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Raga Bhairavi in virtual
reality reduces stress-related
psychophysiological markers

Kulbhushan Chand*™, Shilpa Chandra? & Varun Dutt?**

The effects of classical music on psychophysiological parameters are not well understood. This study
aimed to investigate the impact of listening to raga Bhairavi, an Indian Classical Music for six days on
anxiety, stress, depression, and heart rate variability (HRV) parameters. Forty-four individuals were
randomly assigned to either the intervention group (VR-raga), where they listened to raga Bhairavi via
360° video in a virtual reality environment, or the control group, where there was no exposure to raga
Bhairavi for six days. Before allocation, the HRV baselines (relax-baseline and stress-baseline) were
recorded on the first day. On the first and sixth days of the intervention, HRV was monitored, and the
Depression, Anxiety, and Stress Scale (DASS-21) questionnaire was administered before and after the
intervention. After six days, all DASS-21 subscales were significantly reduced in the VR-raga group. A
similar trend was observed in the seven HRV parameters evaluated in this study, which demonstrated
reduced physiological stress and enhanced autonomic balance following the six-day intervention.
The findings collectively indicated the efficacy of the VR-based raga Bhairavi intervention in reducing
psychological stress markers and highlighted the potential applications of utilizing the VR-based raga
intervention for improving mental well-being in the real-world context.
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The current state of mental health and healthcare infrastructure in India necessitates a significant enhancement
in the provision of mental healthcare facilities at the grassroots level. As per the National Mental Health Survey
conducted by the Government of India in 2016, almost 150 million Indians have some form of mental health
issue, such as stress, anxiety, and depression. The prevalence of mental disorders in India is 10.6%, with stress-
related disorders constituting a major proportion’. As estimated by the World Health Organization (WHO),
worldwide 121 million people are affected by depression and is a prevalent mental condition characterized by a
persistently poor mood that affects eating, sleep patterns, and general functioning?.

Considering the growing prevalence of mental illness, it is imperative to explore innovative treatment
options. One promising approach is music therapy, which has shown potential benefits in managing mental
conditions®®. India, with its diverse array of religions, languages, musical traditions, dances, customs, and
landscapes, presents a distinctive backdrop for investigating the impact of music therapy. Historical records
demonstrate that Indian classical music has been utilized for therapeutic purposes across a wide span of time,
encompassing the Vedic era, up to the 19th century®. Raga, which serves as the foundation for melodic structure,
is the most fundamental component of Indian classical music. A raga is a framework for creating melodies in
Indian classical music, consisting of a specific set of notes and rules on how to use them. It guides musicians to
evoke certain emotions and is often associated with particular times of the day or season'’. Each raga possesses
a unique aura, emotional resonance (Rasa), and expressive quality (Bhava)!l. The raga Bhairavi is considered a
complete or “Sampoorn raga” because it includes all seven musical notes. Although traditionally associated with
early morning performances, it is often preferred for presentation at the culmination or conclusion of musical
events!2. Ancient Indian music literature, including the Gandharva Veda, Sama Veda, and “Raga Chikitsa” also
refer to various ragas believed to have health benefits'3~1>. Recent studies on the theory of ragas, which were
also grounded in Ayurvedic (ancient Indian medical system) principles, have reportedly been beneficial for
individuals grappling with depression'®.

Despite the extensive range of modes available in the Indian music tradition that can produce relaxation
or health benefits, there is a scarcity of scientific literature exploring its potential as an intervention in various
musical genres'’~2°, Most studies on Indian music have not incorporated physiological measurements. Although
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in the literature, a lowering of the subscales scores from subjective measures such as the Depression, Anxiety,
and Stress Scale (DASS-21) has been used to demonstrate an improvement in mental well-being?""?, objective
measures such as physiological signals have not consistently concur®’. For the purposes of this research, “mental
well-being” is defined as a decrease in stress, anxiety, and depression symptoms that supports psychological
resilience and emotional balance. To make logical inferences, it is crucial to use both subjective and objective
metrics coupled with innovative approaches to prove the efficacy of interventions aimed at mental relaxation®*2°.
This study addresses this issue by employing subjective measures, such as the DASS-21, and objective measures,
including HRV.

Moreover, the use of virtual reality in interventions has been shown to be beneficial for promoting overall
mental well-being by managing anxiety, promoting relaxation, and reducing feelings of sadness?®. Although
the literature has explored the use of Virtual Reality (VR) to induce relaxation and mindful meditation?’-%,
there is a lack of use of virtual reality in creating an immersive experience of Indian classical music. Therefore,
our study sought to bridge this gap by evaluating the efficacy of presenting raga Bhairavi in an immersive
virtual environment. This study investigated two hypotheses based on the available literature and empirical
evidence*>31-34 The first hypothesis posits that the DASS-21 scores will exhibit a marked improvement following
the raga intervention in contrast to the pre- and post-intervention outcomes. The second hypothesis suggests that
immersive raga intervention effectively enhances HRV parameters, thereby facilitating physiological relaxation.

Materials and methods

Participants

A total of 44 individuals (13 women and 31 men, average age: 24.43 years, standard deviation: 4.18 years) were
recruited for the study at the Indian Institute of Technology Mandji, India. To ascertain the number of participants
required for the study, a priori sample size calculations were performed using G*Power ver.3.1.9.7% for the
difference between two independent means for the t-test, which revealed a maximum and minimum sample size
of 27 and 12 participants with medium (d, = 0.5) and large effects (d, = 0.8), respectively, when using standard
d values’®PP-25-271 Qur earlier pilot study’ revealed a large effect size with all three DASS subscales and medium
to large effect sizes with HRV parameters. Thus, a conservative estimate of d, = 0.55 was chosen which gives a
sample size of N=42. Therefore, 44 participants were included in this study to manage the dropout or attrition
in the study.

The eligibility criteria for the study participants were as follows: they must have been between the ages of 18
and 35 years, of either sex, and met the medical and surgical health requirements (no history of heart disease or
hypertension, no presence of pacemakers or other cardiac implants, no surgeries, particularly those related to
the cardiovascular system), which were originally self-reported via an online form and subsequently validated
during a visit to the lab. Consumption of alcohol or tobacco products was prohibited, and participants taking
any medication were excluded from the study. Institutional Scientific Committee on Human Research and
Ethical Review Board (REF: IITM/IEC(H)/2023/VD/P2) approved the study protocol. The standards outlined
in the declaration of Helsinki were followed in this study®” and written informed consent was taken from the
participants to be a part of the study and for the publication of specific information/image(s) on an online open-
access platform.

