive abilities, which represent the most compromised aspects of cognitive decline
in PD patients [7].

Moreover, falls are frequent in ageing and PD patients, due to an impairment in the
cholinergic-mediated gait pathway. A rehabilitation approach using treadmill training combined with
non-immersive VR seems to induce changes in cortical cholinergic activity, which enables functional
gait improvements and reduces the fall rate in comparison to a traditional rehabilitation method [31].

A reduction in static and dynamic balance is a major risk factor for falls also in stroke survivors [34].
In fact, the majority of the individuals with stroke who have fallen usually develop fear of falling again
(88%). Fear of falling is related to balance and gait deficits [35], and it often leads to reduced physical
activity and deconditioning. In fact, 44% of stroke fallers report restriction of activity after the fall.
Given the very low physical activity and cardiovascular fitness levels already near the lower limit of
those required for basic ADL, further activity reduction and deconditioning due to the fear of falling
can easily lead to a loss of independence in individuals with stroke.

A recent review on post-stroke rehabilitation therapy [6] provided evidence for a moderate
beneficial effect in balance improvement of VR combined with conventional therapy, as compared to
conventional therapy alone.

More promising effects seem to be evident in the case of upper limb motor impairments in stroke
rehabilitation [25], but further studies are needed on this subject. In fact, the trial described in [27]
found that non-immersive VR as an add-on therapy to conventional rehabilitation was not superior
to a recreational activity intervention in improving motor function, which suggested that the added
intensity of training only induces early motor recovery of the upper limb, and that this can be achieved
with VR or with other simple and inexpensive arm activities.

VR technology has considerable potential for detecting functional limitations in IADL performance
in AD patients, beyond that of current neuropsychological measures, as shown by Allain et al. [26].
Moreover, studies were carried out to assess the effectiveness of a VR cognitive training program on
cognition in mild cognitive impairment (MCI) and AD patients [36].

VR cognitive training for individuals with MCI and dementia has proven to result in improvements
in the cognitive domains of attention, executive function, and visual and verbal memory. Moreover,
significant reductions in depressive symptoms and anxiety were evident, with a delay in the progression
of cognitive impairment [37].

Additionally, the VR format might help in training adherence, as individuals with MCI and
dementia patients seem to prefer the VR format of a task over the paper version, as confirmed by
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a feasibility study with image-based rendered VR in patients with mild cognitive impairment and
dementia [38].

Some recent studies have suggested that rehabilitation treatment interventions might be useful
and effective in treating motor and cognitive symptoms in different neurological disorders, including
traumatic brain injury [8], multiple sclerosis [9], and progressive supranuclear palsy [39].

Finally, VR represents an effective tool that could improve the traditional cognitive and motor
rehabilitation in patients that are affected by a neurological disease. Moreover, home-based VR might
offer a promising addition or alternative to existing rehabilitation programs, and a chance to provide
and/or prolong the required therapy after discharge in a more accessible setting, potentially improving
clinical outcomes.

Future research needs to improve the study design by including larger samples, longitudinal
designs, long term follow-ups, and different outcome measures, including functional and quality of
life indexes, to better evaluate the clinical impact of this promising technology in healthy old subjects
and in neurological patients. In particular, the next challenge for the research on VR and rehabilitation
can be summarized in the following questions:

1. Does an innovative intervention enriched with VR provide a significant improvement in
mobility, compared to traditional physiotherapy?

2. Is the intervention cost-effective for the health management systems?
To answer to these questions, it is crucial to understand how to improve the rehabilitation path of

older people, through multidisciplinary multicomponent and person-centered intervention, integrated
with VR.

The evidence reported in the paper are in line with the aims that were expressed by the National
Plan for Health Research, whose priorities are defined in accordance with the indications contained in
the regulation of the European Parliament and of the Council on the establishment of the “Health for
growth” program, which pursues as a goal the achievement of a strong potential for economic growth
thanks to the improvement of the state of health, through the facilitation of innovation in health care,
the improvement of skills and information on specific diseases, and the identification of good practices
for effective prevention [40]. In line with what has been expressed, the role of health technology
assessment is of crucial importance. In this perspective, the available services must necessarily be
enriched with adequate equipment of proven efficacy, as the promising sector of VR, to be able to
advance at both the methodological and assistance level.

5. Conclusions

As it is shown by the numerous studies in the field, the application of VR has a positive impact
on the rehabilitation of the most predominant geriatric syndromes. The level of realism of the
virtual stimuli seems to have a crucial role in the training of the cognitive abilities. Nevertheless,
semi-immersive or non-immersive VR systems have the advantage of being more accepted by the
users, as they experienced less cybersickness after the training. Moreover, the integration of these
devices in the health management systems are still lacking despite the evidence and the peculiarity of
VR technologies with different level of immersivity. A tentative explanation can be found, not only
in the cost of technology that seems to be more affordable in the recent years, but, most of all, in the
absence of a standardized protocol and procedure, to harmonize traditional rehabilitation therapies
and innovative VR systems. For this reason, it will be necessary to improve the research in the field,
adopting RCTs study design as well as indicators of health technology assessment, to understand the
effectiveness and efficacy also in terms of optimization of the clinical pathways. In addition, as VR
systems can be easily adopted at home, it can be considered to be useful for the continuity of care.
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Abbreviations

VR Virtual Reality
AD Alzheimer disease
PD Parkinson disease
MS Multiple sclerosis
RCTs Randomized Controlled Trials
EGs experimental groups
CGs control groups
BBS Berg Balance Scale
IADL Instrumental activities of daily living
MCI Mild cognitive impairment
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Abstract: In recent years, virtual reality (VR) technologies have become widely used in clinical
settings because they offer impressive opportunities for neurorehabilitation of different cognitive
deficits. Specifically, virtual environments (VEs) have ideal characteristics for navigational training
aimed at rehabilitating spatial memory. A systematic search, following PRISMA guidelines, was
carried out to explore the current scenario in neurorehabilitation of spatial memory using virtual
reality. The literature on this topic was queried, 5048 papers were screened, and 16 studies were
included, covering patients presenting different neuropsychological diseases. Our findings highlight
the potential of the navigational task in virtual environments (VEs) for enhancing navigation and
orientation abilities in patients with spatial memory disorders. The results are promising and suggest
that VR training can facilitate neurorehabilitation, promoting brain plasticity processes. An overview
of how VR-based training has been implemented is crucial for using these tools in clinical settings.
Hence, in the current manuscript, we have critically debated the structure and the length of training
protocols, as well as a different type of exploration through VR devices with different degrees of
immersion. Furthermore, we analyzed and highlighted the crucial role played by the selection of the
assessment tools.

Keywords: navigation; neurorehabilitation; spatial memory; systematic review; virtual environment;
virtual reality

1. Introduction

Virtual reality (VR) is a computer application by which humans interact with computer-generated
environments in a way that simulates real life and involves various senses [1] and gives the user an
experience of being “immersed” in the VR [2,3]. The experience created in VR depends on output
tools (visual, aural, and haptic) that immerse the user in the virtual environments (VEs), input tools
(trackers, gloves, or mice) that continually track the position and movements of the users, and the
human interaction [4,5]. The degree of physical stimulation impacting on the sensory systems and
the sensitivity of the system to motor inputs characterize the immersion experience. The product of
immersion is presence, defined as the psychological sensation of “being there” in the VE instead of
the physical and real environment [1,2,6] or as the “feeling of being in a world that exists outside the
self” [4,7–10]. The most commonly used forms of sensory stimulation in VR systems are visual displays.
A virtual camera controls the viewpoint from which the subject experiences the computer-generated
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image. The user’s perspective changes according to where he is looking; therefore, it is indispensable
to track their location by an incorporated, highly sensitive head and body tracking systems. Sensors
monitor the subject’s position to provide an egocentric reference frame for the simulation. The images
can be delivered either by a head-mounted display (HMD) or by a computer monitor or projection
screen. HMDs may be more immersive but can induce cybersickness in vulnerable subjects, whose
symptoms are a headache, eye strain, nausea, or, in extreme cases, vomiting [11,12]. In this sense,
display screens, semi-immersive systems, are generally more comfortable to use. Auditory and haptic
stimulations are often combined with a visual display and are increasingly able to provide a strong sense
of physical contact with the VE [13]. In less immersive systems, the input is retrieved from standard
joystick controllers, mouse, and keyboard. These control devices are easy to use and naturalistic
interfaces that simulate real-world interactions are largely used [1]. The use of VR in neurorehabilitation
has grown in a meaningful way, and experimental evidence suggests that this technology could have
a positive impact on functional recovery in neuropsychological disorders [8,14]. It is a fascinating
tool in neurorehabilitation for its peculiarities. First, the possibility of creating tailor-made training
that has the value of highlighting how each rehabilitation process must be individualized, addressing
the recovery of the patient’s specific disorder and adaptation request [1]. The active involvement
that this tool can generate in the subjects is due to the possibility of creating new and appealing
environments without forgetting the valuable immediate and concrete feedback that comes to the
person. The movement accomplished can be reproduced by the avatar within the VR and this is crucial
feedback for the patient [15–18]. VR also offers the opportunity for controlled, ecological, and secure
testing environments with different degrees of immersion and interaction [1,19]. Thus, an increasing
number of cognitive rehabilitation programs have started using VE to simulate daily activities, such as
shopping, traveling [20], or exploring a city [21].

The literature shows that virtual reality is an acceptable and promising therapeutic tool for several
pathological fields [13], such as mental health disorders in patients with post-traumatic stress disorder,
anxiety and depression [22,23], or eating disorders [14,24,25] and in neuropsychological deficits, for
instance, in patients with traumatic brain injury (TBI) [26]. Interesting are the results in which VR has
been shown to have potential for improving the assessment and treatment of TBI and dementia [27–29],
even in cases where the probabilities of recovery appear low [30]. It has been demonstrated as a
successful tool in spatial memory and navigational abilities, particularly in Alzheimer’s disease (AD)
and in mild cognitive impairment (MCI) [13,31,32].

Spatial memory is reflected in a person’s navigation and orientation abilities, fundamental
requirements for moving in the surrounding environment. The ability to reach landmarks efficiently
depends upon the ability to form, retain, and utilize a cognitive representation of the environment [33].
Human navigation involves several cognitive functions and processes. It can be based on self-motion
cues and static environmental cues. The tracking of a person’s position and orientation is based on
self-motion cues, motor efferences, and vestibular and proprioceptive feedback [34]. Environmental
cues are based on landmarks and extended boundaries that can provide one’s position and orientation
relative to the environment. Self-motion and static environmental cues can inform allocentric and
egocentric reference frames [35,36]. Allocentric representation is independent of the position of the
navigator and does not change with the navigator through space. An egocentric frame, however,
involves the representation of locations based on the subject’s viewpoint [37]. The self-reference
system uses self-motion cues to update body location and face direction relative to an allocentric,
orientation-free, immediately available, object-to-object map [38].

Spatial memory problems, such as forgetting the orientation and the position of objects or getting
lost, are often a result of hippocampal damage in humans [32,37,39,40]. The consequence of these
representations can be dissociated in terms of behavioral and developmental elements, and, finally, of
their neural bases. Thus, the hippocampus and medial temporal lobe offer allocentric environmental
representations, whereas the parietal lobe egocentric representations and the retrosplenial cortex and
parieto-occipital sulcus allow both types of representation to interact with each other [37,39,41,42].
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In human navigation, the role of the hippocampus and associated mesial temporal lobe structures
has been widely demonstrated [37]. Meanwhile, differential activity in the hippocampus and caudate
correspond to the acquisition and expression of information about locations derived from environmental
boundaries or landmarks, respectively [43]. Changes in the navigation network may be a result of
cognitive decline and can manifest in impaired spatial navigation [35].

In conclusion, the environments recreated using VR technology represent a context through which
the user has the opportunity to experience real-life scenarios and increase their abilities and experience
new adaptation strategies [13]. In [44], it is suggested that patients are able to transfer information
about the environment acquired from VE to real life. They suggest that mental representations of space
in VE are rather like those implicated in the navigation of the real world. Concerning the growing
interest in VR and high potential applications in neurorehabilitation, it is necessary to examine the
treatment procedures and the results obtained so far. According to these premises, we aimed at
providing a systematic review of the experiments in the field of spatial memory neurorehabilitation to
comprehend if VR navigational training, compared to treatment as usual, is effective in improving
navigational abilities. The specific objectives of the present work are two-fold. First, to provide an
overview of which apparatus are available for neurorehabilitation and understanding how these VR
training regimes have been implemented in clinical settings. We analyzed different types of software
and procedures for implementing the training. Finally, in light of the cognitive and neural theories of
spatial processing, we attempted to compare different VR navigational training used and analyzed
which is more useful.

