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Abstract—Anxiety symptoms are important contributors to the global health-related burden. Low-intensity interventions have been
proposed to reduce anxiety symptoms in the population. Among these, biofeedback (BF) offers an effective approach to reducing
anxiety. In the present study, BF was integrated into a novel virtual reality (VR) architecture to enhance BF’s effectiveness to i) evaluate
the feasibility of a VR-based single-session BF in teaching participants to self-regulate; ii) compare the BF aiming at reducing
sympathetic (measured though the tonic level of skin conductance, SCL) versus increasing cardiac vagal (i.e., normalized high
frequency of heart rate variability, HFnu-HRV) activation, and iii) evaluate which of the two VR-BF single-sessions was most effective in
reducing perceived state anxiety.
20 healthy participants underwent both SCL- and HFnu-based in a single session VR-BF. Results showed the feasibility of a short
single-session VR-BF and the effectiveness of both VR-BF sessions in reducing perceived state anxiety. Moreover, SCL-based VR-BF
determined a significant reduction in sympathetic activation and in sympathovagal balance as well as a greater reduction in perceived
state anxiety compared to HFnu-based VR-BF. SCL-based VR-BF represents a safe and effective intervention in reducing anxiety
while enhancing adaptive psychophysiological activation.

Index Terms—Biofeedback, Virtual Reality, Skin Conductance, Heart rate variability
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1 INTRODUCTION

In the general population, anxiety disorders are consid-
ered the most common mental disorders [1] and are among
the leading causes of the global health-related burden [2].
Despite the fact that subclinical anxiety is often non-treated,
anxiety symptoms that do not reach the diagnostic criteria
have been linked to a higher risk to develop an anxiety
disorder such as generalized anxiety disorder or panic dis-
order [3]. Moreover, during the COVID-19 pandemic, there
has been an exacerbation of poor mental health conditions,
including increased clinical and subclinical anxiety [4].
Given the large prevalence of anxiety, its impact on the
population, and the fact that it is largely left untreated,
there is an urgent need for high and low-intensity inter-
ventions to reduce anxiety. It’s essential to address both the
psychological and physiological aspects of this condition
[5]. At physiological level, both clinical and subclinical
anxiety, as well other mental health problems, have been
often associated with alterations in the autonomic nervous
system (ANS) balance, which manifest as elevated sym-
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pathetic activation and reduced parasympathetic activity.
Low-intensity interventions have been found to be effective
in reducing anxiety and its physiological manifestations [6].
They include computerized cognitive behavioral therapies,
virtual reality (VR) exposure, behavioral activation, psycho-
education groups, and relaxation training. Among these,
biofeedback (BF) is a non-invasive and non-pharmacologic
biobehavioral technique effective in improving the ANS
balance, through a reduction in sympathetic over-reactivity
to stress and increased parasympathetic activation, which
in turn has been linked with the reduction of symptoms in
several medical conditions [7] and also psychiatric disorders
[8] among which the most commonly treated are anxiety
disorders [9], [10]. BF mechanisms are mostly grounded in
operant learning principles (for an insight see [10]). These
principles employ positive reinforcement to modify an indi-
vidual’s behavior through the use of rewards (e.g., positive
feedback), making the desired behavior more likely to occur.
In 1978 Miller’s work demonstrated that operant learning
principles could be extended to regulate ANS functions,
allowing individuals to consciously influence otherwise in-
voluntary bodily processes, like heart rate, skin conductance
(SC), or bowel movements through training [11].

In a typical BF paradigm, information is provided by
converting one physiological signal, of which the individual
is usually not aware (e.g., heart rate or sweat glands ac-
tivity), into meaningful visual or auditory representations,
referred to as the feedback (e.g., a light on the screen
that changes color in response to alterations in the phys-
iological signal [10], [12]. When a desired physiological
change occurs (e.g., reduced heart rate or lower SC level)
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the individual is rewarded with positive feedback (e.g.,
the light that was red turns green). Driven by positive
reinforcement mechanisms, individuals learn to voluntarily
control and modify the physiological processes underlying
potential symptomatology of pathological conditions. For
example, it has been shown that patients with generalized
anxiety disorder were able to learn to reduce sympathetic
ANS hyperactivation through BF, leading to reduced anxiety
symptoms [13]. In addition, a meta-analysis demonstrated
the effectiveness of BF in improving heart rate variability
(HRV), thereby enhancing parasympathetic ANS activity
and reducing anxiety symptoms [9]. Recent literature re-
views support the common applications of BF to reduce
stress and anxiety in clinical and nonclinical populations by
improving control over bodily functions regulated by the
ANS. Two prominent approaches include BF to regulate SC
[14] and HRV [10], [15]. Regarding the first, since secretory
channels of eccrine sweat glands are specifically innervated
by sudomotor sympathetic nerves, measures derived from
SC (also called electrodermal activity) reflects the activity of
the sympathetic nervous branch innervating sweat glands
in the deep layers of the skin [16]. BF of SC targets the re-
duction of sympathetic hyperactivity by providing feedback
to reduce SC and has been applied effectively in clinical
samples [17], [18] to reduce physiological arousal driven
by the sympathetic nervous system and to reduce anxiety
[19]. Regarding cardiac BF, HRV can be analyzed to extract
reliable measures of the parasympathetic activity on the
heart (i.e., cardiac vagal activity). HRV-derived cardiac vagal
activity can be quantified through the application of spectral
analysis of the beat-to-beat intervals obtaining the power in
the high-frequency band (HF; [20]). BF of HF targets the
increase in cardiac vagal activity by providing feedback to
increase HF.