Tools, statistical instruments, and measures

A MetaQuest 2 (Meta Stages, California, US)*® headset was used to view a 360° video of raga Bharavi, which is
available online®. This headset is a handheld Head-Mounted Display (HMD) that is designed for engaging with
immersive media and playing virtual reality games.

To real-time HR/HRV acquisition we have used emWave Pro Plus (HeartMath Institute, California, USA)*.
It is a Photoplethysmogram (PPG) based device that records heartbeats by attaching it to the earlobe (as shown
in Fig. 1). In the literature, similar HRV studies have used Photoplethysmogram (PPG) signal*!~%¢ and for the
PPG sensor, emWave Pro has been used in the with a high degree of accuracy of acquired inter-beat interval
(IBI) data when compared with Electrocardiogram (ECG) device?’. The accompanying software, as shown in
Fig. 1, can display and record real-time HR and HRV. After acquisition, the raw RR peaks were exported and post
processed in Kubios*® for the computation of the HRV parameters. The obtained values of HRV parameters were
then used for statistical analysis in JASP*’, and RStudio™.

The data recordings from emWave Pro were susceptible to noise, particularly high frequency motion
artifacts. The computed HRV parameters; particularly short term time domain parameters, absolute frequency
band powers and SD2/SD1 are highly sensitive to these artifacts®>%. Therefore, we tried to control these artifacts
during data acquisition and post processing. During data acquisition, participants were asked to make minimal
head movements since data was recorded from their ear lobe. During post-processing, the artifact correction
available in Kubios*® was employed before computing the HRV features. The “Automatic noise detection” setting
in the Kubios was set to “low”. It aimed to identify segments with several consecutive distorted beats that could
affect HRV analysis accuracy, excluding these segments from the analysis. Intermittent abnormal beats, such
as ectopic beats, are not marked as noise since they can be reliably corrected by the automatic beat correction
algorithm®> P- 111, The “Beat correction” setting in the Kubios was set to “automatic”. It identifies artifacts in the
RR interval time series by using a time-varying threshold based on the quartile deviation of the surrounding
beats. It detects ectopic, missed, and extra beats through specific patterns in the successive difference of the
RR series and compares the current RR intervals to a median value. The detected artifacts were corrected by
interpolating or adjusting the RR intervals to preserve HRV data accuracy®® P 124,

During analysis, the percentage values (mean + standard deviation) of RR beat correction applied varied
during different phases of data recording: Relax (0.79+1.87); Stress (1.73 +1.65); Pre-intervention-Day 1
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Fig. 1. Participants from the VR-raga group wearing Meta Quest2 during the intervention. The PPG data
was taken from the ear lobe, where an ear clip can be seen. The hardware was connected to the left side of the
computer’s USB port and data acquisition software can be seen running on the computer’s screen.

(1.88+1.97); Post-intervention-Day 6 (1.24+1.61). The mean beat correction applied during post-processing
was below the tolerance limit (80%) for HRV>>°,

For the main results and comparison of the HRV parameters, we narrowed down to seven HRV parameters,
as per the literature?”->’: Standard deviation of NN intervals (SDNN), Standard deviation of heart rate (SDHR),
HRYV triangular index (HTT), Ratio of relative powers in the low frequency and high frequency bands (LF/HF),
Respiration rate (RESP), Ratio of Poincaré plot measures (SD2/SD1), and Sample entropy (SampEn). These
parameters were chosen because they have an effective history of capturing components of heart rate variability
in both the temporal and frequency domains, providing a thorough evaluation of autonomic function. When
taken as a whole, these markers likely make it possible to assess vagal tone, sympathovagal balance, and the
general complexity of heart rate dynamics. A decrease in parasympathetic (vagal) regulation and an increase
in sympathetic activity are linked to changes in these measures, especially reductions in SDNN and SDHR or
an increased LF/HF ratio. These changes are frequently indicative of physiological reactions to stress. On the
other hand, changes in these markers after the intervention point to an increase in autonomic balance and
relaxation, which is a sign of a decrease in physiological stress. Incorporating both linear and non-linear factors
guarantees the capture of both long-term trends and short-term variability in autonomic regulation, offering a
more comprehensive understanding of the psychophysiological state of the participants. However, for extended
analysis (reported in Table B1, B2, and B3 in Appendix B), we analyzed all 37 HRV parameters, as listed in Table
Al in Appendix A.

Of the selected seven HRV parameters, SDNN, SDHR, HTI, LF/HF, and RESP are linear HRV parameters,
whereas SD2/SD1 and SampEn are nonlinear HRV parameters. According to the literature, during mental stress
there is a significant decrease in the mean values of SDNN>%5%, SDHR®7, and HTT>*, whereas there is a significant
increase in the mean values of LF/HF*-6!, RESP3:62-64 SD2/SD1>%¢, and SampEn®”%¢. SDNN correlates with
sympathicovagal balance and vagal tone, where a low mean value indicates sympathetic dominance and reduced
vagal tone®. SDHR represents fluctuations in HR, where the predominant source of variation arises from the
parasympathetically mediated RSA%. Similarly, HTT is an indicator of sympathetic activation during stress’’. The
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LF/HF ratio is also primarily modulated by sympathicovagal balance®-¢!. RESP can primarily modulate the power
in the LF and HF bands via Respiratory Sinus Arrhythmia (RSA) and indicate vagal cardiac outflow>8:62-64:69.71,
SD2/SD1 correlates with LF/HF and is an indicator of sympathetic stimulation®>®®"2, SampEn relates to signal
regularity and complexity and is expected to increase during sympathetic stimulation®”%.

Depression, Anxiety, and Stress Scale — 21 Items (DASS-21)7>74 were used as subjective measures to evaluate
participant’s overall stress, anxiety, and depression. There were 21 questions equally divided into three subscales.
Higher scores indicated an increase in the subscale measure. The participant rated the question based on how
much the statement had been applied to them over the past week. This one-week time frame coincides with the
duration of six days of intervention and helps us to capture the full effects of the intervention on DASS.

Experiment design

Figure 2 depicts the fundamental phase-wise organization of the experiment. The study followed a between-group
(VR-raga and control) repeated-measures (DASS-21 and HRV) randomized control design. The experimental
technique was divided into three primary stages, as detailed below.