2. Method

2.1. Search Methodology

Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines were
followed [45]. Two high-profile databases (PubMed and Web of Science) were used to perform the
computer-based research on the 6 July 2019. According to PICO format, we defined the question
(following the identification of problem, intervention, comparison group, and outcome) as “In spatial
memory disorder, is VR navigational training, compared to treatment as usual, effective in improving
navigation abilities?”. We then proceeded with the definition of keywords for the search strategy.
The string used to carry out the search strategy was virtual-realit* OR virtual-environment* AND
neurorehabilitation OR rehabilitation OR training OR stimulation OR navigation OR learning OR
abilit* OR memor* AND spatial OR space.

From the search of both databases, we obtained 5048 articles, excluding duplicates. Title and
abstract screening was carried out, and 24 articles passed to the full-text screening phase. Eight studies
were excluded with reasons as follow: Not Controlled trial (= 1); Results of neuropsychological outcome
for spatial memory not reported (= 3); Qualitative/descriptive study (= 2); Not neuropsychological
rehabilitation for spatial memory (= 2).

2.2. Inclusion Criteria

The review considered randomized control trials, nonrandomized control trials, intervention
studies, and case-control studies in clinical patient populations with an overt spatial memory disorder.
Studies on rehabilitation’s programs of navigation abilities with virtual reality (VR) devices in
different population of patients (such as mild cognitive impairment (MCI), Alzheimer’s disease (AD),
traumatic brain injury (TBI), multiple sclerosis (MS), stroke, cerebral palsy, epilepsy, incomplete cervical
vertebro-spinal trauma, topographical disorientation disorders and neglect) were included. We only
included studies in the English language and which satisfied strict criteria for eligibility for the review
(research studies, clinical patient population, VR training, spatial memory disorders, rehabilitation
programs). The qualitative component also considered the type of VR navigational training and
methodological design. We excluded articles which lacked necessary information for review in the
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full-text or the abstract. Reviews, meeting abstracts, proceedings, notes, case reports, letters to the
editor, assessment protocols, editorials, and other editorial materials were also excluded. Retrospective
studies were not included because the area of interest requires performing experiments.

2.3. Risk of Bias Assessment

To assess the risk of bias, the reviewers followed the methods recommended by The Cochrane
Collaboration Risk of Bias Tool [46] and the STROBE Statement [47]. Two reviewers (J.M. and C.T.)
independently assessed the risk of bias of each included study against key criteria: random sequence
generation, allocation concealment, blinding of participants, personnel, and outcomes, incomplete
outcome data, selective outcome reporting, and other sources of bias. The following judgments were
used: low risk, high risk, or unclear (either lack of information or uncertainty over the potential for
bias). Disagreements were resolved through consensus, and a third author was consulted to resolve
disagreements if necessary. In particular, the selected studies followed strict criteria in the methods,
including presenting critical elements of study design, clearly defining all outcomes, describing the
setting and relevant dates, including periods of recruitment and exposure, giving sources of data and
details of methods of assessment (measurement).

2.4. PRISMA Flow Diagram

PRISMA guidelines were strictly followed; all titles and abstracts were screened according to the
abovementioned inclusion criteria after removing the duplicates. Full texts of eligible articles were
retrieved and assessed by two reviewers (J.M. and C.T.) for individual selection of papers to reduce the
risk of bias and resolving disagreements through consensus as explained in Section 2.1. See Figure 1
for the paper selection procedure.

Figure 1. PRISMA flow diagram.
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3. Results

Sixteen studies were analyzed to test the usefulness of rehabilitative interventions using virtual
reality (VR) systems. However, growing interest in VR has led researchers to question how the
characteristics of VR equipment and different aspects of the training tasks could influence the treatment
outcomes, with particular regard to the results that reflect on the patient’s daily life in an ecological way.
In our review, we aim at giving more awareness to the researchers and at guiding them in the selection
of the most appropriate VR device to use. Considering the studies mentioned in this analysis, it could
be possible to understand which is the most suitable program for the treatment of spatial memory
disorders, in terms of the type of apparatus used and the training method. Furthermore, it is essential
to understand which kind of patient will benefit from the intervention. To satisfy our aims and to
facilitate the understanding, we considered the following clusters: (1) Authors; (2) Year; (3) Sample (N);
(4) Sample characteristics; (5) Mean age; (6) VR Task; (7) Virtual Apparatus; (8) Neuropsychological
assessment; (9) Primary Outcomes. Results are reported in Table 1.
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Analysis of results in spatial navigation rehabilitation programs was carried out starting from
the outcomes of 16 studies, taking into consideration the patient population, the VR apparatus
(immersive/semi- or nonimmersive) and the type of training used. We analyzed clinical, methodological,
and technical outcomes to cast research and clinical applications of VR in the context of VR navigational
training. The results were argued in response to the following three questions.

3.1. Which Virtual Apparatus Is Recommended for Spatial Memory Rehabilitation?

3.1.1. Type of Device and Controllers During Navigation

Among all the studies reviewed, the only one that used an immersive virtual reality (VR) system
with a head-mounted display HMD Oculus Rift DK2, using the Unity 5 game engine, and a joypad
is described in [39] (see Table 1 for an overview of VR equipment). Several studies [20,52,57–59,61],
used semi-immersive systems: the previous one used OctaVis, a circle of eight screens in which the
participant can freely rotate on a fixed chair and interact with a joystick; while [58,59] used a BTs Nirvana
PC System connected to a projector or a big screen and to an infrared sensor for movements; in [61],
a finger touch projector was used and the scenarios were developed using Unity 3D. In order to increase
the user’s presence in the VE, attention was paid to elements such as the visual flow synchronized with
the cycling velocity in real-time, realistic 3D sound, perception of the wind through the movement
of trees; [57] used a projector on a big screen (2 × 1.5 m) and a viewing height of 1.8 m. Virtual
Scene Designer was used to create the scenarios. The advantage conferred by the semi-immersive
system is that it allows sensorial isolation, but it presents fewer signs of cybersickness. Even this
system demonstrates the generalizability of VR measures by correlations with subjective estimations
of cognitive abilities and real-life shopping performance [52]. Immersive and semi-immersive systems
have proved to be useful tools in navigational training for improving spatial cognition and attention
processes [55,58].

Nine further studies reviewed used nonimmersive systems. In [50] the rehabilitation training was
based on a navigational task, exploring part of a virtual town (London) from a ground-level perspective,
using a computer videogame driving simulator (Midtown Madness 2, Microsoft Game Studios). Other
studies have used nonimmersive VR training on a computer with joystick or keypad to navigate
the city, using Unity 3D software—Reh@city [54,56]—on a standard IBM-PC computer and in an
environment developed with the Super Scape VRT-3D construction package [49]; or a specific software
developed by authors—Virtual Tübingen [53]. Other studies used Superscape software version 4
and NeuroVR. NeuroVR is a free VR-platform for customizing a large number of predeveloped
virtual environments [9,21,48,62]. One study [51] created a simulation of the real-world town of Graz
(Austria) using Instantreality software, a high-performance Mixed-Reality framework that provides a
comprehensive set of features to support classic virtual reality [63]. Another study [60] used a certified
medical device with high customization capacity, the virtual reality rehabilitation system (VRSS),
which comprises a central hub connected to specialized peripheral devices, such as magnetic sensors
for movements, which is fully synchronized and integrated with the system. Also, the rehabilitation
programs that used a nonimmersive system showed promising enhancement of different cognitive
abilities through spatial and navigational training [21,48,50–53,58].

3.1.2. VR Spatial Navigation

The usefulness of VR navigational tasks in rehabilitation programs for spatial memory has been
highlighted. Promising results have been demonstrated with the use of navigation tasks on simple
display screens of a computer (nonimmersive devices). However, better performance can be achieved
through immersive rather than semi-immersive systems by using head-mounted displays. This
is explained by the greater sense of presence [4,8], with integrated systems that record the user’s
movement and take advantage of up to six degrees of freedom, and providing feedback to the user
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about their performance [15]. Since navigation in virtual environments can trigger the same brain
mechanisms as navigation in the real world, spatial “presence” can be generated [64].

3.2. Which Virtual Training Method Is Suitable for Spatial Memory Rehabilitation?

The studies included in the current review are all focused on the rehabilitation of spatial memory
and navigation abilities in different neurologic patients, including mild cognitive impairment (MCI),
Alzheimer’s disease (AD), traumatic brain injury (TBI), multiple sclerosis (MS), stroke, cerebral palsy,
epilepsy, incomplete cervical vertebro-spinal trauma, prosopagnosia with topographical disorientation
disorders, and neglect. all patients have used virtual reality (VR) devices in different rehabilitation
programs, and nobody had any difficulty in following the training. Overall, the emerging outcomes
are positive, and they present improvements to different degrees. All of the mentioned studies had a
control group [20,21,48,49,51,52,54,57,59,61] except one [53]. Five of them reported results of single
case studies [50,55,56,58,60]. Virtual rehabilitation enables clinicians to control the specific features of
the virtual environment, enabling tailoring of the challenge to suit individual patient needs [65]. The
characteristics of virtual training (detailed in the following paragraphs) that are crucially important are
the overall duration of the training, the frequency, the intensity of each session, and, last but not least,
the time elapsed since the damage [57]. Additionally, some studies have already demonstrated that the
use of a map as a navigational aid improved the performance of users performing complex navigational
tasks [66]. Furthermore, the presence of a small-scale interactive aerial view facilitated the retrieval
of stored spatial layout and an arrow or salient landmarks, giving more comprehensive information
about the egocentric heading in environment, were effective in supporting the navigation [67,68]. Also,
findings in the studies examined underline the importance of using active navigation protocols to
promote the neurorehabilitation of spatial memory [62,67], and that the degree of the visual similarities
between the virtual world and the real one boosts the transfer of learning between contexts [57].

3.2.1. VR Training Duration

The protocol duration turned out to be an important variable for rehabilitation training outcomes
(details are visible in Table 2). The training proposed by [50,60] was the most intensive. The first
regime consisted of 15 sessions of 90 min each, amounting to 22.5 h. The second regime consisted
of three weekly sessions of 60 min for a total of 36 treatments. The improvements are visible after
a certain period of time, as evidenced by two-month and one-year follow-ups [50]. One study [55]
proposed 21 sessions of 45 min each, amounting to 15.75 h, and [61] proposed 18 sessions lasting
40–45 min each for a total of 13.5 h. In these studies, the patients showed substantial improvement in
navigation ability. Another study [59] conducted 20 sessions for stroke patients in which an intensive
and long training program was essential for obtaining substantial improvements. Other rehabilitation
programs, which lasted between eight to 15 sessions, showed an improvement in long-term spatial
memory after VR-based training [21,52,57]. Transference of improvements from the VR-based training
to more general aspects of spatial cognition was observed [21]. Interesting results are also connected
with high frequency and intensity of sessions [21,50,52,55,58,59] rather than low-intensity training
regimes [49]. A protocol lasting less than four hours returns vulnerable outcomes [20,51,53,54,56,62].
For example, one study [53] based on four sessions of 1 h each was only able to significantly improve
one patient’s performance.
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3.2.2. Time Elapsed Since Damage

Another important variable is the time elapsed from the brain injury to the starting point of
cognitive rehabilitation. One study [54] found an overall recovery and showed a positive training
effect on global cognitive functions in post-stroke patients which started the treatment within 7 months
from the stroke. A long-distance from the traumatic event, instead, does not promise good results, as
happened in patients who started an average of 43 months after stroke [53]. A short interval was also
important in other disorders. One study [50] have gained promising results with a single traumatic
brain injury (TBI) patient that began the training within 1 year. The shorter the period between
the traumatic event and the beginning of treatment, the higher the probability of achieving a better
outcome [50,52,54].

3.2.3. Training Procedure

A detailed description of the different procedures is outlined below. In one study [50], the patient
was given the instruction “You must cut down poles and trees that you find all along the way”, with
the aim of inducing the participant to explore the virtual town, avoiding passing the same roads twice.
The spatial memory task was implicit, while the explicit task was a simple game, which entertained
the participant. The participant did not have access to a city map during the task.

One study [53] used training divided into implicit (free exploration) and explicit tasks (following
specific routes). During the sessions, the patients were encouraged to practice the instructed navigational
strategy learned in a previous psycho-educational phase. The participants had access to a city map
during the task. Two studies [54,56] used implicit tasks. In the first study, the participant was guided
by instructions such as “Go to the supermarket”. Visual feedback elements (time and point counters)
were used to reward successful actions. The participant had access to a mini-map in the lower half of
the screen and/or a guidance arrow. In the second study, the participant was asked to follow three
routes, differing in length, as quickly and as accurately as possible. In the next learning phase, the
patient was required to create a mental representation of the city, incorporating the spatial location
of six landmarks. In the retrieval phase, he was required to navigate via the city in order to reach a
location as quickly as possible and using the shortest route possible.