Several studies have empirically demonstrated the ef-
fectiveness of HRV BF in reducing ANS dysregulation in
psychiatric samples and individuals with anxiety disorders
[9]. It is important to note that the most common HRV
BF protocols involve slow-paced breathing exercises guided
by feedback, utilizing two physiological processes: syn-
chronous variations in heart rate and respiration. While this
protocol is highly effective in increasing HRV, but its effects
largely rely on voluntary control of respiration. This factor
could introduce confounding variables when comparing the
effectiveness of different BF protocols, as most BF interven-
tions target involuntary functions (e.g., SC BF). Therefore,
in the present study, we introduced a short single-session
HRV BF approach in which participants received feedback
based on their level of cardiac vagal activity, independent of
respiration.

Despite the clear potential of BF applications, some
factors can impact the learning process and outcomes. For
example, it has been reported that visual feedback is often
too abstract or lacks meaningful engagement for the user,
potentially leading to boredom [14], [21], [22]. This lack
of engaging feedback can affect the participant’s attention
and motivation, as low levels of engagement have been
shown to hinder self-regulation learning in game-based
systems [23]. Therefore, for participants to effectively learn
self-regulation, they need to maintain sustained focus on
the feedback. However, uninteresting feedback, disruptive

thoughts, and environmental distractions can hinder this
focus.

Recently, the great commercial diffusion of advanced
hardware systems has introduced virtual reality (VR) as
an innovative interface for BF applications [24], [25], [26].
Integrating BF into a VR environment offers a promising
solution. VR is an advanced human-computer interface
that immerses individuals in a simulated environment, pro-
viding a highly engaging and interactive experience [27].
Using VR in these treatments can enhance the sense of
presence and engagement, which are crucial for effective BF
interventions [28]. The immersive nature of VR technology,
facilitated by head-mounted displays that cover the users’
full field of view [29], can enhance sustained attention.
Previous studies have also suggested that immersive and
interactive virtual environments depicting natural settings,
such as beaches and mountain scenery, can be effective in
promoting relaxation and reducing stress levels [30], [31]. BF
of physiological parameters like the skin conductance level
(SCL) has been implemented in serious games to enhance
human-computer interaction [32], mitigate eating disorder
symptoms [19], and alleviate anxiety-related symptoms [33].
Similarly, heart HRV BF has been tested to reduce pain,
stress, or anxiety [34] While both VR exposure training and
BF training have shown effectiveness in reducing anxiety
symptoms, to the best of our knowledge, no study has
investigated the feasibility and effects of combined VR tech-
nology and BF training on anxiety symptoms. Furthermore,
there is a lack of research comparing the effects of BF
aimed at reducing sympathetic activity (targeting SCL) with
BF designed to increase parasympathetic activity (targeting
HRV) in reducing anxiety symptoms.

For these reasons, in the present study, an innovative VR-
BF control algorithm was applied to SC- and HRV-derived
measures to improve participants’ autonomic balance by
either reducing sympathetic activity or improving parasym-
pathetic activity with the ultimate scope of reducing anxiety
symptoms.

The objectives of the study were i) to evaluate the feasi-
bility of a VR-based BF single-session in teaching healthy
participants to modulate their level of autonomic activa-
tion; ii) to compare the VR-BF sessions aiming at reducing
sympathetic (as measured by SC derived indexes) versus
increasing cardiac vagal (as measured by HRV indexes) ac-
tivation, and iii) to evaluate which of the two VR-BF single-
sessions (i.e., SC-based or HRV-based) was most effective in
reducing perceived state anxiety.

2 MATERIALS & METHODS

2.1 Participants

20 healthy volunteers (9 female) with a mean (standard
deviation (SD)) age of 27.44 (4.28) range (19-57 years) were
included in the study. Subjects suffering from acrophobia
(i.e., phobia of height) and who experienced cybersickness
during the experiment were excluded.

The present study was conducted in accordance with the
Declaration of Helsinki, and all procedures were performed
with an adequate understanding and written consent of
the participants. The experiments were conducted at the
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University of Pisa under the approval of the local ethics
committee (prot. No. 14/2019).

2.2 Procedure
After enrollment and sensor placement, each participant
underwent both VR-BF sessions (i.e., SC-based VR-BF, HRV-
based VR-BF). The order of the VR-BF sessions was random-
ized across the participants to avoid an order effect in the
experimental design. Each VR-BF session lasted 5 minutes,
and a recovery period of 10 minutes was set up between
them. Participants were requested to fill out the State and
Trait Anxiety Inventory Y1 (STAI-Y1; [35]) to evaluate their
level of state anxiety four times, that is immediately before
and after each VR-BF session. The STAI-Y1 form is a 20-item
questionnaire measuring state or current anxiety. Scores
range from 20 to 80, and higher scores reflect greater anxiety
levels. Before starting each VR sessions, physiological sig-
nals (i.e., SC and HRV) were recorded at rest for 30 seconds
1.

During each VR-BF session, participants were seated
within the virtual hot air balloon (VHAB) and could ob-
serve the VHAB’s ascent and descent in real-time. When
participants were able to effectively reduce their level of
activation, they noticed the VHAB rising higher, while when
they were unable to reduce the level of activation, thus
arousal increased, this led to a descent in the VHAB within
the virtual environment. This direct correlation between the
level of physiological activation and the height and direction
of movement of the VHAB acted as a visual cue. Modi-
fication of VHAB movements in response to participants’
physiological changes created a dynamic and immersive
experience that encouraged participants to modulate auto-
nomic responses. A video demonstration is available in the
supplementary materials of this article.