Phase I (Pre-intervention, Day 0): Upon arrival, the participants were given a brief explanation of the study’s
objectives before completing a short questionnaire containing background-specific questions about their age
and gender as well as a consent form. Next, individual baseline HRV measurements for each participant (relax-
baseline and stress-baseline) were calculated. During the relax-baseline, participants performed paced breathing
for 5 min by following a visual cue set to oscillate at 0.1 Hz. breathing at 0.1 Hz is known to maximize cardiac
coherence and help in relaxation®>7>7%, The visual cue shown to the participant was a part of the emWave pro
software, shown on the computer monitor, and maintained via settings in the software. Next, as a pre-intervention
measure, the DASS-21 was administered online on a computer screen. The questionnaire distribution also acted
as a washout time between interventions to prevent spillover effects. Then, the stress-baseline was computed,
where each participant completed a math exercise on a computer screen using PEBL ver. 2.1 within 5 min””7%,
The job was divided into three 100-second segments. When time-limited arithmetic questions were posed, the
difficulty level increased for each subsequent block. Each participant’s response to a question was immediately
followed by the results of that question.

Phase II (intervention and control, Days 1-6): During intervention, participants were randomly and equally
divided into two groups: VR-raga (N=22) and control (N=22) using an online service’”. The groups were
matched for age [females: control (25+2.61) vs. VR-raga (22.71+2.93), t(11) = -1.47, p=.17; males: control
(26.00+4.68) vs. VR-raga (24.00+4.28), t(29)=1.24, p=.22] and gender ratio (females: males) [number of
females: control (6) vs. VR-raga (7), x2(1, N=13)=0.08, p=.78; number of males: control (16) vs. VR-raga
(15), x2(1, N=31)=0.03, p=.86]. VR-raga intervention was given for six days in a row. In the VR-raga group,
participants spent 15 min each day wearing headphones and a VR headset, listening to raga Bhairavi in an
immersive environment. A 360° video®® from Raga Bhairavi was used to demonstrate the intervention. It was
played using a Meta Quest 2 headset. One participant in the VR-raga intervention group is shown in Fig. 1. In
the control group, participants were allowed to sit for 15 min without VR-raga (no intervention). HRV data was
recorded on the first and sixth days of the intervention in both groups.

Phase III (post-intervention and post-control, day 6): In this phase, post-intervention measures were
measured from the participants. The participants completed the DASS-21 questionnaire. Then, the HRV
recording for 5 min was obtained from the participant in the idle sitting position. Finally, participant’s open-
ended feedback was taken regarding the intervention and overall study. The total end-to-end session time for a
single participant was 37 min.

Statistical analysis

The statistical comparison was conducted on subjective and objective measures as follows: (a) between the mean
values of the DASS-21 subscales before and after the intervention, (b) between the baseline corrected mean values
of the immediate (day 1) HRV parameters, (c) between the baseline corrected mean values of the long-term (day
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Fig. 2. Phase-wise experimental design for the between-group study.
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6) HRV parameters, and (d) between the difference in the means of HRV parameters on post-intervention (day
6) and pre-intervention (day 1). The data were checked for normality using the Shapiro-Wilk test and a t-test
(t) or Wilcoxon test (W) was applied for normal and non-normal data, respectively. A two-way mixed-model
ANOVA was conducted on the DASS subscales to determine the interaction effects between time and group.
A significance level (a) of 5% and power (1-B) of 80% were used for the analysis. The post-hoc effect size was
compared according to Cohen’ standard effect size values®® PP- 25-27], Benjamini-Hochberg (BH) method was
used to control the False Discovery Rate when applying multiple statistical tests on the seven HRV parameters®.
Furthermore, for completeness, we also retained our findings of all 37 HRV parameters and included them in
Appendices A and B. JASP ver. 0.18.3.0*°, and RStudio ver. 2022.07.1%° was used for the statistical analysis.

Results

Psychological parameters: DASS analysis

The mean values of the DASS measures among the four groups (pre- and post-DASS measures among the VR-
raga and control groups) were compared for any significant differences. The Shapiro-Wilk test indicated that the
assumption of normality was violated for some of the measures, as shown in Table 1.

Stress

A two-way mixed-model ANOVA revealed a 51gn1ﬁcant effect of time (F(1, 42) =29.60, p <.001, q =0.41), no
significant effect of treatment (F(1, 42) =1.87, p=.18,1 2=0.04), and a significant interaction between time and
treatment (F(1, 42)=11.99, p=.001, n 2=0.22). A post hoc test with Holm correction showed that the stress
levels were significantly lower for individuals within the treatment group after six days of treatment (#(21) =6.30,
p<.001,d,=1.11), whereas no significant reduction in stress was achieved by individuals within the stress group
(H21)=1. 40, p=.51,d,=0.25). An independent sample t-test between the intervention and control groups on
the difference (post- pre) in the mean stress score achieved after six days revealed that the VR-raga group had a
significant reduction in the stress score compared to the control group (#(42) =3.46, p <.001, d, = 1.04).

Anxiety

A two-way mixed-model ANOVA revealed a significant effect of time (F(1, 42)=21.23, p<.001, n, 2=(.34),
no significant effect of treatment (F(1, 42) =0.004, p .95, 1 2=0.00001), and a significant interaction between
time and treatment (F(1, 42) =12.63, p<.001, n 2=0.23). A post hoc test with Holm correction showed that
the anxiety levels were significantly lower for individuals within the treatment group after six days of treatment
(#(21)=5.77, p<.001, d, = 1.04), whereas no significant reduction in anxiety was achieved by individuals within
the stress group (#(21)=0.74, p=.46, d, = 0.13). An independent sample t-test between the intervention and
control groups on the difference (post-pre) in the mean anxiety score achieved after six days revealed that the
VR-raga group had a significant reduction in the anxiety score compared to the control group (#(42)=3.55,
p<.001,d_=1.07).

Depression

A two-way mixed-model ANOVA revealed a significant effect of time (F(1, 42)=17.26, p<.001, qp =0.29), no
significant effect of treatment (F(1, 42)= 0 14, p=.71, 71 2=0.003), and a significant interaction between time
and treatment (F(1, 42) =9.87, p=.003, n 2=0.19). Post hoc test with Holm correction showed that depression
levels were significantly lower for individuals within the treatment group after six days of treatment (#(21) =5.16,
p<.001, dz = 1.16), whereas no significant reduction in depression was achieved by individuals within the stress
group (#(21)=0.72, p=.48, d, = 0.16). An independent sample t-test between the intervention and control
groups on the difference (post-pre) in the mean depression score achieved after six days revealed that the VR-
raga group had a significant reduction in the depression score compared to the control group (#(42)=3.14,
p=.002,d_=0.95).