In [55], the participant was instructed to enter a building and find the correct window, which had
been previously shown from an external view of the building. Two studies [21,51] used specific tasks
with encoding and retrieval phases. In the first study, the neuropsychologist asked participants to find
and memorize the position of hidden objects within the virtual city. Then, they were asked to retrieve
the position of the objects identified before, starting from another point of the city. Participants had
access to a city map during the task. In the second study, the participant had to learn a route by following
verbal instructions and subsequently had to recall the correct directions. In two studies [48,57], the
participants received explicit instructions to explore and memorize a route in the virtual environment
(VE) during the research of an object. Subsequently, in the first study, they were asked to draw the
layout of the VE, and in the second study they had to move through the equivalent real-life environment.
Also, in [49], the participants were asked to move through a maze to reach a tree. In the first and
second versions, the plan of the maze was visible, and the target always remained visible. In the third
version, the target tree could be seen only from a short distance when not hidden by the maze walls.
In [20,52], the participants had to memorize an auditory shopping list of 20 items as an implicit spatial
memory task and subsequently buy all the items remembered in a VR supermarket. In the second
study, the same authors presented a new interfering list with 20 distractor items during the training.

Three studies [58–60] included a series of exercises involving different cognitive functions. The
participants were asked to remember the positions and the name of elements observed or to program
movements to manipulate specific objects and to realize specific associations with dynamic interaction
in VE. In [61], three scenarios were used, in which patients had to navigate freely to accomplish the task
explicitly requested, for example, purchasing five items form a supermarket. The spatial memory task
was explicit, and only in the last version was no aid was given for completing the task. In conclusion,
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independently from the simulation, the outcomes showed that VR training enhanced spatial memory
abilities in the clinical population.

3.2.4. Visual Cues

In terms of guide elements which facilitate the patient during the training, different cues have
been included in some of the tasks, such as maps [21,53,54], guidance arrows [54], and lists of objects.
In particular, [54] employed a method of fading cues, decreasing assistance (DA), in which the training
continues with all the cues until correct performance is achieved on three consecutive sessions and then
they are gradually removed. Furthermore, in [21], the number of objects to be memorized depended
on the level reached by each participant; if the patient was not able to locate the first object, the other
ones were not presented. The task presented to the participant was guided in some cases by explicit
navigational instructions [21,53,56] that needed to be followed to memorize the route.

3.3. Which Assessment Method Is Best for Spatial Memory?

3.3.1. Spatial Memory Outcomes

In clinical practice, the most common neuropsychological test for the evaluation of short and
long-term spatial memory, given its psychometric characteristics, is the Supraspan Corsi Test. In
these studies, the Supraspan Corsi Test has proved to be adequately sensitive and has indicated a
significant improvement in spatial memory [50], with a medium effect size r = 0.474 and p = 0.03 [21].
Another ecological spatial memory assessment tests, Route delayed recall (RBMT), has generated
desirable changes (0/5 to 4/5) that persisted at 2-month and 1-year follow-ups (respectively 4/5 and
5/5) [50]. One study [53] has shown that the virtual reality (VR) system is a sensitive assessment tool
for the same cognitive function (Virtual Tübingen Test). They found that one patient improved in
nine out of the 10 virtual navigation subtasks. To assess spatial navigation and memory performance
in the VR supermarket, [52] analyzed the enhancements in “number of correctly bought products”,
“number of the correct products relative to distance”, and “number of the correct products relative to
time”. Other authors asked the participant to form a cognitive map of the VE, and active participants
showed significantly better performance [48] and were quicker [56] than the control group. A similar
performance pattern was observed at the one-week follow-up session. VR neurorehabilitation
programs for spatial memory can also provide a positive effect on other cognitive domains. By using
specific-domain assessments, it is possible to observe if a transference of improvements occurs from
VR-based training to more general aspects of spatial cognition. Following the treatment, however,
general enhancement of cognitive functions occurs and is reflected in several assessment tests. The Rey
Auditory Verbal Learning Test (RAVLT) has shown significant improvement in the immediate recall
that persists at 1-year follow-up [50]. A considerable improvement can be observed in screening tests,
such as in Addenbrooke’s Cognitive Examination (ACE) (r = 0.85, p = 0.011), particularly in visuospatial
(r = 0.80, p = 0.017), attention (r = 0.79, p = 0.018), and memory (r = 0.79, p = 0.017) domains and in
the Mini-Mental State Examination (MMSE) (r = 0.75, p = 0.025) [54]. Montreal Cognitive Assessment
(MoCA) results significantly improved in the experimental group after treatment in visuospatial and
attention domains [59]. However, [55] did not observe consistent changes in MoCA. However, after the
training, the participant was able to complete the VRN Building navigational task correctly, and the
effects persisted at 5- and 28-week follow-ups. Improvements in navigational abilities have also been
confirmed in daily life as recorded in wives’ diaries. In [51], the patient group showed significantly
higher scores in the Achievement Measure System LSP 50+, a German standardized intelligence
test developed for older people between 50 and 90 years, and in the Benton Visual Retention Test,
which assesses visual perception and visual memory. Also, in the Visual Pursuit Test (LVT) for visual
orientation assessment, the authors observed a significant result [51]. De La-Torre [57] showed the
existence of a main effect between the targets and the average errors committed to locate them within
the virtual building (F adjusted (1.37, 28.01) = 8.55, p < 0.01; ŋ2 partial = 0.32, observed potency = 0.87).
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One study [52] to analyze changes following treatment made correlations between VR measures
and cognitive performances in the patient group. They observed that the mean number of correct
products per time across all learning trials was correlated with higher performance on the Bergen
Right-Left Discrimination Test (BRLD-B) to assess mental rotation. The percentile of the Digit Span
Forward for short-term verbal memory was significantly correlated with the number of correctly
bought products in the last learning trial on day 6 and number of correct products on the free recall
trial after interference on day 7. The mean number of correct products per time and per distance across
all learning trials were correlated with better performance on, respectively, the delayed free recall and
immediate and delayed free recall of the Rey-Osterrieth Complex Figure (ROCF) for the assessment
of visuo-construction, planning, and long term visual memory. A significant improvement was also
observed in ROF [48]. In [56], the patients’ face recognition performance significantly improved as
measure by the Cambridge Face Memory Test (CFMT) following training. The effects persisted at
one-week and 6-month follow-ups.

3.3.2. Traditional and Virtual Assessment

Results of the current review support the idea that virtual reality-based training improves
orientation and navigation abilities in different neuropsychological disorders. Although the efficacy
of treatment needs to be critically analyzed using a scientifically validated method, for this reason,
the use of validated measures with adequate psychometric properties is fundamental. Over the past
decade, evidence-based clinical guidelines have become a significant feature of healthcare services to
improve the quality of care [69]. Indeed, among the studies analyzed, those that used specific-domain
assessments (Corsi Supraspan, Virtual Tübingen, Route delayed recall RBMT, cognitive maps, or
variables extracted from the supermarket task) were more able to demonstrate clear and significant
results after the spatial memory rehabilitation training [21,48,50,53,56], highlighting the crucial role
played by the selection of the assessment tools. In addition to the traditional paper-and-pencil tests
used, new virtual assessment measures also emerged in the analyzed studies. These last have shown
that the virtual reality (VR) system could be a sensitive assessment tool for detecting spatial memory
improvements. Therefore, it is urgent to find more scientific evidence regarding the psychometric
validity of these new measuring instruments, particularly concerning navigation abilities.

4. Discussion

In the current review, we provided initial, positive results concerning the effect of virtual reality
(VR) training on spatial memory rehabilitation, highlighting the potential of navigational tasks in
virtual environments (VEs) to enhance navigation and orientation abilities in patients with spatial
memory disorders. The rapid development and diffusion of VR technologies are amending the
accessibility landscape of VR technology for the average consumer. Lower-cost VR systems such as the
Oculus Rift, Go, Quest, and the HTC Vive are already issued on the market and have significantly
reduced the cost barrier of VR hardware. Even lower-cost options are currently available using a
smartphone, for example, Gear VR is compatible with specific Samsung phones, and both Google
Cardboard and Google Daydream can be used with several smartphones. Although the review
underlined encouraging results, current research in this topic has some limitations that researchers
need to overcome. The current work is meant to provide methodological solutions for future studies.

As the first result of the review, we have found clear improvements in spatial memory through
the application of navigational tasks in VR. Both immersive and nonimmersive VR systems have
shown appropriate enhancements for navigation and orientation abilities, underling the power of the
navigational tasks proposed. Furthermore, the results have shown a transference of improvements
from VR-based training to more general aspects of spatial cognition. However, the mode of exploration
influences the spatial learning of a new environment. The active exploration has an essential role
in the acquisition of spatial knowledge and it is characterized by five components: motor orders
that determine the path of locomotion, proprioceptive and vestibular information for self-motion,
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allocation of attention to navigation-related features of the environment, and cognitive decisions about
the direction during navigation and mental manipulation of spatial information [70]. If immersive
systems are able to target all these components, nonimmersive systems do not allow the activation
of the idiothetic and motor systems, even if input devices require motor planning and execution. In
this review, only one study [55] used an immersive virtual reality system with the Oculus Rift DK2
head-mounted display and a joypad. Instead, other studies [20,52,58,59] used semi-immersive systems:
the first one used OctaVis, a circle of eight screens in which the participants can freely rotate on a
fixed chair and interact with a joystick; the latter used the BTs Nirvana PC system connected to a
projector or a big screen and an infrared sensor for movements. The recent availability of lower-cost
options for immersive VR may change the situation soon, allowing more protocols that fully support
active exploration.

Another important element for the rehabilitation program is the structure and length of the
training protocol. Some studies have already demonstrated that the use of visual cueing, such as
a map as a navigational aid, improved the performance of users performing complex navigational
tasks [66] and in patients with Alzheimer’s disease or mild cognitive impairment [70]. The presence
of an interactive aerial view facilitated the retrieval of stored spatial layout and arrows or salient
landmarks, giving more comprehensive information about the egocentric heading in the environment,
were effective in supporting the navigation [67,68]. Also, the current review underlined the importance
of cues in the tasks, such as maps, guidance arrows, methods of fading cues, and instructions (explicit
or implicit), to support the patient during the training [21,53,54]. It has been demonstrated that a large
visual arrow supports the neurorehabilitation of spatial memory due to the cognitive synchronization
between the allocentric viewpoint-independent representation (including object-to-object information)
and the allocentric viewpoint-dependent representation (i.e., comprising information about the current
egocentric heading in the environment), as suggested by the “mental frame syncing hypothesis” [32,71].
Furthermore, the duration of the protocol [50,60] and time elapsed since damage onset are also
key factors [50,52,54]. The analysis of these studies showed that a short duration—less than four
hours—is insufficient to provide consistent changes. Concerning the distance from onset, the shorter
the period between the traumatic event and the beginning of treatment, the higher the probability of
better outcomes.

The rehabilitation programs analyzed all focused on spatial memory and navigation abilities
in different neurologic patients, including mild cognitive impairment (MCI), Alzheimer’s disease
(AD), traumatic brain injury (TBI), stroke, epilepsy, prosopagnosia with topographical disorientation
disorders, and neglect. An important aspect to keep in mind is the clear characterization of the
sample of patients to whom the therapeutic procedure is provided. The severity and the qualitative
characteristics of the mnestic deficit are extremely variable from subject to subject. Furthermore,
memory disorders rarely occur in an isolated form, and are often accompanied by an impairment
of other cognitive functions, such as attention, language, reasoning. In this view, the most effective
protocols are the ones that target a specific pathology.

The difficulty in finding homogeneous groups of patients is the reason why most of the experimental
studies reported in the literature are based on the treatment of a single patient or a tiny group of
patients. However, to monitor the improvements due to the treatment, the presence of an adequate
control group is necessary to ensure that the observed improvement is not due to spontaneous
recovery nor is the result of generic cognitive stimulation. In this view, the most reliable control
condition is the repeated evaluation of the same patients receiving the experimental treatment, for
example, through cross-over trials [72]. Another possible approach is the involvement of patients
who, in the immediately preceding period, were followed in the absence of therapy or using another
type of cognitive treatment. Moreover, the studies that used domain-specific assessments (Corsi
Supraspan, Virtual Tübingen, Route delayed recall RBMT, cognitive maps, or variables extracted
from the supermarket) were more able to demonstrate clear and significant results after the spatial
memory rehabilitation training [21,48,50,53,56], highlighting the crucial role played by the selection
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of the assessment tools. Among the tests used (Corsi Supraspan, Virtual Tübingen, Route delayed
recall RBMT), only the Virtual Tübingen can investigate the several aspects (scene recognition, route
continuation/sequence/order/progression/distance, pointing to start/to end, map drawing recognition)
involved in navigation. Thus, the scarcity of tools for spatial memory assessment is evident, particularly
concerning navigation abilities.