Figure 1. The scheme represents the experimental protocol: the study
staretd with the assessment of state anxiety level (the participants filled
the STAI-Y1 questionnaire) which was repeated four times, before and
after each biofeedback (BF) session. The two 5-min BF sessions (that
is, SC-based and HRV-based VR-BF) were separated by a 10-minute
interval. The order of the BF sessions (that is, VR-BF based on SC and
HRV) was counterbalanced between the participants..

2.3 Virtual reality biofeedback systems
In this section, we describe the main components of both
VR-BF systems, i.e., i) the virtual environment design, ii) the
physiological signal processing to extract sympathetic and
parasympathetic correlates, and iii) the mapping algorithm
for converting the physiological signal into feedback.

2.3.1 Virtual environment design
A VR environment was designed to provide a meaningful
and intuitive representation of the ANS-related physiolog-
ical changes to improve the subject’s control over it and
consequently foster relaxation.

In this context, the intuitiveness of the feedback virtual
representation is a crucial developing aspect. Indeed, an
unintuitive representation of the ANS-correlate (i.e., SC or
HRV) parameter makes the VR-BF session a multi-tasking
exercise that could force subjects to divide the efforts among
different tasks turn would decrease the BF effectiveness
[36]. In this study, participants were “virtually” placed in
a virtual hot air balloon (Figure 2), whose height was di-
rectly related to the physiological parameter value. Such VR
representation required the participants to focus only on the
VHAB height. In addition, the design of the VR scenario was
optimized to facilitate participants’ understanding of the
biofeedback practice of relaxation. According to the Stress
Recovery Theory [37], which suggests that time spent in a
natural environment can promote stress reduction, VHAB
was placed in an immersive naturalistic virtual environ-
ment designed to maximize its realism. Specifically, the VR
scenario included 3D geometries of grasses, plants, flowers,
and moving clouds. In addition, the light and color schemes
were set to evoke a pleasant and calming environment.
Finally, to avoid distraction of the participants from the
learning task, no task-relevant stimuli were included [38].
The design of each virtual element was developed us-
ing the well-known Unity3D platform (Unity3D 2019.4.8f1,
Unity Technologies, USA) applying geometrical models
from open-source repositories to take advantage of design
flexibility and facilitate the integration with the Oculus Rift
S.

The VR contents were displayed exploiting the Oculus
Rift S (Lenovo Technologies and Facebook Technologies,
USA). Such a headset is a commercially available device
with a 2560x1440 LCD and a refresh rate of up to 80 Hz.
A PC was used to support this head-mounted display in
rendering and updating the VR environment.

Figure 2. The virtual hot air balloon whose flight was used to map the
subject’s physiological processes of interest.

2.3.2 Physiological measures

Online Skin Conductance (SC) processing: Skin conduc-
tance was acquired through the Shimmer 3 GSR+ unit
(Shimmer, MA, USA), with a sampling rate of 100 Hz.
Electrodes were placed on the palmar surface of the first
phalanges of the index and middle fingers of the non-
dominant hand. Before starting the recording, signal quality
was checked by stimulating electrodermal responses (e.g.,
by clapping or asking participants to take a few deep
breaths). Every recording started at least 15 min after the
sensor placement.
A pseudo-real-time processing was performed to estimate the
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SC-derived physiological parameter for the VR-BF session.
First, the slow-varying component of the SC, i.e, SCL, was
estimated by applying a 4th-order low-pass filter with a
cut-off frequency of 0.05 Hz [39]. Then, to evaluate the
SCL variations over time, the derivative of the SCL signal
was estimated and its mean value was computed within
consecutive time windows of 1 second (SCLd) [SCLd =

1
∆T

∑N
i=1

dSCLi

dt where ∆T is a 1 sec time window and
N the number of samples in the time window]. SCLd was
adopted as the feedback during the SC-based VR-BF session
with a time sampling of 1 sec. Note that SCLd can be con-
sidered an effective correlate of the arousal state variation
[16].

Online photoplethysmography (PPG) processing : The
PPG signal was acquired through the Shimmer 3 GSR+ unit
(Shimmer, MA, USA) with a sampling rate of 100 Hz. The
PPG optical probe was positioned on the ring finger in the
distal position.
Similarly to the approach applied to the SC a pseudo-real-time
processing with a sampling time of 1 sec was performed to
estimate the PPG-derived physiological parameter for the
VR-BF session. More specifically, interbeat Intervals (IBIs)
were derived by detecting the peak of each pulse and
calculating the pulse intervals (i.e., the distances between
pulse wave foot points). First, the PPG signal was band-
pass filtered (0.05 - 4 Hz) on an online sliding window of 30
sec with a time step of 1 sec to remove high-frequency noise.
Then, an online peak detection was applied by comparing
neighbouring samples to identify all local maxima. Spurious
peaks were discarded by imposing an adaptive amplitude
threshold and a minimum distance between consecutive
peaks [25]. HRV signals were then obtained by an online
cubic-spline interpolation of the IBIs series at 4 Hz. Finally,
the power spectrum was estimated from the HRV series
through the autoregressive model method (16th order) to
avoid poor spectral resolution. Power in the low-frequency
(LF; 0.04-0.15 Hz), and high-frequency (HF; 0.15-0.40 Hz)
bands were extracted. In this way, it was possible to have
a pseudo-real-time measurement of normalized HF power
(HFnu) obtained through the ratio between HF and the
sum between HF and LF [i.e., HFnu = HF/(HF + LF )].
According to studies on animal models [40] and pharma-
cological studies in humans [41] HFnu of HRV power is
a reliable index of modulation of the ANS parasympathetic
branch mediated by the vagus nerve over the cardiac muscle
[40], [41], [42], [43], [44], [45], [46], [47]. Higher HRV HF
power reflect higher parasympathetic activation that has
been linked with better cardiovascular health [43], [48]. [42],
[44], [45], [47]. HFnu has been reported to correlate with
the level of perceived relaxation [49], [50], and is inversely
associated with perceived stress, arousal and anxiety [51],
[52]. Therefore, HFnu was adopted as the physiological
parameter linked to the feedback in the HRV-based VR-BF
session [53].