Cardiovascular parameters: HRV analysis

Table 2 lists the linear and nonlinear HRV parameters that were found to be statistically significant between
the VR-raga and control groups. The mean HRV was measured four times during the study procedure. Relax-
baseline and stress-baseline measures were derived from relaxation and stress tasks, respectively. The other time
periods of HRV parameters were day 1 (immediate measure) and day 6 (long-term measure). Because HRV
parameters are highly dependent on individual physiology, the comparison of the measures was preferred after
correcting for the baseline. Therefore, we used stress-baseline corrected measures, where the stress-baseline was

Pre-intervention | Post-intervention | Post-pre difference

Group | DASS subscale | (Mean + SD) (Mean + SD) (Mean + SD)

Stress 12.36 +6.61 5.00+2.74 -7.36£7.02
VR-raga | Anxiety 9.55+5.627 39143417 -5.64+5.88 7

Depression 9.73+6.887 3.18+3.137 -6.55+7.26

Stress 12.00+8.427 10.36 +7.45 -1.64+£3.30
Control | Anxiety 7.00+6.78 % 6.27+5.25% -0.73+£2.73

Depression 7.45+6.917% 6.55+4.83 % -091+4.267%

Table 1. Descriptive statistics of the DASS subscales. Note: *Shapiro-Wilk test shows deviation from normality.
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SN ‘ HRV parameter ‘ VR-raga (Mean+ SD) * | Control (Mean+SD) ' | t or W statistic ‘ p-value ‘ Effect size (d,)

Immediate (day 1)

1 |SDNN! 10.83+16.3 9.14+7.68 -0.44 (42) 0.66 -0.13 00
2 | SDHR* 0.89+2.16 0.81+0.96 -0.16 (42) 0.88 -0.05 90
3 | HTI! 2.49 +4.65 2414211 -0.08 (42) 0.94 -0.02 00
4 | LF/HF ¥ 2.49 +5.66 0.34+1.37 -1.73 (23.46) | 0.1 -0.52 0@
5 | RESP! -0.08+0.08 -0.03£0.04 2.64 (42) 0.01" 0.8 ®®

6 |SD2/SD1t 0.44+0.72 0.25+0.36 -1.1 (42) 0.28 -033®
7 | SampEn ' -0.23+£0.29 -0.1+0.16 1.83 (42) 0.07 0.55 @
Long-term (day 6)

1 |SDNN' 16.02+20.95 0.7+11.42 -3.01 (42) 0.0044" | -0.91 ®®
2 | SDHR' 2.34+3.49 0.11+1.18 -2.84 (42) 0.007" | -0.86 ®®
3 |HTIV¥ 3.73+4.46 0.33+2.82 -3.02 (35.51) 0.0047° | -0.91 ®®
4 |LF/HF' 6+6.76 0.27+1.4 -3.89 (42) <0.001" | -1.17 ®®
5 | RESP' -0.07+0.13 -0.0059 +0.09 2.08 (42) 0.04" 0.63 ®®
6 |SD2/SD1t 1.01+0.84 0.194+0.53 -3.86 (42) <0.001" | -1.17 ®®
7 | SampEn ' -0.33+0.35 -0.08+0.16 3.03 (42) 0.0042" | 0.91 ®®
Post-pre (day 6 - day 1)

1 |SDNN' 5.19+24.09 -8.44+9.86 -2.46 (42) 0.02° -0.74 ®®
2 | SDHR' 1.45+3.35 -0.7+1.28 -2.82 (42) 0.0074" | -0.85 @@
3 | HTIY 1.24+5.86 -2.08 +2.62 -2.42 (42) 0.02" -0.73 ®@
4 | LF/HF' 3.5+8.19 -0.08+1.39 -2.02 (42) 0.05" -0.61 ®@
5 |RESP' 0.01+0.09 0.03+0.08 0.65 (42) 0.52 0.2 00

6 |SD2/sD1' 0.57+1.01 -0.06+0.46 -2.66 (42) 0.01" -0.8 *®
7 | SampEn ' -0.1+0.28 0.02+0.14 1.72 (42) 0.09 0.52 ®®

Table 2. Baseline corrected (mean + SD) values and test statistics of the VR-raga and control groups for
HRV parameters. Note: T The values of HRV parameters are stress-baseline corrected (i.e., the stress-baseline
value is subtracted from the intervention) and used for reporting and comparison. The values indicate the
mean deviation from the stress-baseline. * The mean value was lower in the control group. ! The mean value
was higher in the control group. * Deviation from the normality (Shapiro-Wilk test, p <.05) in one or both
groups. t-test (t) for normal and Wilcoxon test (W) test for non-normal data. * The p value is significant after
correcting for multiple comparisons using Benjamini-Hochberg (BH) method. ®® Large effect; ® Moderate
effect; ©© Small effect; © Trivial effect.

subtracted from the immediate and long-term measures. This eliminates the individual’s specific HRV values
and normalizes them for comparison purposes. HRV values represent the amount of deviation from the stress
HRYV values exhibited by the participants. The reason for using the stress-baseline is the low variance found in
the stress-baseline values as compared to the relax-baseline. Furthermore, similar studies in the literature have
used the stress-baseline for correction®#7:81:62,

Comparison of immediate baseline corrected measures

Immediate HRV parameters were recorded on Dayl of the intervention and subtracted from the stress-
baseline for each participant. The resulting baseline corrected values were statistically compared between the
two groups (VR-raga and control). The Shapiro-Wilk test showed evidence of non-normality for LF/HF. An
independent sample t-test was applied to normal data and the Wilcoxon test was applied to non-normal data to
determine statistical significance. After applying the Benjamini-Hochberg (BH) method to correct for multiple
comparisons®, baseline corrected mean values of only one out of seven HRV parameters deviated significantly
between the groups.

Significantly higher baseline corrected mean values were obtained for RESP in the control group than in the
VR-raga group, with large effect sizes. Also, the non-baseline corrected mean value of the RESP was higher in
the control (0.32+0.05) as compared to VR-raga (0.27 +0.07).

No significant differences in the baseline corrected mean values were obtained for SDNN, SDHR, HTT, LF/
HE SD2/SD1, and SampEn.

Comparison of long-term baseline corrected measures

Immediate HRV parameters were recorded on Dayl of the intervention and subtracted from the stress-baseline
for each participant. The Shapiro-Wilk test showed evidence of non-normality for the HTI. An independent
sample t-test was applied to normal data, and the Wilcoxon test was applied to non-normal data to determine
statistical significance. After applying the Benjamini-Hochberg (BH) method to correct for multiple
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comparisons®, baseline corrected mean values of all seven HRV parameters deviated significantly between the
groups.