This review was subject to certain limitations. Extensive literature research was performed to
deliver these findings; however, only two databased were queried. A second limitation of this review
may be the selection of the keywords in the search strategy. In order to provide a considerable quantity
of studies in the field, the authors decided to use wider keywords. However, the inclusion criteria
reduced the focus to only studies according to the objectives of the review. A final limitation may
be the fact that the discussion on duration and intensity of VR navigational training cannot draw
firm conclusions due to the heterogeneity of interventions. Moreover, the difficulty of finding a
homogeneous group of patients is the reason why most of the experimental studies reported in the
literature are based on the treatment of a single patient or a tiny group of patients. Because our findings
are positive, we hope that the literature could soon be enriched with clinical trials investigating VR’s
effectiveness in more specific and larger clinical populations.

5. Conclusions

In conclusion, the results of this systematic review demonstrate that all studies, although to varying
degrees, suggest that patients improved their spatial memory following treatment. This result highlights
the potential of navigational tasks performed in virtual environments (VEs) for enhancing navigation
and orientation abilities in patients with spatial memory disorders. In neuroscience, researchers have
long faced the challenge of conducting ecologically valid measurements of experimental variables
while maintaining strict experimental control over visual displays. Virtual reality (VR) systems enable
the researchers to design and consequently control dynamic, realistic, and immersive environments,
while closely monitoring behavioral and physiological responses during experimentation [1,73]. In
this view, VR systems offer impressive opportunities as an ecological tool which is currently available
for neuropsychologists to assess and enhance spatial memory, particularly navigation and orientation
abilities using the “affordances” [74] offered to the patients in the virtual environment. One of the
significant advantages of VR is the high degree of experimental control that is afforded to investigate
the cognitive and behavioral components that are involved in spatial navigation [75]. VR training
can facilitate neurorehabilitation, promoting brain plasticity processes through complex mechanisms
related to the reactivation of brain neurotransmitter capacities, maximizing the results compared to
those obtained by conventional treatment [66,76]. Monitoring EEG activities of the patients could
be a suitable practice to assess the biomarkers of neuroplasticity and to measure rehabilitation
progress [67,77]. The results are promising; hence, we encourage researchers to develop new spatial
memory VR-based protocols for neurorehabilitation. However, more research is required to validate
and support this result.
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Abstract: Previous studies on obsessive–compulsive disorder (OCD) showed impairments in executive
domains, particularly in cognitive inhibition. In this perspective, the use of virtual reality showed
huge potential in the assessment of executive functions; however, unfortunately, to date, no study
on the assessment of these patients took advantage of the use of virtual environments. One of the
main problems faced within assessment protocols is the use of a limited number of variables and
tools when tailoring a personalized program. The main aim of this study was to provide a heuristic
decision tree for the future development of tailored assessment protocols. To this purpose, we
conducted a study that involved 58 participants (29 OCD patients and 29 controls) to collect both
classic neuropsychological data and precise data based on a validated protocol in virtual reality for
the assessment of executive functions, namely, the VMET (virtual multiple errands test). In order to
provide clear indications for working on executive functions with these patients, we carried out a
cross-validation based on three learning algorithms and computationally defined two decision trees.
We found that, by using three neuropsychological tests and two VMET scores, it was possible to
discriminate OCD patients from controls, opening a novel scenario for future assessment protocols
based on virtual reality and computational techniques.

Keywords: Obsessive–compulsive disorders; virtual reality; multiple errands test; cognitive
assessment; executive functions; computational models; decision tree; cross-validation

1. Introduction

According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) [1],
patients with obsessive–compulsive disorder (OCD) usually show obsessions and/or compulsions that
reduce quality of life because of interference with daily routines, as well as work, social, or family life.
This disorder affects about 2% of the population, and the World Health Organization highlighted that
OCD is one of the 20 causes of disability in subjects within the 15–44 age range [2]. Moreover, OCD
patients show dysfunctions in executive domains, particularly in cognitive inhibition [3], probably
caused by a serotoninergic and dopaminergic dysfunction [4]. A deficit in executive functions may
give problems when responding to both internal and external requirements, by inhibiting the ability
to manage and orient the necessary cognitive resources. Specifically, the term “executive function”

J. Clin. Med. 2019, 8, 1975; doi:10.3390/jcm8111975 www.mdpi.com/journal/jcm267



J. Clin. Med. 2019, 8, 1975

indicates a complex domain that includes a large number of cognitive processes and behavioral
capabilities such as problem-solving, planning, sequencing, ability to sustain attention, resisting
interference, utilizing feedback, cognitive inhibition, multitasking, cognitive flexibility, etc. [5–7].
Despite this abnormality, research on neuropsychological impairments in OCD produced unclear
results [8]. Analyzing this specific syndrome, we can find some symptoms strongly related to
dysexecutive deficits, such as checking behaviors. It is important to understand which one has a causal
role in OCD and which one is a consequence of the syndrome [9]. Some articles showed deficits in
planning abilities and nonverbal memory, while other studies reported deficits in cognitive flexibility
and inhibition, and others displayed no neuropsychological deficits [10–14]. There are many possible
explanations, e.g., differences in the methodology, in the instruments used, or in the characteristics
of the samples. Specifically, the diversity of tools used during the assessment phase is related to an
unsolved debate: the difference between paper-and-pencil and ecological tests [15]. Classic tasks in
a classic setting analyze single aspects of complex domains and request simple responses to single
events. Conversely, tasks in naturalistic settings may analyze cognitive functions in a complete way,
requiring complex answers and, sometimes, the inhibition of inappropriate or irrelevant actions within
several subtasks [6]. Therefore, it is critical to increase the ecological validity of a neuropsychological
battery, especially for a complex cognitive domain such as an executive function. The assessment
procedure has to become more sensitive to different aspects of patient behavior reflecting real-life
situations [16]. However, it is too difficult to create a feasible assessment of executive functions during
real-life situations because of implementation problems and the difficulty in involving patients in the
procedure [17].

Virtual reality (VR) represents a valid solution to address the problems of classical assessment
protocols. VR is a new technology that allows users to actively interact in a computer-generated
tridimensional environment that simulates the real world [18]. This technology allows subjects to
explore and manage several situations inspired by daily experiences using real correspondent behaviors
in a more controlled, safe, and low-cost setting than real-life situations [19]. In the last few years, VR was
applied for the assessment and rehabilitation of several psychological diseases such as post-traumatic
stress disorder [20–22], anxiety [23,24], and eating disorders [25], as well as for neuropsychological
domains such as neglect [26,27], executive functions [28,29], decision-making [30], spatial memory and
orientation [31–33], and cognitive rehabilitation of schizophrenia [34].

In the current study, we proposed a computational approach based on classification learning
algorithms to discriminate OCD patients from a control group. There were many studies that
highlighted the usefulness of a VR-based approach for the assessment of executive functions in OCD
patients [35–37]. These patients showed a specific pattern of symptoms that could be easily detected
with the use of VR or an integrated assessment. Our purpose was to provide a heuristic decision tree
for a more precise but simple diagnosis, giving evidence-based indications for a possible rehabilitation
protocol using virtual reality tailored to these patients. The assessment of the OCD disorder was based
on a clinical interview, integrated with a questionnaire, as well as neuropsychological assessment in
rare cases. This last aspect is important because it may highlight a particular pattern of functioning in
OCD patients [38]. We tried providing indications of the most useful assessment tools for the analysis
of these specific aspects.

2. Materials and Methods

2.1. Participants

The 58 participants consisted of 29 OCD patients (mean age: 33.07; SD: 9.91), diagnosed by a
clinical psychologist or psychiatrist as meeting the DSM-5 [1] criteria for OCD, and 29 healthy and
partially matched controls (mean age: 40.48; SD: 15.59). The mean value for years of education (y.o.e.)
of patients was 12.03 (SD: 3.2) and that for the healthy control group was 12.03 (SD: 3.2). In the
OCD group, there were 14 females and 15 males, and, in the healthy control group, there were 14
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females and 15 males. In Table 1, the descriptive statistics of both groups are presented. In Table 2,
a comparison between age and y.o.e. and between the cognitive level of control and patient groups
is presented. According to the results, the two groups were matched for both age and y.o.e. but not
for cognitive level. The general exclusion criteria were as follows: (1) presence of sensory and/or
motor limitation; (2) presence of deficit in general cognitive level (Mini Mental State Examination <19);
(3) deficit in perception (Street Test <2.25); (4) deficit in language comprehension (Token Test <26.5);
(5) anxiety (State Trait Anxiety Inventory - STAI >40); (6) depression (Beck Depression Inventory >16).
We did not control the level of OCD symptoms with quantitative methods; however, all patients were
currently undergoing treatment and, according to a clinician, in partial remission. Furthermore, OCD
patients with comorbidities and healthy controls with any psychiatric diagnosis were excluded. The
subjects involved were treated with both drugs and psychotherapy according to the standard. All
participants were experienced with the use of personal computers (PCs) and came from the hospital’s
area. Participants were asked not to drink caffeine or alcohol and not to smoke prior to the experimental
test to avoid any effects of these substances on test execution and performance.

Table 1. Descriptive statistics of the two groups. SE—standard error; y.o.e.—years of education;
MMSE—Mini Mental State Examination.

Group N Mean SD SE

Age
1 29 33.07 9.906 1.840
2 29 40.48 15.588 2.895

y.o.e. 1 29 12.03 3.201 0.594
2 29 12.03 3.029 0.563

MMSE
1 29 26.56 2.675 0.497
2 29 28.53 1.028 0.191

Table 2. Independent sample Mann–Whitney U test.

W p

Age 312.5 0.094
y.o.e. 425.5 0.936

MMSE 194.0 <0.001

2.2. Ethics Statement

The study was approved by the scientific review board of the “U.O. di Psichiatria dell’Azienda
Universitaria Ospedaliera Policlinico ‘Paolo Giaccone’ di Palermo”, in accordance with the Declaration
of Helsinki. All participants gave written informed consent to the experimental procedure according
to the rules of the scientific review board. All participant data were stored in encrypted and password
protected files, following the criteria to protect personal health information [39].

2.3. Protocol

Participants were selected from the outpatient Unit of Psychiatry of Palermo University Hospital.
The subject who met the experimental criteria were contacted, and a meeting was scheduled at the
University Hospital. The experimental session was held by a specialized psychiatrist of the University
of Palermo. At the beginning of the session, the examiner explained the general goals of the clinical
protocol and the procedures to be used, and discussed the patient’s doubts and concerns. During
the experimental session, two parts were planned: the classical neuropsychological assessment and
the VR-based assessment. The presentation order was counterbalanced; half of the patients started
the assessment with the VR test, and the other half started with the classic neuropsychological
battery. Before the VR-based assessment, patients were trained for the use of a joypad within a
virtual environment.
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2.4. Neuropsychological Battery

To understand the cognitive profile of the participants, a complete neuropsychological battery
was administered. A Mini Mental State Evaluation (MMSE) [40] was administered to assess the general
cognitive level. To assess verbal memory, the Digit Span (Digit S) Test [41] was used to assess short-term
memory, the Short Story Recall Test and the Paired-Associate Learning Test (PALT) [42] were used to
assess long-term memory, and the Corsi Span (Corsi S) and the Corsi Block Task (Corsi BT) [41] were
used for the assessment of short- and long-term spatial memory. For analysis of the executive domain,
several tests were used: the Frontal Assessment Battery (FAB) [43], a general battery to assess frontal
lobe functions, the Trail Making Test (TMT, forms A, B, and B-A) [44] for the assessment of selective
attention, and the Tower of London (TOL) Test [45] for the assessment of planning abilities. Also, a
Phonemic Fluency (PF) Test and a Semantic Fluency (SF) Test [46] were used. All scores of the tests
were corrected for age, education level, and gender where appropriate.

2.5. VMET

The assessment protocol was created with NeuroVR (Version 2.0, Istituto Auxologico Italiano,
Milan, Italy), a free software where the user can modify a pre-existing virtual environment by selecting
contents from a database of objects (both two- and three-dimensional (2D and 3D)) and videos [47],
expanded with NeuroVirtual 3D [48]. The scene was visualized in the player using non-immersive
displays. The task took place in a virtual supermarket shown on a laptop screen, and the patient had to
use a joypad to move around the environment. All users were trained for virtual reality use in another
smaller shop, specifically designed for training purposes. In the virtual supermarket, all products were
organized in categories such as beverages, fruits and vegetables, breakfast foods, hygiene products,
frozen foods, garden products, and animal products.