Off-line post-processing: In the off-line post-processing
phase, for each BF session, we calculated a validated index
of sympathetic activity [54], i.e., the spectral power in the
range of 0.045-0.25 Hz in the SC signal (EDAsymp). In
addition, we calculated a validated multimodal index es-
timating the sympathovagal balance, combining SC sympa-
thetic activity and cardiac vagal control, as the ratio between

EDAsymp and HFnu [55].

2.3.3 Adaptive update of the virtual environment
The VR environment was appropriately coded to support
TCP-IP communication (see supplementary material file)
and constantly and fastly adapt the VHAB height as a
function of the physiological signal according to two ad-
hoc mapping algorithms integrating SCLd and HFnu. The
VHAB translations across the time steps were smoothed
to limit motion sickness and unrealistic movements (Unity
Vector3.Lerp function). The mapping strategy, which al-
lowed describing the VHAB height as a function of the phys-
iological signal (i.e., SCLd and HF), was different depending
on the physiological signal:

• for the HRV-based VR-BF, VHAB height was ex-
pressed as a linear function of HFnu [53], [56] The
following mathematical formula was used to repre-
sent the cardiac dynamics in the VR environment:

Height(i) = mHeight ·HFnu(i) (1)

Where Height(i) represents the height of the VHAB
at the ith time step, mHeight is the maximum height
the subjects could reach (set at 30 meters), and
HFnu(i) describes the estimate of HFnu at theith

time step.
• for the SC-based VR-BF, since SCLd was not a

normalized measure (from 0 to 1) as HFnu, linear
mapping of the VHAB height was not feasible. Ac-
cordingly, a novel mapping function based on the
normalized speed of SCL variation (expressed in
radians SCLdrad(i) ) was developed. Specifically,
the following function was applied to estimate the
VHAB height over time (which could vary from 0m
to 30m as for HRV-based BF):

Height(i) = −β · SCLdrad(i) (2)

Where Height(i) represents the VHAB height at
the ith time step, SCLdrad(i) represents the SCLd
measured at the ith time step expressed in radi-
ans, and β is an empirically estimated constant
so that mHeight (i.e., 30m) could be reached in
case of constant SCLd maximum speed of decrease
equals to -80 degrees (MaxVelocity) for 2 minutes
β = mHeight[m]

(MaxV elocity[rad/s]·120[s]) = 0.003125m. In case
the Height(i) > mHeight Height(i) = mHeight.

2.4 Learning measure
To devise a quantitative measure of the participant’s ability
to learn the control the modification in physiological acti-
vation, the VHAB height time series was analyzed during
the different VR-BF sessions (i.e., SCLd- and HFnu-driven).
Four different parameters for each subject were computed:

• the height over time experienced by the subject dur-
ing the SC-based VR-BF session according to the eq.
2 (HeightSC−SCLd);

• the height over time experienced by the subject dur-
ing the HFV-based VR-BF session according to the
eq. 1 (HeightHRV−HFnu);
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• the height over time estimated in post-processing
by considering the HFnu signal collected during
the SC-based VR-BF session and applying the eq. 1
(HeightSC−HFnu);

• the height over time estimated in post-processing
by considering the SCLd collected during HRV-
based VR-BF session and applying the eq. 2
(HeightHRV−SCLd);

From each extracted time series, we fitted a linear model
explaining the height values as a function of the time:

Height(t) = λ+ γ · t (3)

Where Height(t) represents VHAB height over time (t), λ is
the model intercept and γ defines the model slope.

The height of the VHAB reflects the physiological sig-
nal modification, and the slopes of the models (i.e. the
coefficient of the time, γSC−SCLd, γSC−HFnu, γHRV−HFnu,
γHRV−SCLd) reflects the average speed at which the VHAB
moves over time, while the sign indicates the direction.
Therefore, the models’ slope can be considered as a measure
of the speed (i.e, ability) in learning the modulation of
physiological arousal/relaxation. The higher the average
speed the participant flew during the session, the faster the
participant learned to control the physiological mechanism
(for a graphical example see Figure 3).

t [s]

t [s]

h [m]

h [m]

Figure 3. A comparison between the two mapping algorithms. Top:
VHAB height over time during the HFnu-driven session. Bottom: VHAB
height over time during the SCLd-driven session.

2.5 Statistical analysis

To compare the SC-based and HRV-based VR-BF
effectiveness in inducing relaxation, we considered three
aspects:

i) the effectiveness of the two VR-BF sessions in reducing
the physiological arousal by modulation of the sympathova-
gal dynamics (i.e., EDAsymp, HFnu and EDAsymp/HFnu);
ii) the effectiveness of the VR-BF sessions on the perceived
level of anxiety (i.e., STAI-Y1 scores);
iii) the participant’s ease in learning the two different control

mechanisms.
To this aim, we performed three different corresponding
statistical comparisons, as it follows:
i) To study changes in the physiological arousal during
both SC-based and HRV-based BF, three specific features
able to quantify the ANS dynamics and more specifically
the parasympathetic and sympathetic nervous system dy-
namics, i.e., EDAsymp, HFnu, and EDAsymp/HFnu were
analized. A time series has been built for each feature by
computing it in consecutive time windows of 30 sec with
an overlap of 29 sec. Afterwards, the dynamics of each
feature time series was characterized by computing the
corresponding area under the curves (AUC). For each AUC,
statistical differences between the resting baseline (30 sec
before the first movement of the VHAB) and VR-BF sessions
was tested through a non-parametric Wilcoxon sign-rank
tests under different null hypotheses:

• during SC-based VR-BF, compared to baseline, a
reduction in EDAsymp and EDAsymp/HFnu;

• during HRV-based VR-BF, compared to the base-
line, an increased in HF and reduction in
EDAsymp/HFnu.