Significantly higher baseline corrected mean values were obtained for RESP and SampEN in the control
group than in the VR-raga group, with large effect sizes obtained for both RESP and SampEn. Also, the control
group had higher non baseline corrected mean values for both RESP (VR-raga: 0.28 +0.08; Control: 0.35+0.08)
and SampEn (VR-raga: 1.63+0.28; Control: 1.94+0.12).

Similarly, significantly lower baseline corrected mean values were obtained for SDNN, SDHR, HTI, LE/HF,
and SD2/SD1 in the control group than in the VR-raga group, with large effect sizes obtained for all these
parameters. Also, the control group had lower non baseline corrected mean values for all these parameters namely,
SDNN (VR-raga: 55.01 +18.42; Control: 35.76 +7.44), SDHR (VR-raga: 8.17 +3.30; Control: 4.93 +1.13), HTI
(VR-raga: 14.02 +3.92; Control: 9.40+1.26), LF/HF (VR-raga: 8.18 +6.19; Control: 1.74+0.79), and SD2/SD1
(VR-raga: 2.65+0.73; Control: 1.67 +0.36).

Comparison of post-pre difference of the measures among the groups

Differences in the non-baseline corrected values obtained before and after treatment were statistically compared
between the groups. The Shapiro-Wilk test did not show evidence of non-normality in the difference of means
for any of the parameters. An independent sample t-test was applied to determine the statistical significance.
After applying the Benjamini-Hochberg (BH) method to correct for multiple comparisons®, the difference in
the non-baseline corrected mean values of five out of seven HRV parameters deviated significantly between the
groups.

A significantly lower difference in the non-baseline corrected mean values were obtained for SDNN (VR-
raga: 5.19+24.09; Control: -8.44+9.86), SDHR (VR-raga: 1.45+3.35; Control: -0.7+1.28), HTI (VR-raga:
1.24+5.86; Control: -2.08 +2.62), LF/HF (VR-raga: 3.5+ 8.19; Control: -0.08 +1.39), and SD2/SD1 (VR-raga:
0.57 +1.01; Control: -0.06 +0.46) in the control group than in the VR-raga group with large effect sizes obtained
for all these parameters. In addition, the non-baseline corrected mean values for all these parameters decreased
in the control group on day 6 compared to day 1, while for the VR-raga group, the opposite trend was observed.

No significant difference in the non-baseline corrected mean values was obtained for RESP and SampEN in
the control group compared to the VR-raga group before and after treatment.

Discussion

This study aimed to evaluate the hypothesis that raga intervention can significantly improve psychological
parameters (depression, anxiety, and stress) as well as physiological parameters (HRV) to promote mental well-
being. The literature supports a multimodal approach to combining subjective psychological measures with
objective physiological measures to draw robust logical inferences regarding the efficacy of raga interventions
(listening to raga Bhairavi from Indian classical music) for overall mental well-being. Consequently, in this
randomized controlled group study, psychological DASS measures were collectively analyzed in conjunction
with physiological HRV parameters.

All DASS subscales were significantly improved after the raga intervention compared to the control group.
This validates our first hypothesis that the subscales of the DASS-21 scores would be significantly improved by
the raga intervention. Our findings corroborate with the literature in which music therapy has been shown to
reduce the self-reported measures of the DASS-21 subscales®!**34838 Furthermore, the DASS-21 subscales
achieved large effect sizes, which strongly validates the application of Indian classical music as a viable therapy
for stress, anxiety, and depression management.

Similarly, during the assessment of the second hypothesis, it was found that the raga intervention had a
significant improvement in the HRV parameters. This was determined by comparing the HRV parameters
among the different groups. Heart rate variability (HRV) is a measure of cardiac autonomic functioning that has
been researched in studies that include the use of music®>. Several studies have reported a reduction in HRYV,
indicative of physiological relaxation, whereas other researchers have observed either no change or an increase
in HRV in response to listening to music, the latter possibly reflecting an arousal effect>®#’-. In our results,
after six days of raga intervention, the various linear and nonlinear HRV parameters were found to significantly
deviate from the stress-baseline values.

On day 1 of the intervention, RESP deviated significantly from the stress baseline. The RESP showed higher
mean values in the control group than in the VR-raga group, indicating higher parasympathetic activation in
the VR-raga group®*%62-¢4_ Although there were no explicit instructions in the VR-raga intervention to breathe
slowly, participants still exhibited lower breathing rates. This shows that VR-raga can introduce calming effects
on the first day of the intervention.

On the sixth day (day 6) of the intervention, all seven HRV parameters deviated significantly from the stress-
baseline. The control group exhibited increased sympathetic activation as indicated by the lower mean values of
SDNN>#5% SDHR®’, HTT>*, LF/HF, and SD2/SD1. LF/HF and SD2/SD1 showed contrasting results, primarily
because of their dependence on the respiration frequency. The extended discussion in Appendix B highlights
the possible cause for the deviation, in which respiratory rates have a strong influence on the frequency-domain
HRV parameters®®%2-%4, In contrast, the HRV parameters that showed higher mean values in the control
group indicating increased sympathetic activation compared with the VR-raga group were RESP3%62-64  and
SampEn®78,

The effects of the intervention on HRV parameters were also analyzed between the groups, where the
comparison of the non-baseline corrected values between day 6 and day 1 of the treatment provided insights
into the direction of the change in HRV parameters due to the intervention. The results follow the same trend
as exhibited by the long-term effects. The RESP and SampEn became non-significant during the post vs. pre
comparison possibly due to the lack of baseline correction. Both parameters showed comparatively lower effect
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sizes when compared to the baseline corrected values on day 6. The effect sizes obtained during non-baseline
corrected post vs. pre comparison were slightly lower than those obtained with baseline corrected values, which
is due to the difference between the baseline and pre (day 1) HRV parameters values.

One of the limitations of this study is that the effects of virtual reality (VR) were not isolated, which may
have contributed to the observed sympathetic arousal®>. However, literature also shows the beneficial effects
of VR in relaxation and meditation studies?’~*°, which may have contributed positively to the intervention.
Additionally, even if VR had arousal effects, the significant effect size in the HRV parameters indicated that
listening to raga music had a relaxation effect, even with the inclusion of an immersive VR component. Future
studies with additional control groups are needed to reveal the effects of VR. Another limitation is the putative
placebo effect®®, where participants may experience reduced stress because of their belief that the intervention
(such as virtual reality) is helping them. Future studies may include a placebo or sham group that receives a
non-therapeutic intervention or assess participants’ expectations to control for this effect. Future studies may
also focus on the long-term use of music therapy over several weeks to regulate the psychophysiological aspects
of the human body and to determine the effects of immersive environments versus traditional music therapy.
Although the DASS was administered correctly in this research, one aspect is that it covers the entire duration
of the intervention (i.e., six days). Future research studies may adapt the DASS questionnaire to focus on specific
days or administer DASS daily. Additionally, future studies may investigate the health benefits of other acoustic
stimuli, including different musical styles and subgenres, and provide strong support for their use in treating a
variety of medical conditions.