2.6. VMET Scoring

Before starting the task, the participants received a shopping list, a sheet with the rules, a map of
the supermarket, information about the supermarket (opening and closing times, products on sale,
etc.), a pen, and a wristwatch. The examiner read and explained all the information relative to the
subject in order to guarantee complete understanding. The VMET test was composed of four main
tasks. The first involved purchasing six items (e.g., one product on sale). The second involved asking
the examiner information about one item to be purchased. The third involved writing the shopping
list 5 min after beginning the test. The fourth involved responding to some questions at the end of the
virtual session by using the given materials (e.g., the closing time of the virtual supermarket). The
rules that the patients had to follow to complete the task were as follows: (1) they had to execute all
the proposed tasks; (2) they could execute all tasks in any order; (3) they could not go to a place unless
it was a part of a task; (4) they could not pass through the same passage more than once; (5) they
could not buy more than two items per category (looking at the chart); (6) they had to take as little
time as possible to complete the exercise; (7) they could not talk to the researcher unless this was a
part of the task; (8) they had to go to their “shopping cart” 5 min after the beginning of the task and
make a list of all their products. After the explanation of the material, the clinician measured the time,
stopping it when the participant said they finished the task. During the assessment, the examiner
recorded all the participant’s behaviors in the virtual environment according to a predefined form.
To better understand the patient’s work, the following items were recorded [49]: task failures (total
and partial), inefficiencies, strategies, rule breaks, and interpretation failures. When a subtask was not
totally completed, a task failure occurred, and the scoring range for total errors was from 11 (all 11
subtasks were correctly done) to 33 (all 11 subtasks were incorrectly done). To calculate the scoring
for each task, the scale ranged from 1–3 (1 = the task was performed correctly; 2 = the participant
performed part of the task; 3 = the participant totally omitted the task). An inefficiency was deemed a
behavior that could prevent the correct execution of the tasks, such as not grouping similar tasks when
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possible. The general scoring range was from eight (several inefficiencies) to 32 (no inefficiencies),
and the scoring scale for each inefficiency was from 1–4 (1 = always; 2 = more than once; 3 = once;
4 = never). To analyze the strategies, 13 behaviors that facilitated carrying out the tasks were evaluated,
such as accurate planning before starting a specific subtask. The scoring scale for each strategy was
from 1–4 (1 = always; 2 =more than once; 3 = once; 4 = never), and the total score ranged from 13 (good
strategies) to 52 (no strategies). A rule break occurred when patients violated one or more of the eight
rules listed (e.g., talking with the examiner when not necessary). The scoring scale for each rule break
was from 1–4 (1 = always; 2 =more than once; 3 = once; 4 = never) and the total score ranged from eight
(a large number of rule breaks) to 32 (no rule breaks). Finally, an interpretation failure occurred when
the requirements of particular tasks were misunderstood, for example, when a participant thought
that the subtasks all had to be done in the order presented on the information sheet. The general score
ranged from three (a large number of interpretation failures) to six (no interpretation failures), and the
score for each interpretation failure ranged from 1–2 (1 = yes; 2 = no). Furthermore, for every subtask,
we analyzed the following variables: (1) sustained attention; (2) maintaining the correct sequence
of the task; (3) remembering the instructions; (4) divided attention; (5) correct organization of the
materials; (6) self-corrections; (7) absence of perseverations. The general score ranged from seven (no
errors) to 14 (a large number of errors), and the score for each interpretation failure ranged from 1–2
(1 = yes; 2 = no). According to the analysis prosed by Cipresso and colleagues [35], we analyzed three
subtasks that they recognized as particularly crucial in the OCD patients’ performance: (1) “going to
the shopping chart after 5 min”; (2) “buying two products instead of just one”; (3) “going into a specific
place and asking the examiner what to buy”. These tasks represented a break during the normal task
execution because they required a different, confusing, or stopping behavior, which required attention
and the elaboration of different information at the same time. These tasks represented a “break in
time”, a “break in choice”, and a “break in social rules”, respectively.

2.7. Data Analysis

Data were analyzed with the aid of the statistical software STATA MP-Parallel Edition (Release
14.0, StataCorp LP, College Station, Texas) Orange (Version 3.3.5, Universitas Labacensis, Ljubljana and
Portorož, Slovenia) with Python (Version 3.4, Python Software Foundation, Beaverton, OR, USA), JASP
(Version 0.7.1.4, University of Amsterdam, Nieuwe Achtergracht, Amsterdam, The Netherlands) [50].
Comparisons between patients and controls were done by using a series of independent sample t-tests.
To classify data, we used the following approaches [51,52]:

• Logistic regression classification algorithm with ridge regularization;
• Random forest classification using an ensemble of decision trees;
• Support vector machine (SVM), to map inputs to higher-dimensional feature spaces that best

separated different classes.

Specifications about the algorithms used for computational data analyses can be found in
the seminal article recently published by Zhou and colleagues (https://bmcmedinformdecismak.
biomedcentral.com/track/pdf/10.1186/s12911-019-0890-0)

3. Results

Table 3 shows the results of OCD patients compared with normative data. The results showed
intact cognitive levels in these patients.

Tables 4 and 5 report the sample descriptive statistics for the neuropsychological battery and the
VMET scores, respectively. Table 6 indicates the independent sample t-tests comparing OCD patients
with controls, for both the executive function domain and the other cognitive domains. On the other
hand, Table 7 reports the independent sample t-tests for the VMET scoring.

271



J. Clin. Med. 2019, 8, 1975

Table 3. Neuropsychological battery in obsessive–compulsive disorder (OCD) patients compared to
deficit level in normative sample.

Test Mean Standard Deviation Normative Data

MMSE 26.56 2.68 >18
Frontal Assessment Battery (FAB) 14.97 1.4 >13.5

Trail Making Task A (TMTA) 63.07 23.58 <93
Trail Making Task B (TMTB) 191.93 112.04 <282

Trail Making Task B-A (TMTBA) 129.93 100.27 <186
Phonemic Fluency (PF) 27.38 9.42 >16
Semantic Fluency (SF) 33.69 8.43 >24

Tower of London (TOL) 22.72 a 5.45 Not available
Digit Span (Digit S) 5.28 1.09 >3.5

Paired-Associate Learning Test (PALT) 10.84 4.04 >6
Corsi Span (Corsi S) 4.51 0.78 >3.5

Short Story 12.62 5.24 >7.5
Corsi Block Task (Corsi BT) 16.09 8.21 >5.5

a Normally considered non-pathological level.

Table 4. Classical neuropsychological battery descriptive statistics (Group 1: OCD patients; Group 2: controls).

Test Group N Mean SD SE

MMSE
1 29 26.565 2.675 0.497
2 29 28.532 1.028 0.191

FAB
1 29 14.965 1.403 0.261
2 20 16.274 0.849 0.190

TMTA
1 29 63.069 23.584 4.379
2 29 37.632 15.624 2.901

TMTB
1 29 191.310 112.041 20.806
2 29 95.448 46.144 8.569

TMTBA
1 29 129.931 100.269 18.619
2 29 58.616 45.439 8.438

PF
1 29 27.379 9.420 1.749
2 29 41.138 11.192 2.078

SF
1 29 33.690 8.431 1.566
2 29 48.172 10.275 1.908

TOL
1 29 22.724 5.450 1.012
2 29 28.448 3.582 0.665

Digit S 1 29 5.284 1.087 0.202
2 29 6.010 0.847 0.157

PALT
1 29 10.845 4.036 0.749
2 20 13.072 4.759 1.064

Corsi S
1 29 4.508 0.778 0.144
2 29 6.345 2.660 0.494

Short Story 1 29 12.621 5.242 0.973
2 29 14.491 4.454 0.827

Corsi BT
1 29 16.091 8.208 1.524
2 29 21.239 5.843 1.085
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Table 5. Virtual multiple errands test (VMET) descriptive analysis.

VMET Group N Mean SD SE

Errors
1 29 17.276 2.840 0.527
2 29 13.897 1.633 0.303

Break in time
1 29 13.379 2.821 0.524
2 29 11.655 2.844 0.528

Break in choice
1 29 9.655 1.951 0.362
2 29 8.379 0.979 0.182

Break in social rules
1 29 10.517 2.181 0.405
2 29 8.793 1.544 0.287

Inefficiencies
1 29 22.552 4.733 0.879
2 29 24.379 6.439 1.196

Rule break
1 29 21.172 3.733 0.693
2 29 22.897 5.453 1.013

Strategies 1 29 36.414 7.238 1.344
2 29 31.793 6.298 1.170

Interpretation failures 1 29 5.207 0.940 0.175
2 29 5.241 0.872 0.162

Time
1 29 649.448 320.076 59.437
2 29 595.759 266.793 49.542

Sustained attention
1 29 8.345 1.610 0.299
2 29 7.759 0.830 0.154

Sequence 1 29 8.241 1.640 0.305
2 29 7.828 0.805 0.149

Instructions
1 29 8.276 1.623 0.301
2 29 7.517 0.634 0.118

Divided attention
1 29 10.448 2.667 0.495
2 29 8.276 1.556 0.289

Organization 1 29 10.483 3.158 0.586
2 29 8.000 1.282 0.238

Self-corrections
1 29 9.241 1.902 0.353
2 29 7.759 0.786 0.146

Perseverations
1 29 8.724 1.830 0.340
2 29 7.414 0.682 0.127

Clearly, both the neuropsychological battery and the VMET scores were able to differentiate
patients from healthy controls; however, the mean scores of the neuropsychological battery for both
patients and healthy controls were situated in the normal range (Table 3). Because of this fact, it is
important to define classification models able to identify mutual information among the variables to
make predictions based on a limited number of tests in a clinical setting. To pursue this aim, we ran three
different learning algorithms for a cross-validation based on logistic regression, random forest, and
support vector machine. Two different models were built: one based on classical neuropsychological
tests for executive functions (FAB, TMTA, TMTB, TMTBA, TOL, PF, and SF) and the other one by also
adding the previously defined VMET scores. Results of the two cross-validations can be seen in Table 8.
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Table 6. Independent sample t-Test comparing OCD patients vs. controls for neuropsychological
battery. df—degrees of freedom.

Test t df p Mean Difference SE Difference Cohen’s d

Executive Function Domain↓
FAB −4.061 46.36 <0.001 −1.309 0.322 −1.082

TMTA 4.842 48.61 <0.001 25.437 5.253 1.272
TMTB 4.260 37.23 <0.001 95.862 22.501 1.119

TMTBA 3.489 39.04 0.001 71.315 20.442 0.916
PF −5.065 54.42 <0.001 −13.759 2.717 −1.330
SF −5.868 53.94 <0.001 −14.483 2.468 −1.541

TOL −4.726 48.38 <0.001 −5.724 1.211 −1.241

Other Cognitive Domains↓
MMSE −3.696 36.10 <0.001 −1.967 0.532 −0.971
Digit S −2.836 52.84 0.006 −0.726 0.256 −0.745
PALT −1.712 36.44 0.095 −2.228 1.301 −0.513

Corsi S −3.568 32.75 0.001 −1.837 0.515 −0.937
Short Story −1.465 54.58 0.149 −1.871 1.277 −0.385

Corsi BT −2.752 50.58 0.008 −5.149 1.871 −0.723

Note. For all tests, variances of groups were not assumed equal.

Table 7. Independent sample t-test for VMET index.

VMET t df p Mean Difference SE Difference Cohen’s d

Errors 5.555 56.00 <0.001 3.379 0.608 1.459
Break in time 2.318 56.00 0.024 1.724 0.744 0.609

Break in choice 3.148 56.00 0.003 1.276 0.405 0.827
Break in social rules 3.474 56.00 <0.001 1.724 0.496 0.912

Inefficiencies −1.232 56.00 0.223 −1.828 1.484 −0.323
Rule break −1.405 56.00 0.166 −1.724 1.227 −0.369
Strategies 2.593 56.00 0.012 4.621 1.782 0.681

Interpretation failures −0.145 56.00 0.885 −0.034 0.238 −0.038
Time −0.033 56.00 0.974 −2.117 64.666 −0.009

Sustained attention 1.743 56.00 0.087 0.586 0.336 0.458
Sequence 1.220 56.00 0.228 0.414 0.339 0.320

Instructions 2.344 56.00 0.023 0.759 0.324 0.616
Divided attention 3.789 56.00 <0.001 2.172 0.573 0.995

Organization 3.923 56.00 <0.001 2.483 0.633 1.030
Self-corrections 3.879 56.00 <0.001 1.483 0.382 1.019
Perseverations 3.613 56.00 <0.001 1.310 0.363 0.949

Note. For all tests, variances of groups were assumed equal.

Table 8. Classification table. Three learning algorithms were compared, namely, logistic regression
(LogReg), random forest, and support vector machine (SVM). In the first analysis (Panel A), the
classifications were run referring to the classic neuropsychological test used for executive functions. In
the second analysis (Panel B), VMET scores were added to the classic test for the classification learning
algorithm [53–55].

Panel A: Classification with classic neuropsychological test for executive functions.

Features: FAB, TMTA, TMTB, TMTBA, TOL, PF, SF
Sampling type: Stratified 10-fold cross-validation

Target class: Average over classes

Method AUC CA F1 Precision Recall

LogReg 0.742 0.741 0.746 0.733 0.759
Random forest 0.817 0.810 0.800 0.846 0.759

SVM 0.783 0.776 0.787 0.750 0.828
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Table 8. Cont.

Panel B: Classification with classic neuropsychological test for executive functions and the VMET.