To test which VR-BF was more effective in inducing a re-
duction in physiological activation (i.e., lower sympathetic,
higher parasympathetic and lower sympathovagal balance)
statistical differences between the two VR-BF sessions were
compared through a two-tail non-parametric Wilcoxon sign-
rank tests.
ii) On the STAI-Y1 scores a one-tailed nonparametric
Wilcoxon sign-rank test comparing the self-assessed anxiety
level collected before (PRE) and after (POST) each VR-
BF session, under the null hypothesis of higher anxiety
perceived in the PRE VR-BF session than in the POST
VR-BF session. Also differences in the effectiveness of the
two VR-BF sessions were tested through a mixed-effects
model explaining the STAI-Y1 scores at POST conditions
(STAIPOSTi

) as a function of the VR-BF session (BFparam).
The model was controlled for STAI-Y1 scores at PRE con-
dition (STAIPREi

)and a random effect accounting for vari-
ability among subjects:{

STAIPOSTi
= β0i + β1 ·BFparam + β2 · STAIPREi

β0i = β00 + b0i, b0i ∼ N(0, σ2)
(4)

Where i represents an index for the subjects, β00 can be
interpreted as STAIPOSTi

grand mean, b0i is a value sam-
pled from a Gaussian distribution with 0 mean and σ2 vari-
ance, while β1 and β2 are the coefficients for BFparam and
STAIPREi

respectively. Finally, β0i which is obtained by
adding β00 and b0i describes the subject-varying intercept
accounting for the within-subject design of the experimental
timeline.
iii) To evaluate differences in the learning ability to mod-
ulate physiological arousal, the models’ slope (i.e., the γ
coefficients) were statistically compared by applying three
non-parametric Wilcoxon signed-rank tests:

• γHRV−HFnu Vs. γSC−HFnu

• γHRV−SCLd Vs. γSC−SCLd

• γHRV−HFnu Vs. γSC−SCLd
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3 RESULTS

3.1 Physiological measures response
Wilcoxon sign-rank test comparing the AUC of the physio-
logical time series compared to the baseline revealed that
SC-based VR-BF was effective in reducing EDAsymp (p
= 0.041) and reducing EDAsymp/HF (p = 0.048) while
no significant modification emerged in HF (p = 0.093).
During HRV-based VR-BF no significant modification in
HF emerged (p = 0.406) while a significant reduction
in EDAsymp (p = 0.002) and EDAsymp/HF (p = 0.002)
emerged.

Moreover, the comparison between the two VR-BF (i.e.,
SC- and HRV-based) showed lower values of EDAsymp/HF
during the SC-based session than in the HRV-based one
(p = 0.04). Concerning the AUC of the other physiological
features, the statistical analysis did not show significant
differences.

3.2 Perceived state anxiety
The Wilcoxon signed-rank test on the psychometric assess-
ment of anxiety levels (STAI-Y1) collected before (median =
36, mad = 6) and after (median = 32.5, mad = 4.5) the SC-
based BF session revealed a significant decrease (p = 0.001).
A statistically significant decrease (p = 0.036) was found also
between the STAI-Y1 scores measured before (median = 34,
mad = 3) and after (median = 33, mad = 3.5) the HRV-based
session. Summary statistics and results of this analysis are
shown in Figure 4.
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Figure 4. Results of the Wilcoxon sign-rank test on the psychometric
scores collected before and after each BF session. Statistically, signif-
icant comparisons are marked with ”*”. On the left side: comparison
between the STAI-Y1 scores collected before and after the SC-based
BF session; On the right side: comparison between the STAI-Y1 scores
collected before and after the HRV-based BF session.

3.2.1 Learning ability
Statistical results on the learning ability revealed significant
differences between the two VR-BF sessions. During the
SC-based VR-BF session compared to the HRV-based one,
participants showed a better ability to increase the VHAB
height. This was assessed by the comparison between the
two slope coefficients, i.e., γSC−SCLd and γHRV−HFnu; p
= 0.0028; see Figure 5.a). As expected, the comparisons
between γSC−SCLd and γHRV−SCLd showed a greater co-
efficient of the SC-based VR-BF,i.e., γSC−SCLd (p = 0.0192;
see Figure 5.b) meaning that participants were able to
reach higher heights and a faster increase in SC during
the SC-based compared to the HRV-based VR-BF session
occurred. In addition, the comparison between γSC−HFnu

and γHRV−HFnu (p = 0.074; see Figure 5.c) did not show a
significant difference, although, on average, the participants
were able to reach a faster increase in HF during the SC-
based VR-BF session than during the HRV-based one.

4 DISCUSSION

In the present study, a novel virtual reality architecture was
implemented to embed and compare a short single biofeed-
back session based on two different autonomic parameters
to improve participants’ autonomic balance by either reduc-
ing sympathetic or improving cardiac vagal activity, with
the ultimate scope of reducing state anxiety symptoms. The
objectives of the study were first to evaluate the feasibility
of a VR-based BF session in teaching healthy participants
to modulate their level of autonomic activation; second to
compare the VR-BF sessions aiming at reducing sympathetic
(i.e., SCLd) and increasing cardiac vagal (i.e., HFnu) activa-
tion and finally compare the two VR-BF sessions in reducing
perceived state anxiety (i.e., STAI-Y1 scores).