Particularly in the realm of mental health, the findings of this study have great potential for the wider use of
VR-based music therapy. An efficient, non-invasive way to treat stress, anxiety, and depression may be found
with VR-based therapy, as evidenced by the notable improvements seen in both psychological (DASS-21)
and physiological (HRV) characteristics. Making immersive, captivating surroundings that can improve the
effectiveness of the therapy is one of the main benefits of fusing VR with therapeutic music. Potential uses for
this may be found in non-clinical contexts like offices, schools, and even homes, as well as clinical ones like
hospitals and mental health facilities. For those living in isolated or underprivileged locations who might not
have access to conventional in-person treatments, VR-based music therapy may be quite helpful. Furthermore,
telemedicine services, smartphone applications, and virtual consultations may all access this intervention
because it is readily linked into digital health systems. Adaptive and customized therapy experiences based on
individual reactions might be made possible by the possibility of real-time biofeedback, such as measuring HRV
throughout a session, which could further improve the intervention’s customization. Subsequent investigations
may concentrate on prolonging the length of these treatments, evaluating their effectiveness across other
demographics, and investigating the remedial possibilities of alternative musical genres inside virtual settings.

Data availability
The raw data supporting the conclusions of this article will be made available upon request by the corresponding
author, K.C., without any undue reservation.

Received: 22 March 2024; Accepted: 30 September 2024
Published online: 22 October 2024

References

1. Murthy, R. S. National mental health survey of India 2015-2016. Indian J. Psychiatry 59(1), 21. https://doi.org/10.4103/psychiatry.
Indian]Psychiatry_102_17 (2017).

2. Mental Health. Available: https://www.who.int/india/health-topics/mental-health. [Accessed: Dec. 12, 2023].

3. Chandra, S., Chand, K. & Dutt, V. Impact of Indian Classical Raga in immersive environments on human psycho-physiological
parameters. In Proceedings of the 16th International Conference on PErvasive Technologies Related to Assistive Environments,
in PETRA 23, 746-753. (Association for Computing Machinery, New York, NY, USA, 2023). Available: https://doi.
org/10.1145/3594806.3596555. Accessed 11 Aug 2023.

4. Kunikullaya Ubrangala, K., Kunnavil, R., Goturu, J., Prakash, V. M. V. S. & Murthy, N. S. Effect of specific melodic scales of
Indian music in reducing state and trait anxiety: A randomized clinical trial. Psychol. Music 50(5), 1390-1407. https://doi.
0rg/10.1177/03057356211055509 (2022).

5. Parizek, D., Sladicekova, K., Tonhajzerova, I., Veternik, M. & Jakus, J. The effect of music on heart rate variability (review). Acta
Medica Martiniana 21(1), 1-8. https://doi.org/10.2478/acm-2021-0001 (2021).

6. Mojtabavi, H., Saghazadeh, A., Valenti, V. E. & Rezaei, N. Can music influence cardiac autonomic system? A systematic review
and narrative synthesis to evaluate its impact on heart rate variability. Complement Ther. Clin. Pract. 39, 101162. https://doi.
0rg/10.1016/j.ctcp.2020.101162 (2020).

7. Panteleeva, Y., Ceschi, G., Glowinski, D., Courvoisier, D. S. & Grandjean, D. Music for anxiety? Meta-analysis of anxiety reduction
in non-clinical samples. Psychol. Music 46(4), 473-487. https://doi.org/10.1177/0305735617712424 (2018).

8. Hamel, W. J. The effects of music intervention on anxiety in the patient waiting for cardiac catheterization. Intensive Crit. Care
Nurs.17(5), 279-285. https://doi.org/10.1054/iccn.2001.1594 (2001).

9. Sundar, S. Traditional healing systems and modern music therapy in India. Music Ther. Today 8(3), 397-407 (2007).

10. Rao, S., van der Meer, W. & Harvey, J. in The Raga Guide: A Survey of 74 Hindustani Ragas (Nimbus Records, 1999).

11. Valla, J. M., Alappatt, J. A., Mathur, A. & Singh, N. C. Music and emotion—A case for North Indian classical music. Front. Psychol.,
8, Available: https://www.frontiersin.org/articles/ (2017). https://doi.org/10.3389/fpsyg.2017.02115. Accessed 04 Mar 2023.

12. Sarkar, J. & Biswas, U. Indian classical ragas to cure diseases. Int. J. Adv. Sci. Res.1(1), 9-13 (2015).

13. Kunikullaya, K. U. et al. Combination of music with lifestyle modification versus lifestyle modification alone on blood pressure
reduction - A randomized controlled trial. Complement Ther. Clin. Pract. 23, 102-109. https://doi.org/10.1016/j.ctcp.2015.05.004
(2016).

14. Osmer, B. Raga Chikitsa and Raga Ragini Vidya - Bill Osmer. Available: https://swaraabhimanee.files.wordpress.com/2016/11/
raga-ragani-vidya.pdf

15. Jairazbhoy, N. A. The Rags of North Indian Music: Their Structure and Evolution (Popular Prakashan, 1995).

Scientific Reports |

(2024) 14:24816 | https://doi.org/10.1038/s41598-024-74932-1 nature portfolio


https://doi.org/10.4103/psychiatry.IndianJPsychiatry_102_17
https://doi.org/10.4103/psychiatry.IndianJPsychiatry_102_17
https://www.who.int/india/health-topics/mental-health
https://doi.org/10.1145/3594806.3596555
https://doi.org/10.1145/3594806.3596555
https://doi.org/10.1177/03057356211055509
https://doi.org/10.1177/03057356211055509
https://doi.org/10.2478/acm-2021-0001
https://doi.org/10.1016/j.ctcp.2020.101162
https://doi.org/10.1016/j.ctcp.2020.101162
https://doi.org/10.1177/0305735617712424
https://doi.org/10.1054/iccn.2001.1594
https://www.frontiersin.org/articles/
https://doi.org/10.3389/fpsyg.2017.02115
https://doi.org/10.1016/j.ctcp.2015.05.004
https://swaraabhimanee.files.wordpress.com/2016/11/raga-ragani-vidya.pdf
https://swaraabhimanee.files.wordpress.com/2016/11/raga-ragani-vidya.pdf
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

16.