Features FAB, TMTB, TMTA, TMTBA, TOL, PF, SF, ERRORS, break in time, break in choice, break in
social rules, inefficiencies, rule break, strategies, interpretation failures, sustained attention,
sequence, instructions, divided attention, organization, self-corrections, perseverations

Sampling type Stratified 10-fold cross-validation
Target class Average over classes

Method AUC CA F1 Precision Recall

LogReg 0.700 0.707 0.702 0.714 0.690
Random forest 0.850 0.845 0.852 0.812 0.897

SVM 0.775 0.776 0.772 0.786 0.759

AUC (area under the receiver operating characteristic (ROC) curve) is the area under the classic receiver operating
characteristic curve. CA (classification accuracy) represents the proportion of examples correctly classified. F1
represents the weighted harmonic average of precision and recall (see below). Precision represents the proportion
of true positives among all instances classified as positive. In our case, this was the proportion of OCD patients
correctly identified as patients and not controls. Recall represents the proportion of true positives among the positive
instances in our data, i.e., the number of OCD patients diagnosed as patients instead of controls.

Finally, a classification tree for both models was built based on feature selection, choosing entropy
as a measure of homogeneity [56–58] for split selection (Figures 1 and 2). Small circles indicate the
ratio of classifications reported inside the rectangle in terms of percentage of correctness in recognizing
the specific characteristics. The colors indicate classification as one of the two groups: blue for OCD
patients, red for control participants.

Figure 1. Classification tree using classic neuropsychological test for executive functions.
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Figure 2. Classification tree using the classic test for executive functions and the virtual multiple
errands test (VMET).

4. Discussion

The general aim of this study was twofold. Firstly, we investigated executive functions in OCD
patients and controls. To this purpose, we used the virtual version of the multiple errands test and a
classic neuropsychological battery. On the other hand, our purpose was to find a method to discriminate
the two groups in a better way. Indeed, the goal was scaled on the minimal number of variables
possible to pursue an ecological assessment of executive functions with these patients. VMET was
demonstrated to be effective in the assessment of several patients, such as for OCD [35], Parkinson’s
disease [28], and stroke [49]; however, previous studies focused on single scores, such as time, total
and partial errors, inefficiencies, and others. In this study, we exploited the multivariate nature of
the VMET for the assessment of a particular patient sample (i.e., OCD), where dysfunction is slightly
higher than or equal to a normative sample. Thus, this aim shed new light on using multidimensional
scaling for understanding the deficits of executive functions.

The results showed a clear difference between OCD patients and the control group, particularly in
executive functions, as highlighted in Table 4 for the classic neuropsychological test and Table 5 for
most of the VMET scores. However, the complexity of a complete neuropsychological battery with the
complete execution of VMET hindered the assessment of these patients. With this limitation in mind,
we used computational techniques, which are also used in VR settings [59], to advance our knowledge
based on consistent and relevant data from the sample presented. The first strategy was to understand
the classification ability within the sample with a supervised machine learning approach. The results
showed precision levels between 71.4% and 84.6%, making us confident of the goodness of fit of the
model to data. This result is important since, on the one hand, it allowed discriminating OCD patients
from healthy subjects (see Table 6, where results are all related to such a domain). On the other hand,
at the clinical level, we need to reduce complexity and, consequently, the number of used tests. To
this purpose, we opted for a visual classification tree to provide clear indications (based on data) of
heuristic choice (Figures 1 and 2). The main and most encouraging result was that, by using both
the classic neuropsychological battery and the VMET scores, we obtained a tree based on only five
variables (Figure 2), two of which are VMET-based and, not surprisingly, particularly related to OCD
patients (errors and divided attention).

Even if the tree based on classic neuropsychological battery (Figure 1) could provide a useful tool
for patient evaluation, it does not represent a simple tool to be used for the assessment of executive
functions as a whole. On the other hand, the tree based on semantic and phonemic fluency, as well
as the TOL and the two VMET scores (Figure 2), can be very useful as a shortened model for the
assessment of executive functions in OCD patients.
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During the assessment process of OCD, the clinician has many variables to take into account, and
deficits of executive function could be one of them. A method which provides clinicians with a simple
and complete indication of the best assessment process may have great impact on the clinical process
and on rehabilitation.

In clinical neuropsychological assessment, there is always the necessity of integrating different
types of information, such as psychometric and ecological data [60,61] in order to better understand
the patient’s cognitive functioning. VMET is able to play a crucial role in integrating classical
neuropsychological tests with ecological settings, especially for executive function assessment in
different type of patients.

Making a guided diagnosis for a specific cognitive domain in a specific target of patients is an
important goal for both the assessment and the rehabilitation process because it could be able, on one
hand, to reduce the time and effort expended by patients and clinicians. On the other hand, a virtual
rehabilitation program developed for a targeting assessment would potentially be more personalized
and efficient.

This study also had some limitations that could be overcome in future studies. Firstly, the sample
size was limited; in a future study, an accurate sample size calculation could be done. Also, adding a
clinical control group could be interesting in order to understand the potential of our algorithm for
differential diagnosis.

According to our algorithm, the important test for discrimination between OCD patients and
controls are fluency, both semantic and phonological, Tower of London, and VMET. This setting would
require a minimum amount of time and reduced effort for the clinician during the assessment procedure.
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Abstract: Background: Spatial cognition is a critical aspect of episodic memory, as it provides the
scaffold for events and enables successful retrieval. Virtual enactment (sensorimotor and cognitive
interaction) by means of input devices within virtual environments provides an excellent opportunity
to enhance encoding and to support memory retrieval with useful traces in the brain compared to
passive observation. Methods: We conducted a systematic review with Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) guidelines concerning the virtual enactment
effect on spatial and episodic memory in young and aged populations. We aim at giving guidelines
for virtual enactment studies, especially in the context of aging, where spatial and episodic memory
decline. Results: Our findings reveal a positive effect on spatial and episodic memory in the young
population and promising outcomes in aging. Several cognitive factors (e.g., executive function,
decision-making, and visual components) mediate memory performances. Findings should be taken
into account for future interventions in aging. Conclusions: The present review sheds light on the
key role of the sensorimotor and cognitive systems for memory rehabilitation by means of a more
ecological tool such as virtual reality and stresses the importance of the body for cognition, endorsing
the view of an embodied mind.

Keywords: spatial memory; episodic memory; virtual reality; enactment; memory rehabilitation;
embodied cognition; aging

1. Introduction

When we think of an event, we commonly see with our mind’s eye where this event occurred
and what temporal, perceptual, and affective details were associated with it; indeed, this spatial
scaffold influences the specificity, richness, and vividness of events we retrieve from the memory [1].
When not defined in its schematic representation of the topography, this ability is considered as
the ability to visualize the detailed spatial context (e.g., street, room, park) of specific episodes [2].
In its topographical definition, spatial memory [3] is a complex ability devoted to the encoding
and storage of different types of information from our surroundings for successful orientation and
navigation. Spatial information is represented and used in our brain with two frames of reference [4]:
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egocentric (self-to-object) and allocentric (object-to-object), respectively located in the parietal and
medial temporal regions with the retrosplenial cortex, playing a critical role in switching between these
representations [5]. Spatial information can be divided into survey (e.g., maps, wayfinding, and pointing
task), route (e.g., dynamic sequencing of landmarks), and landmark knowledge (e.g., landmark
recognition) [6]. Survey knowledge refers to an allocentric map of the spatial layout, whereas route
and landmark knowledge are based on an egocentric representation of the space.

On the other hand, episodic memory is a neurocognitive system that allows people to remember
the what, where, and when of a personally experienced event [7]. Binding [8–10] is a key feature of
this system; it is the process that binds the what with the other contextual features (i.e., when, where,
and details such as perceptual and affective details). These elements are crucial for the so-called
“autonoetic consciousness”, or the feeling of mentally travelling back to the spatiotemporal and
phenomenal features of the experienced event [7,11,12].

The hippocampus is known to play a crucial role in spatial cognition [4,13,14], episodic
memory [15,16], and recognition [17]; this structure binds cognitive, bodily and emotional
information [18–20] and connects to cortical representations facilitating the retrieval of episodes [21].
In particular, according to Nadel and colleagues [13,22] the hippocampus provides the allocentric
spatial scaffold for episodes binding neocortial representations of the event (i.e., Multiple Trace
Theory). The link between spatial cognition and episodic memory is also highlighted by the fact that
egocentric spatial updating with self-motion cues (i.e., path integration of dynamic bodily signals)
plays a critical role during retrieval (recall and recognition) of dynamically encoded scenes [23],
confirming the role of egocentric information in manipulating and translating allocentric long-term
representations of events [24,25]. Despite the crucial role of medial temporal lobes during encoding,
storage, and retrieval [26], the parietal and frontal lobes have been also identified as a crucial substrate
of episodic memory, absolving different declarative memory functions such as encoding, retrieval,
storage, and monitoring [27–30] (for a meta-analysis of navigation and episodic memory brain network,
see [31]).

Recent insights from philosophy, psychology, and neuroscience have drawn attention to the
essential role of the body in cognition [32,33]. The framework known as the “embodied cognition”
theory provided a fresh and innovative way to conceptualize the relationship between these two
long-debated components of human psychology. Indeed, psychological processes are influenced
by body morphology and sensorimotor systems [34]. There is growing interest and evidence on
how the body affects several cognitive domains, including memory [35,36]. However, the concept
of memory can be expanded to take into account the whole body as crucial in encoding, storage,
and retrieval [37]. These assumptions have great relevance in the context of normal and pathological
aging, where physiological changes modify regions of the brain involved in memory formation,
leaving primary cortices spared [38–40].

Indeed, sensorimotor involvement may leave traces that are useful for memory retrieval [41–43],
and encoding strategies are among the most effective methods to enhance memory [8]. The encoding
specificity principle states that recollection is facilitated when an overlap occurs between the elements
of the retrieval context and those of the encoding context [44]. Retrieval is possible thanks to a cue,
and a memory trace is mediated by the same cognitive operations that occurred during encoding [45].
From a neuroanatomical point of view, there is growing theoretical and empirical evidence indicating
how retrieval may be considered an overlapping process [46,47] that reactivates the same brain regions
at encoding [21,48,49], including primary cortices [50–52].

Interestingly, active navigation in virtual environments (VEs) by means of input tools can be
considered a form of enactment able to enhance spatial [41] and episodic [8] performance. According
to Wilson and colleagues [53], active navigation in VEs can be divided into physical activity (motor
control) and psychological activity (decision-making). More precisely, the manipulation of spatial
information is not the only process involved in navigation; rather, motor commands, proprioceptive
information, vestibular information, decision-making, and allocation of attentional resources are all also
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essential parts of what is called “active spatial learning” in everyday life, whereas passive navigation
involves visual information only [6]. We define the virtual enactment effect as the effect provided by
one or more of these components on memory retrieval compared to the virtual passive observation
of the environment. Virtual reality (VR) allows individuals to interact with the environment thanks
to multimodal stimulation, providing a rich embodied experience [54] that can be used to enhance
memory in elders [55]. Indeed, technological devices (e.g., joysticks or 3D visors) require the subject
to process psychological information, as well as idiothetic (i.e., motor commands, proprioception,
and vestibular information) and allothetic information (e.g., landmarks and boundaries). The aim of
this work is to review the potential of the virtual enactment effect (i.e., the role of active components of
virtual navigation compared to passive observation) in order to contribute to a better understanding
of its beneficial effect on spatial and episodic memory. This contribution will provide research and
clinical guidelines for future studies within the context of VR memory rehabilitation and enhancement.
In order to provide a complete overview of the results, we will cluster findings according to spatial
memory (survey and route and landmark knowledge; respectively allocentric and egocentric frames)
and episodic memory tasks (episodic features, such as what, where, when, details, and binding; episodic
functioning, like learning, forgetting, and strategic processing; and item recognition).

2. Method

Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines were
followed [56].

2.1. Search Strategy

Two high-profile databases (PubMed and Web of Science) were used to perform the computer-based
research on the 25 January 2019. The string used to carry out the search (Title/Abstract for PubMed
and Topic for Web of Science) was as follows: (“active” OR “enactment”) AND (“spatial memory” OR
“spatial knowledge” OR “episodic memory”) AND (“virtual reality” OR “environment*). The search
resulted in 647 articles for Web of Science and 94 for PubMed (total of 741). We made a first selection
by reading titles and abstracts after removing duplicates. Four papers were identified through other
sources. A total of 35 manuscripts were chosen for full-text screening. This procedure resulted in
31 experimental studies. See the flow diagram (Figure 1) for the paper selection procedure.

 
Figure 1. PRISMA flow chart.
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2.2. Selection Criteria

Studies on the role of active navigation and enactment on spatial and episodic memory in young
and aged populations (healthy and pathological) were included. We also included studies in languages
other than English and excluded studies which did not follow our aims (non-age-related diseases,
developmental studies, active- or passive-only conditions, active vs. passive conditions not related
to the context of active navigation and action). We excluded articles for which the full text was not
available or for which the abstract lacked basic information for review. Reviews, meeting abstracts,
notes, case reports, letters to the editor, research protocols, patents, editorials and other editorial
materials were also excluded. Five studies [57–61] did not appear during our search but were in line
with our inclusion criteria; therefore, they were added to the included studies.