Regarding the first objective, results showed that dur-
ing the SC-based VR-BF session participants were able to
modulate the targeted physiological activation. Specifically,
participants significantly reduced sympathetic activation as
well as sympathovagal balance compared to baseline. There-
fore, during a short SC-based VR-BF a specific response
of reduced sympathetic activation was achieved. During
the HRV-based VR-BF session, participants were unable
to modify the targeted physiological parameter compared
to baseline (i.e., no significant increase in cardiac vagal
control emerged). Nonetheless, during HRV-based VR-BF
a pattern of physiological modification similar to the one
displayed during SC-based VR-BF emerged. Specifically, a
significant reduction in sympathetic activation as well as
lower sympathovagal balance emerged. It could be specu-
lated that during HRV-based VR-BF participants were able
to reach a general relaxation state characterized by reduced
sympathetic activation, but in the short single session, they
were unable to specifically modify parasympathetic activity
on the heart.

Regarding the second objective, the comparison between
the two VR-BFs showed no differences in sympathetic and
cardiac vagal activity, while a greater reduction in the
sympathovagal balance index (i.e., EDAsymp/HF) during
SC-based compared to HRV-based VR-BF emerged. The
present results showed that a short single-session SC-based
VR-BF was effective in leading to a specific modulation
in the physiological system selected, that is sympathetic
activation, which in turn was also reflected in a lower
sympathovagal balance. This is of relevance considering
that an imbalance in the autonomic nervous system activ-
ity characterized by a sympathetic dominance driven by
cholinergic neurotransmission has been suggested to be
a hallmark of both medical and psychological conditions,
such as fibromyalgia, cardiovascular diseases, chronic pain,
anxiety disorders, and major depression [57], [58], [59], [60],
[61], [62]. Training based on the SC-based VR-BF used in
the present study could help reduce sympathetic activation
and therefore improve the balance between sympathetic
and parasympathetic activity with positive effects on risk
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Figure 5. Results of the Wilcoxon sign-rank test on the slopes (γ) of the linear model fitted on positions over time. Statistically, significant comparisons
are marked with ”*”. On the left side: comparison between γSC−HFnu and γHRV −HFnu; in the middle: comparison between γHRV −SCLd and
γSC−SCLd; On the right side: comparison between γSC−SCLd and γHRV −HFnu.

factors for several conditions. Interestingly, a clinical ap-
plication of SC-based BF has demonstrated that voluntary
regulation of peripheral activation can enhance functional
connectivity between cortical and subcortical brain regions,
specifically the orbitofrontal cortex and amygdala, leading
to suppression of seizures in patients with drug resistant
epilepsy [63]. Furthermore, an increasing body of literature
supports the effectiveness of SC-based BF in modulating
the activity of both cortical and subcortical brain regions.
Previous studies have shown that this training results in
reduced amygdala activation and increased activation in
prefrontal areas, including the anterior cingulate cortex and
insular cortex [64], [65], [66]. t’s worth noting that anxiety
disorders have been associated with increased amygdala
activity [67] and disruptions in functional connectivity be-
tween prefrontal areas and the amygdala [51]. Therefore,
it could be speculated that long-term SC-based BF could
lead to stable modifications in the activation of specific brain
areas and the functional connectivity between cortical and
subcortical regions. These modifications could potentially
have a positive impact on patients with anxiety and stress
disorders.
At a speculative level, we can assume that over time, BF
of EDA might bring about stable changes in brain activity,
which could potentially result in reduced sympathetic activ-
ity and fewer symptoms in patients with anxiety and stress
disorders. However, it’s essential to note that our study
did not directly examine these alterations in brain activity.
Further neuroimaging research is required to validate these
hypotheses.
Concerning perceived state anxiety, although our study re-
cruited subjects from a healthy population with an initially
low anxiety level on average (i.e., median STAI-Y1 score
below 38, with only some subjects with moderate level (38-
44) [68]), results displayed a significant decrease in anxiety
levels from pre- to post-training for both the VR-BF sessions
(i.e., SC- and HRV-based). Moreover, after SC-based BF
participants reported a greater reduction compared to the
HRV-based one in perceived state anxiety, independent of
the order of VR-BF sessions. Such a greater reduction in

perceived state anxiety could be determined by two factors:
first, from a physiological perspective participants showed
a greater reduction in sympathetic and sympathovagal bal-
ance, which have been linked with higher anxiety levels [69];
second, in the SC-based VR-BF session participants were
more effective in learning to control the height of the hot
air balloon, and therefore to modulate the feedbacked phys-
iological parameter (i.e., SC). This result is also supported
by the fact that the index reflecting the ability to learn to
control the feedbacked physiological parameter showed that
participants were able to learn to control SC-based feedback
faster and more effectively compared to HRV-based VR-BF.
This could be determined by the fact that SC-based feedback
was devised to prevent the occurrence of abrupt altitude
variations (both positive and negative) in the hot air balloon.
In this way, participants can better focus and engage in the
task, leading to a better-learned control of the physiological
parameter, which in turn might have an impact on the levels
of anxiety and worry about their performance [70]

Taken together, the present results suggest that both
the short single-session of SC-based and HRV-based VR-
BF were feasible and effective in reducing perceived state
anxiety. Nonetheless, SC-based VR-BF resulted superior to
HRV-based VR-BF in improving the sympathovagal balance
through a reduction in sympathetic activity that led to a
greater reduction in perceived state anxiety.