17.

18.
19.

20.

21.
22.
23.
24.
25.
26.

27.

28.

29.

30.

31.

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

44.

45.
46.

47.

48.

49.
. RStudio & Team RStudio: Integrated development environment for R. RStudio, PBC, Boston, MA, (2021). Available: http://www.

51.

*Sundar Sumathy, D., Pavitra, N, P. P, Indian classical music as receptive music therapy improves tridoshic balance & and major
depression in a pregnant woman. Int. J. Ayurveda Pharma Res. (2016). Available: https://ijapr.in/index.php/ijapr/article/view/414.
Accessed 01 July 2023.

Mathur, A., Vijayakumar, S. H., Chakrabarti, B. & Singh, N. C. Emotional responses to Hindustani raga music: the role of musical
structure. Front. Psychol., 6, https://doi.org/10.3389/fpsyg.2015.00513. Available: http://journal.frontiersin.org/article/10.3389/
fpsyg.2015.00513/abstract (2015). Accessed 05 Mar 2023.

Midya, V., Valla, J., Balasubramanian, H., Mathur, A. & Singh, N. C. Cultural differences in the use of acoustic cues for musical
emotion experience. PLOS ONE 14(9), €0222380. https://doi.org/10.1371/journal.pone.0222380 (2019).

Bowling, D. L., Sundararajan, J., Han, S. & Purves, D. Expression of emotion in eastern and western music mirrors vocalization.
PLoS ONE 7(3), €31942. https://doi.org/10.1371/journal.pone.0031942 (2012).

Mukherjee, S., Palit, S. K., Banerjee, S., Bhattacharya, D. K. & A comparative study on three different types of music based on same
Indian Raga and their effects on human autonomic nervous systems., in Chaos, Complexity and Leadership 2013, §. §. Ergetin
and S. Banerjee, Eds., In Springer Proceedings in Complexity, 243-254. (Springer International Publishing, Cham). https://doi.
0rg/10.1007/978-3-319-09710-7_21 (2015)

Linnemann, A., Ditzen, B., Strahler, J., Doerr, . M. & Nater, U. M. Music listening as a means of stress reduction in daily life.
Psychoneuroendocrinology 60, 82-90. https://doi.org/10.1016/j.psyneuen.2015.06.008 (2015).

Lingham, J. & Theorell, T. Self-selected ‘favourite’ stimulative and sedative music listening — How does familiar and preferred
music listening affect the body?. Nord. J. Music Ther. 18(2), 150-166. https://doi.org/10.1080/08098130903062363 (2009).
Gustavson, D. E. et al. Mental health and music engagement: Review, framework, and guidelines for future studies. Transl.
Psychiatry 11(1), 1. https://doi.org/10.1038/s41398-021-01483-8 (2021).

Buraga, S. & Dospinescu, O. A knowledge-based pilot study on assessing the music influence. Comput. Mater. Contin. 66(3),
2857-2873. https://doi.org/10.32604/cmc.2021.014429 (2020).

Damsgaard, J. B. & Jensen, A. Music activities and mental health recovery: Service users’ perspectives presented in the CHIME
framework. Int. J. Environ. Res. Public. Health 18(12), 12. https://doi.org/10.3390/ijerph18126638 (2021).

Lieber, A. C. et al. Effects of music therapy on anxiety and physiologic parameters in angiography: A systematic review and meta-
analysis. J. Neurolnterventional Surg. 11(4), 416-423. https://doi.org/10.1136/neurintsurg-2018-014313 (2019).

Navarro-Haro, M. V. et al. Meditation experts try virtual reality mindfulness: A pilot study evaluation of the feasibility and
acceptability of virtual reality to facilitate mindfulness practice in people attending a mindfulness conference. PLOS ONE 12(11),
€0187777. https://doi.org/10.1371/journal.pone.0187777 (2017).

Kosunen, I et al. RelaWorld: Neuroadaptive and immersive virtual reality meditation system. In Proceedings of the 21st International
Conference on Intelligent User Interfaces, in IUI 16, 208-217. (Association for Computing Machinery, New York, NY, USA, 2016).
Available: https://doi.org/10.1145/2856767.2856796. Accessed 12 July 2024.

Feinberg, R. R., Lakshmi, U,, Golino, M. J. & Arriaga, R. I. ZenVR: Design evaluation of a virtual reality learning system for
meditation. In Proceedings of the CHI Conference on Human Factors in Computing Systems, in CHI "22, 1-15. (Association for
Computing Machinery, New York, NY, USA, 2022). Available: https://doi.org/10.1145/3491102.3502035. Accessed 12 July 2024.
Knaust, T. et al. Exposure to virtual nature: The impact of different immersion levels on skin conductance level, heart rate, and
perceived relaxation. Virtual Real. 26(3), 925-938. https://doi.org/10.1007/s10055-021-00595-2 (2022).

Sunitha, G., Algoodkar, S. & Smitha, P. S. Effect of Indian classical music therapy on depression anxiety and stress levels in patients
with depression measured by DASS-21: A pilot study. Int. J. Physiol. 6(2), 128. https://doi.org/10.5958/2320-608X.2018.00067.7
(2018).

Gupta, U. & Gupta, B. S. Psychophysiological responsivity to Indian instrumental music. Psychol. Music 33(4), 363-372. https://
doi.org/10.1177/0305735605056144 (2005).

Tripathi, J. L., Singh, S. & Khan, W. Raga therapy an effective treatment for stress management. Def. Life Sci. J. 7(1), 11-16. https://
doi.org/10.14429/dlsj.7.17056 (2022).

Lu, G. et al. Effects of music therapy on anxiety: A meta-analysis of randomized controlled trials. Psychiatry Res. 304, 114137.
https://doi.org/10.1016/j.psychres.2021.114137 (2021).

Faul, E, Erdfelder, E., Lang, A.-G. & Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 39(2), 175-191. https://doi.org/10.3758/BF03193146 (2007).

Cohen, J. Statistical Power Analysis for the Behavioral Sciences 2nd edn (Routledge, 1988). https://doi.org/10.4324/9780203771587
WMA Declaration of Helsinki - Ethical Principles for Medical Research Involving Human Subjects - WMA - The World Medical
Association. Available: https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-
involving-human-subjects/. Accessed 01 July 2023.