2.3. Quality Assessment and Data Abstraction

PRISMA guidelines were strictly followed; search results found by the first author (C.T.) were
shared with the review authors for individual selection of papers in order to reduce the risk of
bias, and disagreements were resolved through consensus. The data extracted from each included
study were as follows: reference, year, sample(s), conditions, design (for the navigation condition),
virtual apparatus, memory assessment, and primary outcomes.

3. Results

Several studies have been conducted to assess the role of active navigation in human memory.
However, the growing interest in virtual reality (VR) has led researchers to question how the different
aspects of navigation interact with the virtual environment. In particular, sensorimotor involvement,
which is known for its positive effect on memory enhancement, seems to be one of the most investigated
virtual enactment form. In our review, we aim at discovering whether this beneficial effect could also
be observed when the subjects interact with technology devices.

To satisfy our aim, six clusters will be discussed: (1) the target population; (2) virtual apparatus;
(3) conditions manipulated during navigation; (4) memory tasks; (5) the role of action and its effects
on memory; and (6) cognitive domains underlying active navigation and memory performances.
A synthesis of the results is reported in Table 1. Nine studies in Table 1 are reported with each
sub-experiment; among these, only the experiments (e.g., Exp. 1, Exp. 2) that aim specifically at
studying spatial or episodic memory appear in the table.
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3.1. What Populations Have Been Included?

From our systematic search, it emerged that the majority of the experiments included healthy
participants, mainly young adults (YA), but also older adults (OA). Studies focused on spatial
domain; however, a cluster of seven studies investigated episodic memory and its subcomponents
in healthy populations (YA and OA). Nevertheless, age ranges varied across the studies for YA and
OA, and for the “student” samples the age information was vague. Importantly, in six studies no
gender information [53,63,68,71] or matching [58,82] were reported. Only one study recruited clinical
populations of Alzheimer’s disease (AD) pathology: 15 AD patients and 15 amnestic mild cognitive
impairment (aMCI) patients compared to 21 healthy OA were included in the study of Plancher and
colleagues [70] to assess the effect of active and passive virtual navigation on episodic performance.
A synthesis of populations (YA, OA, AD, and aMCI), with mean age and standard deviation and
number of males/females, is reported in Table 1.

3.2. What Virtual Apparatus Have Been Used?

For the purposes of our review, it is essential to summarize the apparatus been used in each
experiment. Ecological virtual environments (VEs) have been used to assess the virtual enactment
effect regardless of the domain (spatial or episodic memory); specifically, cities or apartments were
used to evaluate the effect of active interaction (e.g., input device interaction)—namely, the “virtual
enactment effect”—on memory recall, while four experiments [9,53,67,74] used basic virtual scenarios
with poor ecological validity (e.g., virtual arenas). Concerning the input devices, researchers mainly
used joysticks and keyboards to navigate the VEs, whereas five studies used a steering wheel and
pedals to control a virtual car. The use of these controllers is linked to the type of immersion;
indeed, the vast majority of the experiments’ apparatus were non-immersive (PC screen or projectors).
Only six experiments [57,58,61,73,79,80] used head-mounted display (HMD) to assess the role of active
navigation on spatial performances and only one study used immersive virtual reality to assess the
effect of full body involvement during encoding on episodic retrieval.

3.3. What are the Navigation Conditions in the Included Studies?

In the following paragraph, studies will be discussed in terms of navigation condition, degree of
decision-making, and type of encoding. Active navigation studies used classic dynamic navigation,
whereas non-dynamic navigation (e.g., snapshots or teleporting) were added as the comparison
condition [62,67,80]. The former might be more suitable compared to static navigation if we consider
the role of constant mapping provided by the hippocampus (i.e., place cells) in building the map of the
environment [83]. Passive navigation in the studies included in the review consisted of a yoked condition
or pre-recorded navigations. Navigational decision-making, or free exploration, is another crucial aspect
of active navigation and spatial knowledge [84]; however, in 17 experiments [9,59–65,70–72,77–79],
researchers gave a predetermined route or instructions to follow. Moreover, decision-making is a crucial
aspect of the virtual enactment effect when older participants are involved in active navigation [8]
due to overload on the frontal lobes and the executive functions capacity on memory encoding [68],
which are known to decline with aging [85]. Indeed, Jebara and colleagues [8] found that navigational
decision-making, intended as a form of virtual enactment effect, is more effective in OA compared to
the active motor condition due to executive function overload at encoding [8,63,68]. Another aspect
to consider is the point of view (areal vs. egocentric). The egocentric point of view along combined
with the active motor condition improves allocentric and egocentric memory, whereas the areal point
of view with passive navigation improves allocentric memory only [60]. Graphic realism when
building VEs should take into account the fact that a detailed environment positively affects memory
performances [77]. Other elements that neuroscientists in the field of VR and memory should consider
are the type of encoding (incidental vs. intentional); although the authors of [62] showed no effect
of encoding, in our review intentional encoding leads to better performance across the populations
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and the type of memory assessed [8,9,43,58,59,67–70,75,80]. Crucially, only one study [72] compared
active VR vs. passive VR vs. real-world navigation, with real-world navigation and active VR leading
to better spatial recall, in this order, compared to passive VR. Lastly, from a methodological point of
view, researchers are encouraged to evaluate the consequences of using between or within condition.
In our review, the majority of the studies included between navigation conditions, while only five
studies [57,61,62,67,79] used within conditions. Researchers should consider strengths and weaknesses
of within and between designs with potential biases in the light of the objectives of their study [86],
as explained in the discussion paragraph.

3.4. How Has Memory Performance Been Measured?

Several VEs (cities, rooms, mazes, and arenas) were used in the reviewed experiments in order to
test two main memory clusters: spatial memory and episodic memory (event and object memory).
The evaluation included for spatial memory tasks involved survey knowledge (maps, pointing
and wayfinding tasks), route knowledge (chronological order tasks), and item recognition/recall for
landmark knowledge (see Table 1 for a summary of these tasks).

To investigate the role of active navigation in episodic memory, six studies used a similar navigation
paradigm in a virtual city in which events occurred [10,43,57,70,71]. Participants were tested on events
encountered, landmarks and spatial layout of the cities. These paradigms aim at assessing what,
where (egocentric and allocentric), when, details, and binding among elements in ecological VEs with free
recall, delayed recall, and recognition. Laurent et al. [9] studied the different components of episodic
memory; a variation of the WWW (what–when–where) task was used in order to study the binding
of contextual aspects to objects. Finally, Sauzéon and colleagues [68,69] used free recall (learning,
proactive interference, semantic clustering based on the California Verbal Learning Test (CVLT) [87])
and a recognition task (recognition hits and false recognitions); object recognition memory was also
used to assess event memory in Pettijohn and Radvansky [82]. Interestingly, Pacheco and Verschure [81]
assessed their samples on an immediate and delayed free recall task of images semantically associated
with an object they found in the virtual town. For a summary of these tasks, see Table 1.

3.5. Do “Virtual” Actions Have a “Real” Effect on Spatial and Episodic Memory?

In the following subsection, memory performance will be clustered by the different components
taken into consideration in the included study of the review: spatial memory, episodic memory,
and recognition memory of both spatial and episodic studies (Figure 2). The Primary Outcomes
column in Table 1 provides in detail the virtual enactment effect on each task/measure. Using the
correct task to target specific sub-components is crucial for the researchers; we suggest future research
to put effort into designing and conceptualizing the task and test method to tap memory processes.
In the present review, we found a general positive effect of virtual enactment in young adults for
spatial memory; however, further studies need to assess this in older adults as spatial enhancement
in OA is controversial [61,63]. In particular for spatial scores in aging, active navigation involving
an overloading task during encoding affected retrieval [63]; decision-making in active navigation
appeared to be more suitable in this sample [8].

Similarly, experiments investigating episodic memory showed initial support for a virtual
enactment effect in young adults (Figure 2); although findings are few, encouraging results come
from studies of neurodegenerative conditions that may benefit from virtual enactment, whereas
non-spatial features of episodic memory are influenced by demanding tasks during encoding (Figure 2).
These findings could also confirm the embodied nature of episodic memory as a cognitive and bodily
experience [18,20,35,88–90].

Initial recognition scores in spatial and memory performance results are controversial and need
further investigation. Although past research on enactment showed a positive effect on recognition
memory [91], recognition scores in spatial and memory performance results are controversial. A possible
explanation for this could be that recognition occurs in the brain at different degrees [92,93] such as
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visual recognition, guessing (Guess responses), familiarity (Know responses), and source recognition
and recollection (Remember responses); the latter, with source memory, is thought to be related
to recollective aspects of episodic memory linked with autonoesis and full detailed recall. As a
consequence, it is important to adopt a recognition paradigm that is able to grasp perceptual and
sensory elements of the memory traces at retrieval.

No effect was found in these spatial studies [53,66,74,78,79], and on episodic memory scores
(what, verbal where, visuospatial where, when, and details in the works of Plancher et al. [71] and Tuena
and colleagues [57]), or on object recognition memory in the work of Pacheco and Verschure [81].
Finally, although results are encouraging, some studies showed passive enhancement (see Figure 2);
therefore, results of the review are preliminary, and future studies need to deepen the virtual enactment
effect in order to confirm the enhancing effect from which different populations might benefit.

It is well known that active navigation promotes better learning performance [6]. We found
confirmations of how the body shapes memories and how it can be used as a medium to enhance
learning by means of input tools as an extension of previous research on the enactment effect with
ecological scenarios and items [42,88,94,95].
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3.6. What Are the Cognitive Factors Mediating Active Navigation and Memory Performance?

Among the included studies, cognitive factors underlying navigation have been studied in
the same healthy population [74], whereas neuropsychological factors were used to evaluate the
effect of active navigation on memory in YA vs. OA [8,63]. In particular, visuospatial abilities and
especially executive function seem to be crucial for spatial memory [63,74] and for episodic memory
functioning [68] and features [70,71]; in particular, executive function and attention appear to influence
performance [8,69].

Cutmore et al. [74] conducted four experiments in order to evaluate the effect of gender, visuospatial
abilities, cognitive style, and cerebral asymmetry during static active navigation (teleporting).
Males showed faster results in finding the exit of the virtual maze compared with females, while both
groups benefited from a landmark cue condition (landmark associated with a room). Moreover,
males were more accurate; in this case, a compass cue condition (compass heading cue) led to better
performance compared to a landmark condition. Visuospatial abilities were evaluated with the Wechsler
Adult Intelligence Scale—Revised (WAIS-R) [96]. The high visuospatial group was better at Euclidean
(survey knowledge) distance estimation compared with the low group. Participants’ cognitive styles
(verbal-sequential vs. visuospatial) were evaluated with the same test. The visuospatial group
showed better navigation performance; moreover, this effect was shown for static navigation when
compared with verbal-sequential participants. The visuospatial group was also better in navigating
the maze backward. Finally, Cutemore and colleagues [74] used electroencephalography to observe
cerebral asymmetry: the verbal-sequential group showed a greater right hemisphere activation (effort
computing spatial problem solving) compared with the visuospatial group. However, only females
were recruited for the last three experiments, since a gender effect was found in the second experiment.
The authors wanted to evaluate whether navigation is related to superior spatial skills in a sample
of females, but von Stülpnagel [88] found that sense of orientation abilities affected false alarms and
route navigation performance regardless of gender.

Taillade et al. [63] found that YA were better than OA in terms of executive function, visuospatial
abilities, and memory. In particular, wayfinding tasks (survey knowledge) seemed to be affected by
executive function. Jebara et al. [8] correlated the binding scores with age and neuropsychological
tests. An effect of age was found in all the navigation conditions. Binding score was significantly
correlated with visual memory and working memory in high navigation control (HNC; motor trace
and decision-making), low navigation control (LNC; motor trace only), and itinerary condition (IC;
decision-making only) conditions. Shifting (executive function) negatively affected the VR binding
scores for LNC and HNC but not for the passive condition and IC. When controlling for age, the scores
in HNC were still significantly affected by executive function. Verbal memory correlated positively
only with the IC condition. Similarly, Sauzéon and colleagues found a positive correlation between
recognition hits and episodic memory (CVLT [87]) and executive function (mental rotation and Stroop
color-word task; [97,98]) in the active but not the passive navigation condition. Total false recognitions
(source-based and gist-based) were correlated with episodic memory and executive function tests.
An age effect on false recognition was also found. In particular, executive function, after partial
correlation between age and false recognitions, contributed to recognition performance under the
active navigation condition [68].