An important characteristic to be considered in the eval-
uation of BF applications concerns learning to control the
physiological parameter. In fact, it provides information
on the effectiveness of biofeedback training within the VR
environment. Although the measure of learning ability was
influenced by the design of the VR scenario, which was
optimized to facilitate the practice of relaxation by partic-
ipants, it is important to note that our analysis compared
learning ability between the two control mechanisms con-
sidered. Therefore, our results are not biased by the specific
characteristics of the VR scenario, as these characteristics
remained consistent between the two biofeedback systems.
In this context, our novel control algorithm developed to
map the variations in SCLd on the virtual scenario allows
facilitating the participant’s ability to gain control of the
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physiological parameter. Moreover, it seems to provide a
more substantial effect in reducing physiological arousal
(inducing a state of relaxation) as well as perceived anxiety.
Most importantly, this effect was obtained in a short single-
session training, suggesting that the novel control algorithm
could support faster learning that in turn could be crucial to
reduce the number of patient-clinician contacts designed for
patient training. Indeed, BF protocols usually include 10 to
15 sessions and electroencephalographic BF (also called neu-
rofeedback) could require up to more than 40 sessions which
have been linked to increased treatment noncompliance and
financial burden on patients, limiting clinical utility [10].
The combination of VR-BF technicalities and interpolated
smooth changes of the feedback (i.e., hot air balloon height)
provided the subjects with a fluid experience characterized
by high rendering resolution and no lags between frames.
This is a relevant factor when evaluating VR-based train-
ing to induce a reduction in physiological activation and
perceived anxiety, in fact, low rendering resolution, lags
between frames, and an excessive speed of the virtual move-
ments could induce negative side effects (i.e., cybersickness;
[71]). It is important to note that in the present study, no
participant reported experiencing cybersickness symptoms
during the two VR-BF sessions.

The current findings should be interpreted in light of a
number of possible methodological issues. First, this study
used a relatively small sample size; therefore, the present
findings need to be replicated to better understand the
effectiveness of SC-based and HRV-based VR-BF training
to allow a more robust generalization of the results. How-
ever, it is crucial to emphasize that the primary objective
of this study was to introduce and assess the feasibility
and effects of these two combined VR-BF systems. Despite
the limitation of the sample size, we achieved statistically
significant results and demonstrated the expected physio-
logical and psychological responses. These results under-
score the potential effectiveness of these combined VR-BF
systems and provide a promising starting point for future
investigations involving a larger and more diverse partic-
ipant pool, including individuals with clinically relevant
anxiety disorders (e.g., specific phobias such as acrophobia,
generalized anxiety disorder or panic disorder). Second,
in the present study photoplethysmography instead of the
electrocardiogram, which is considered the gold-standard
method to measure cardiac activity and HRV, was used.
Nonetheless, several studies have reported that the pa-
rameters of photoplethysmographic variability are highly
correlated with HRV extracted from electrocardiograms [72].
Moreover, the photoplethysmographic sensor is portable
and non-invasive, widening the possible applications of BF
training in clinical samples as well as in ecological settings.
Third, the present study included a short single-session SC-
based and HRV-based VR-BF. Usually, BF training includes
multiple sessions (range 5 to 15) and the duration of each
session is between 20 and 45 minutes. The present study
had the objective to evaluate the feasibility of a short single-
session VR-BF and also the effectiveness in learning to
modulate sympathetic (i.e., SCLd) and cardiac vagal (i.e.,
HFnu) activity. Despite the short duration, the present re-
sults showed that a sample of healthy participants was able
to learn to reduce sympathetic activation parameters (i.e.,

SC) and sympathovagal balance in such a short time. Future
studies should test the possibility to integrate this VR-BF
into a standard BF protocol in patients with anxiety disor-
ders. Another potentially significant clinical application lies
in the treatment of specific phobias, such as acrophobia. This
approach allows patients to confront their feared stimuli
(e.g., heights) while either maintaining or even reducing
their physiological arousal. Indeed, VR technology has pre-
viously demonstrated its effectiveness in treating height-
based fears, specifically acrophobia [73]. However, the po-
tential effects of combining VR technology with BF training
in patients with acrophobia is still unexplored. Future works
are needed to determine the feasibility and effectiveness of
this approach in acrophobia patients.

The current study, to our knowledge, is the first to inves-
tigate, the feasibility and compare the effectiveness of short
single-session SC-based and HRV-based VR-BF in reducing
perceived state anxiety in healthy participants. The findings
of the present study, even though based on a small group of
participants, provide preliminary evidence on the feasibility
of a short single-session VR-BF, in reducing perceived state
anxiety. Moreover, it shows how SC-based VR-BF was effec-
tive in improving the sympathovagal balance and further
reducing state anxiety. Overall, the proposed multithreading
system represented a new tool for implementing BF sessions
in clinical samples that are capable of taking advantage of
many benefits offered by VR without being heavily affected
by possible drawbacks of this technology.

5 CONCLUSION

In conclusion, our study introduced and assessed the feasi-
bility and effects of two combined VR-BF systems targeting
ANS-related physiological changes. The present results sug-
gest that both the SC-based and HRV-based VR-BF systems
were effective in reducing physiological arousal and per-
ceived state anxiety. SC-based VR-BF showed better results
in reducing sympathetic activation, leading to enhanced
sympatovagal balance. Furthermore, during SC-based VR-
BF healthy participants showed a higher ability to learn to
control physiological parameters in a short single-session
training. In addition, the design of VR environments plays
a crucial role in facilitating participants’ understanding of
the biofeedback practice. Developers should aim to create
immersive and intuitive environments that improve the
learning process.
Future works will further investigate the long-term effec-
tiveness of such interventions and their applicability to
clinical populations, particularly individuals with anxiety-
related disorders (e.g., specific phobias such as acrophobia,
generalized anxiety disorder, or panic disorder). Further-
more, to promote the widespread adoption of such systems,
we have openly shared the source codes to implement these
solutions on a public repository (see the supplementary
materials).
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[34] R. Lüddecke and A. Felnhofer, “Virtual reality biofeedback in
health: a scoping review,” Applied Psychophysiology and Biofeedback,
vol. 47, no. 1, pp. 1–15, 2022.