It is also worth reporting that cognitive differences among the populations emerged in terms of
gender, age and pathology. Plancher and colleagues [70] found differences among individuals with
AD, aMCI, and OA in their episodic memory task. The same performance pattern (AD < aMCI < OA)
emerged for what, details, egocentric and allocentric where, and recognition. AD and aMCI individuals
had less recollection compared to controls. AD patients’ binding was lower than that of aMCI patients
and OA, whereas aMCI patients had a delayed recall deficit compared to OA. When scores were lower
for the AD group compared with the aMCI group and OA, while AD and aMCI individuals presented a
difference between immediate and delayed recall. Moreover, the authors found better what recognition
in OA, aMCI, and AD compared to other episodic recognitions. Plancher and colleagues found that
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AD and aMCI patients had worse recognition than OA; similarly, OA performed better in terms of
recollection rates than aMCI and AD.

Tasks revealed an age effect in different studies [8,61,63,71,80] as well as a gender effect [43,65,80].
The findings of Jebara and co-authors [8] revealed an age effect for what (immediate and delayed),
binding (immediate and delayed), visuospatial recall, and recognition total score. An age effect on
spatial memory and recognition was found by other studies. Sauzéon and co-authors [68] showed that
OA have worse learning, proactive interference, and false recognition compared with YA. Taillade
and colleagues [63] found that YA fared better in a wayfinding task than OA, but this pattern did
not emerge for spatial memory tasks. An age effect emerged in the first study of Plancher and
colleagues [71]. Young participants were better compared to OA in terms of verbal and visuospatial
where, when, and details. Moreover, findings showed a main effect of intentional encoding for what,
verbal where, visuospatial where, when, and details. In an active navigation condition, OA had better
what recall in incidental encoding, while YA had better recognition, when, verbal where, and visuospatial
where on intentional encoding compared with OA. Finally, Plancher and co-authors [56] found that
women performed better (statistical tendency) on the recognition task, whereas men had better scores
for the cued visuospatial task. No effect of condition emerged. Von Stülpnagel and Steffens [65]
showed that women had more false alarms than men, who were faster in a route navigation task;
moreover, women revealed a lower sense of orientation and computer experience than men. Findings
of Dalgarno et al. [64] were not affected by gender. Lastly, recall decreased with age [68] for both
immediate and delayed recall [6]. Taillade et al. [63] highlighted an age effect for a wayfinding task but
not for a spatial memory task. Recognitions decreased with age [8], but the same was not found by
Sauzéon and co-authors [68], who showed more false recognition for OA.

The following neuropsychological tests were correlated with memory tasks [71]. Trail Making Test
(TMT) A and B [99] was used to evaluate executive functions and attention in OA and was negatively
correlated with what and where and sustained attention scores were associated with where responses;
lastly, the Cognitive Difficulties Scale [70,71] was significantly associated with episodic scores in normal
and pathological aging.

Von Stülpnagel and Steffens [65] found different interactions with the movement (self-contained
vs. observed) condition. In the second experiment, providing layout and landmark information along
with self-contained movement led to better route knowledge (tour integration task), whereas for the
route navigation task better scores were obtained when self-contained movements were associated
with reading instructions. In the last of their experiments, recognition performance was enhanced
when any allocentric map was given, whereas the tour integration task benefited by a map with path
to follow and not by self-contained condition. Finally, in the route navigation, the map with a path to
follow worsened the scores, whereas the active map helped participants in the observed movement
condition. Farrell and colleagues [76], in their first experiment, found that active navigation with or
without an allocentric map led to better virtual to real world transfer of spatial knowledge compared to
control (real-world wayfinding) and this is true also for active virtual exploration with a path to follow
(no decision-making). In their second experiment, virtual exploration with the map did not lead to
better transfer compared to the allocentric map studying condition without real or virtual exploration.

Other relevant effects that interact with cognition are reported. In particular, dynamic active
navigation generally led to better results, as noted by three studies [62,67,80]; however contradictory
(path shape but not orientation and recognition; [62]) were also reported. Some authors [62,64,80] have
highlighted the importance of optic flow for spatial learning in VE. Visual fidelity is also crucial for both
survey and route knowledge [77], and the first-person perspective of the virtual environment boosted
wayfinding and route knowledge, whereas an aerial-view improved allocentric representation [60].
Three-dimensional virtual reality seems to stimulate memory due to higher body involvement but
also reduced energy consumption [74]; however, Palermo and co-authors [79] found that immersive
interaction with a gyroscope, although reported as interesting, could be frustrating and showed a
minor degree of engagement compared to classic active interaction with a mouse. Finally, a trial
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effect emerged confirming the positive effect of repetition on performance (e.g., [59]). Interestingly,
exposure times led to better survey representation for passive participants, as noted by Sandamas and
Foreman [59]. Wallet et al. [72] found better delayed recall, but not Pacheco and Verschure [81], in their
24-h delayed recall, for active participants after 48 h for spatial memory. Similarly, Jebara et al. [6] found
YA, but not OA, had better delayed (20-min) as compared to immediate recall for episodic recall (item
information and binding). No effect of condition emerged in the latter study. With regard to expertise,
Sandamas and Foreman [75] found that drivers, regardless of the navigation condition, were better in
the map task (survey knowledge). Moreover, different studies aimed at balancing driving [6,43,75] and
technology experience (e.g., [60,65]), since these could influence the performance.

In addition to age, gender, skills, and cognitive functioning, it is crucial for neuropsychology
research to consider the roles of consolidation, repetition, and dynamic changes in order to build
effective and ergonomic training for memory rehabilitation and enhancement.

4. Discussion

In the present review, we provided initial positive results concerning the virtual enactment effect on
spatial and episodic memory performance, highlighting the embodied potential of virtual reality (VR).
For each of the questions presented (see Section 3 subsection headings), we provided theoretical and
practical solutions to guide future studies within the context of the virtual enactment effect and its use
in aging. To summarize, the virtual enactment effect on memory is: (1) present in the young population;
(2) possible in aging but needs further investigation; (3) mediated by neurocognitive factors, especially
in aging; and (4) dependent on the use of technological devices and their interaction characteristics.

In general, we suggest that future research should aim at designing experiments for older people
and pathological aging, in both spatial and episodic memory in order to test the virtual enactment
effect. Moreover, we encourage further research on episodic memory involving young participants
to consolidate or extend the findings we reported in this systematic review. Innovative cognitive
rehabilitative systems are needed to slow down or prevent memory decline in neurodegenerative
conditions, and VR provides a powerful tool to stimulate brain plasticity in Alzheimer’s disease and
aging [100,101].

We highly recommend that researchers take into account these elements and consider the use of
immersive apparatus by means of head-mounted display (HMD). The main limits of non-immersive
studies reported in the review are that they do not grasp the full experience of active navigation,
since they do not involve bodily-based (e.g., idiothetic) components [6], and the motor traces used
while using controllers might be too weak to have an impact on memory traces [71]. Therefore,
researchers should consider the use of a HMD. For instance, with an HMD it is possible to walk
around a small area with trackers detecting movements and interact with the scenario with controllers.
Moreover, VR enables the user to experience an “egocentric space” [102], which is a critical aspect
of spatial processing as it occurs in everyday life [4]. Researchers should not forget the role of
interaction (e.g., intentions and actions) on the sense of presence, which is considered to impact more
on presence rather than graphic realism [103]. Another critical aspect of memory performance is
the type of encoding of virtual scenarios. In real-life situations, episodic memory encoding occurs
non-intentionally [10], whereas with spatial learning a certain amount of information is encoded
incidentally and with procedural memory [104,105]. However, when planning interventions that
exploit the virtual enactment effect, clinicians and neuroscientists are encouraged to design instructions
according to the sample; for instance, aging is known to affect incidental rather than intentional
encoding, with attentional and executive components playing a critical role in encoding and storage in
the former [106]. Lastly, from a methodological point of view, we encourage the use of within-interaction
conditions: first, within-subject studies have greater statistical power compared to between-subjects
designs; second, they allow the researcher to control variables (e.g., gender) that may affect memory
performance (e.g., gender effect on spatial memory [80]), thus providing balanced groups; finally,
within-subject designs permit the researcher to assess source memory by asking the participants to
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recall the context in which an event occurred (see [57]). However, within-subjects studies might
overload or confound memory traces if the tasks are too complex or numerous. Researchers should
consider the strengths and weaknesses of within and between subjects designs with potential biases in
light of the objectives of their studies [86].

Assessment of performance is a critical aspect of research and clinical practice in order to evaluate
and analyse what the researcher really wants to achieve. We highly recommend defining tasks based
on strong theoretical and empirical considerations when assessing the complexity of memory within
the context of virtual enactment. In the context of spatial memory, we suggest using egocentric
and allocentric measures to tap spatial cognition features [4]; this can be achieved using landmarks,
boundaries and maps with paper-and-pencil, computerized or VR tasks. However, in the present review,
this is especially true when the spatial layout is considered within the context of episodic memory
(e.g., [8,57]). When research focused on schematic/topographical representation [2], papers mainly
used spatial levels of knowledge of the space (survey, route and landmark); therefore, we applied these
levels to the cluster spatial task (Figure 2). Nevertheless, recent discoveries in cognitive neuroscience
and clinical neuropsychology support the crucial role of spatial frames of reference in representing
the space [5,14,83]; moreover, survey knowledge and landmark knowledge resemble, respectively,
allocentric and egocentric representation, whereas route knowledge appears to be related to procedural
memory due to landmark-based navigation [105,107]. For episodic memory, we strongly encourage
the paradigms that tap the elements described by Tulving [7] as central aspects of this type of memory
(i.e., event, spatiotemporal details, and emotional and perceptual details). The advent of VR enables
neuroscientists to study in an ecological, standardized, and realistic way a complex function such as
episodic memory [8,108].

Concerning the virtual enactment effect on spatial memory, the young population reported more
positive outcomes on survey knowledge compared to route and landmark knowledge; nevertheless,
findings in general are promising. Young adults and both the healthy and pathological aged population
showed improvements on episodic item memory, spatial context and binding. However, further
studies need to evaluate this effect on aging and neurodegenerative disorders in the domains of both
spatial and episodic memory. It might be of interest to deepen our understanding of in which situations
passive enhancement is present and why (Figure 2). Moreover, we suggest that future studies include
real-world navigation conditions; while all of the studies had a passive control condition, only one [72]
used a real-world control condition. Finally concerning mediating factors, although visuospatial
abilities are crucial for spatial memory [74], executive functions have a great impact on spatial and
episodic performances, and this is especially true for older people [8,63,68]. Other variables such as
age, gender, expertise (e.g., videogames, driving), dynamic navigation, virtual realism, and delayed
testing influence memory performance.

Findings are promising in the light of memory decline in aging. An age-dependent decrease is
normally observed in these crucial cognitive domains [109], and the decline in spatial and episodic
memory is accompanied by neural changes in the medial temporal lobe, hippocampus and prefrontal
cortex in the aged population [110–112]. Aging is accompanied by spatial memory decline [113].
Indeed, Colombo and colleagues [114] recently shown that older people have specific allocentric
impairments and difficulty in switching between the egocentric and the allocentric frame of reference;
the translation from the allocentric to the egocentric frame of reference is possible thanks to the activity
of the retrosplenial cortex, which converts neural representations of the medial temporal lobe to parietal
and vice versa [5,115].

In particular, spatiotemporal details, along with associative (i.e., medial temporal binding
processes) and strategic (i.e., frontal monitoring during encoding and retrieval) information, decline
with aging [8]. Aging is also accompanied by differences in the encoding and retrieval of episodic
memories [10,11]. Piolino and colleagues [11] showed that this was particularly true for autobiographical
events in recent periods, with more responses (less spatiotemporal information, details, familiarity
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and third-person perspective) associated with reduced autonoesis for older adults (OA) compared to
young adults (YA).

Memory impairments due to medial temporal lobe degeneration are classic features of Alzheimer’s
disease (AD) [116], mild cognitive impairment (MCI) [117], and amnestic mild cognitive impairment
(aMCI) [118], which are considered part of the prodromal stage of dementia and in particular AD [119].
Deactivation and decreased functional connectivity of the default mode network is shown in healthy
aging, MCI, and AD [120–122]. Retrosplenial cortex hypoactivity occurs in both AD and MCI and may
explain episodic and navigation deficits in these patients [5]. Spatial disorientation in AD and aMCI is
thought to be the result of degenerative processes taking place in the hippocampus and in deficient
spatial frame synchronization [123]. Indeed, early markers of AD can be the switching abilities in
aMCI and AD individuals [124]: allocentric impairments are present in aMCI and AD patients and
moreover a deficit in the switch from egocentric to allocentric was found in these groups. Concerning
episodic memory, these neurological conditions lead to deficits in the spatiotemporal and binding
components of episodic recall [70], as well as autonoetic consciousness [125,126].

Finally, the present findings stress the essential role of the body in cognition, and memory in
particular, as claimed by embodied cognition researchers. The virtual enactment effect could be used
to study how the different levels of active and passive virtual navigation contribute to spatial and
episodic performance and could potentially be used as a way to enhance memory in aging.
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