[35] C. D. Spielberger, F. Gonzalez-Reigosa, A. Martinez-Urrutia, L. F.
Natalicio, and D. S. Natalicio, “The state-trait anxiety inventory,”
Revista Interamericana de Psicologia/Interamerican journal of psychol-
ogy, vol. 5, no. 3 & 4, 1971.

[36] C. D. Wickens, J. Goh, J. Helleberg, W. J. Horrey, and D. A.
Talleur, “Attentional models of multitask pilot performance using
advanced display technology,” in Human Error in Aviation. Rout-
ledge, 2017, pp. 155–175.

[37] R. S. Ulrich, R. F. Simons, B. D. Losito, E. Fiorito, M. A. Miles, and
M. Zelson, “Stress recovery during exposure to natural and urban



10

environments,” Journal of environmental psychology, vol. 11, no. 3,
pp. 201–230, 1991.

[38] G. Makransky, S. Borre-Gude, and R. E. Mayer, “Motivational and
cognitive benefits of training in immersive virtual reality based
on multiple assessments,” Journal of Computer Assisted Learning,
vol. 35, no. 6, pp. 691–707, 2019.

[39] D. R. Bach, K. J. Friston, and R. J. Dolan, “An improved algorithm
for model-based analysis of evoked skin conductance responses,”
Biological psychology, vol. 94, no. 3, pp. 490–497, 2013.

[40] T. B. Kuo, C. J. Lai, Y.-T. HUANG, and C. C. Yang, “Regression
analysis between heart rate variability and baroreflex-related va-
gus nerve activity in rats,” Journal of cardiovascular electrophysiology,
vol. 16, no. 8, pp. 864–869, 2005.

[41] M. V. Kamath and E. L. Fallen, “Power spectral analysis of heart
rate variability: a noninvasive signature of cardiac autonomic
function.” Critical reviews in biomedical engineering, vol. 21, no. 3,
pp. 245–311, 1993.

[42] D. L. Eckberg and M. J. Eckberg, “Human sinus node responses to
repetitive, ramped carotid baroreceptor stimuli,” American Journal
of Physiology-Heart and Circulatory Physiology, vol. 242, no. 4, pp.
H638–H644, 1982.

[43] M. Malik, “Heart rate variability,” Annals of Noninvasive Electrocar-
diology, vol. 1, no. 2, pp. 151–181, 1996.

[44] R. E. Kleiger, P. K. Stein, and J. T. Bigger Jr, “Heart rate variability:
measurement and clinical utility,” Annals of Noninvasive Electrocar-
diology, vol. 10, no. 1, pp. 88–101, 2005.

[45] J. F. Thayer, S. S. Yamamoto, and J. F. Brosschot, “The relationship
of autonomic imbalance, heart rate variability and cardiovascular
disease risk factors,” International journal of cardiology, vol. 141,
no. 2, pp. 122–131, 2010.

[46] J.-A. Palma and E. E. Benarroch, “Neural control of the heart:
recent concepts and clinical correlations,” Neurology, vol. 83, no. 3,
pp. 261–271, 2014.

[47] F. Shaffer and J. P. Ginsberg, “An overview of heart rate variability
metrics and norms,” Frontiers in public health, p. 258, 2017.

[48] V. N. Patel, B. R. Pierce, R. K. Bodapati, D. L. Brown, D. G. Ives,
and P. K. Stein, “Association of holter-derived heart rate variability
parameters with the development of congestive heart failure in the
cardiovascular health study,” JACC: Heart failure, vol. 5, no. 6, pp.
423–431, 2017.

[49] N. Markil, M. Whitehurst, P. L. Jacobs, and R. F. Zoeller, “Yoga
nidra relaxation increases heart rate variability and is unaffected
by a prior bout of hatha yoga,” The Journal of Alternative and
Complementary Medicine, vol. 18, no. 10, pp. 953–958, 2012.

[50] K. Bin Waleed, I. Lakhani, M. Gong, T. Liu, L. Roever,
K. Christien Li, R. Rajan, M. Qasim Ibrahimi, Y. Xia, G. Tse et al.,
“Heart rate variability and meditation: a meta-analysis,” Europace,
vol. 24, no. Supplement 1, pp. euac053–053, 2022.

[51] H.-G. Kim, E.-J. Cheon, D.-S. Bai, Y. H. Lee, and B.-H. Koo,
“Stress and heart rate variability: a meta-analysis and review of
the literature,” Psychiatry investigation, vol. 15, no. 3, p. 235, 2018.

[52] J. A. Chalmers, D. S. Quintana, M. J.-A. Abbott, and A. H. Kemp,
“Anxiety disorders are associated with reduced heart rate variabil-
ity: a meta-analysis,” Frontiers in psychiatry, vol. 5, p. 80, 2014.

[53] B. Bornemann, P. Kovacs, and T. Singer, “Voluntary upregulation
of heart rate variability through biofeedback is improved by
mental contemplative training,” Scientific Reports, vol. 9, no. 1, p.
7860, 2019.

[54] H. F. Posada-Quintero, J. P. Florian, A. D. Orjuela-Cañón,
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