Meta Quest, V. R. & Headsets Accessories & Equipment | Meta Quest | Meta Store. Available: https://www.meta.com/quest/.
Accessed 11 Mar 2023.

Meditative Raag Bhairavi | Kaushiki Chakraborty | Dawn | Darbar VR360, (2019). Available https://www.youtube.com/watch?v=6_
bfPzclL08. Accessed 09 Mar 2023.

HeartMath HeartMath. Available: https://www.heartmath.com/. Accessed 08 Oct 2020.

Vescio, B., Salsone, M., Gambardella, A. & Quattrone, A. Comparison between electrocardiographic and earlobe pulse
photoplethysmographic detection for evaluating heart rate variability in healthy subjects in short- and long-term recordings.
Sensors. 18(3), 3. (2018). https://doi.org/10.3390/s18030844

Lu, G. & Yang, F. Limitations of oximetry to measure heart rate variability measures. Cardiovasc. Eng. 9(3), 119-125. https://doi.
0rg/10.1007/s10558-009-9082-3 (2009).

Mukherjee, R., Ghorai, S. K., Gupta, B. & Chakravarty, T. Development of a wearable remote cardiac health monitoring with
alerting system. Instrum. Exp. Tech. 63(2), 273-283. https://doi.org/10.1134/5002044122002013X (2020).
Aimie-Salleh,N.,Ghani,N. A. A.,Hasanudin, N. & Shafie, S. N.S. Heart rate variability recording system using photoplethysmography
sensor. Auton. Nerv. Syst. Monit. Heart Rate Var., (2019). https://doi.org/10.5772/intechopen.89901. Available https://www.
intechopen.com/books/autonomic-nervous-system-monitoring-heart-rate-variability/heart-rate-variability-recording-system-
using-photoplethysmography-sensor. Accessed 09 Oct 2020.

Lu, G., Yang, F, Taylor, J. A. & Stein, J. E A comparison of photoplethysmography and ECG recording to analyse heart rate
variability in healthy subjects. J. Med. Eng. Technol. 33(8), 634-641. https://doi.org/10.3109/03091900903150998 (2009).

Gil, E. et al. Photoplethysmography pulse rate variability as a surrogate measurement of heart rate variability during non-stationary
conditions. Physiol. Meas. 31(9), 1271. https://doi.org/10.1088/0967-3334/31/9/015 (2010).

Chand, K., Chandra, S. & Dutt, V. A comprehensive evaluation of linear and non-linear HRV parameters between paced breathing
and stressful mental state. Heliyon. 10(11). https://doi.org/10.1016/j.heliyon.2024.e32195, (2024). Available https://www.cell.com/
heliyon/abstract/S2405-8440(24)08226-4. Accessed 02 June 2024.

Tarvainen, M. P, Niskanen, J.-P, Lipponen, J. A., Ranta-aho, P. O. & Karjalainen, P. A. Kubios HRV - Heart rate variability analysis
software. Comput. Methods Programs Biomed. 113(1), 210-220. https://doi.org/10.1016/j.cmpb.2013.07.024 (2014).

Team, J. A. S. P. JASP. The JASP Statistics Project (2021). Available: https://jasp-stats.org/. Accessed 24 Dec 2021.

rstudio.com/. Accessed 25 Dec 2021.
Berntson, G. G. & Stowell, J. R. ECG artifacts and heart period variability: Don’t miss a beat!. Psychophysiology 35(1), 127-132.
https://doi.org/10.1111/1469-8986.3510127 (1998).

Scientific Reports |

(2024) 14:24816 | https://doi.org/10.1038/s41598-024-74932-1 nature portfolio


https://ijapr.in/index.php/ijapr/article/view/414
https://doi.org/10.3389/fpsyg.2015.00513
http://journal.frontiersin.org/article/10.3389/fpsyg.2015.00513/abstract
http://journal.frontiersin.org/article/10.3389/fpsyg.2015.00513/abstract
https://doi.org/10.1371/journal.pone.0222380
https://doi.org/10.1371/journal.pone.0031942
https://doi.org/10.1007/978-3-319-09710-7_21
https://doi.org/10.1007/978-3-319-09710-7_21
https://doi.org/10.1016/j.psyneuen.2015.06.008
https://doi.org/10.1080/08098130903062363
https://doi.org/10.1038/s41398-021-01483-8
https://doi.org/10.32604/cmc.2021.014429
https://doi.org/10.3390/ijerph18126638
https://doi.org/10.1136/neurintsurg-2018-014313
https://doi.org/10.1371/journal.pone.0187777
https://doi.org/10.1145/2856767.2856796
https://doi.org/10.1145/3491102.3502035
https://doi.org/10.1007/s10055-021-00595-2
https://doi.org/10.5958/2320-608X.2018.00067.7
https://doi.org/10.1177/0305735605056144
https://doi.org/10.1177/0305735605056144
https://doi.org/10.14429/dlsj.7.17056
https://doi.org/10.14429/dlsj.7.17056
https://doi.org/10.1016/j.psychres.2021.114137
https://doi.org/10.3758/BF03193146
https://doi.org/10.4324/9780203771587
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.meta.com/quest/
https://www.youtube.com/watch?v=6_bfPzclL08
https://www.youtube.com/watch?v=6_bfPzclL08
https://www.heartmath.com/
https://doi.org/10.3390/s18030844
https://doi.org/10.1007/s10558-009-9082-3
https://doi.org/10.1007/s10558-009-9082-3
https://doi.org/10.1134/S002044122002013X
https://doi.org/10.5772/intechopen.89901
https://www.intechopen.com/books/autonomic-nervous-system-monitoring-heart-rate-variability/heart-rate-variability-recording-system-using-photoplethysmography-sensor
https://www.intechopen.com/books/autonomic-nervous-system-monitoring-heart-rate-variability/heart-rate-variability-recording-system-using-photoplethysmography-sensor
https://www.intechopen.com/books/autonomic-nervous-system-monitoring-heart-rate-variability/heart-rate-variability-recording-system-using-photoplethysmography-sensor
https://doi.org/10.3109/03091900903150998
https://doi.org/10.1088/0967-3334/31/9/015
https://doi.org/10.1016/j.heliyon.2024.e32195
https://www.cell.com/heliyon/abstract/S2405-8440(24)08226-4
https://www.cell.com/heliyon/abstract/S2405-8440(24)08226-4
https://doi.org/10.1016/j.cmpb.2013.07.024
https://jasp-stats.org/
http://www.rstudio.com/
http://www.rstudio.com/
https://doi.org/10.1111/1469-8986.3510127
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Porges, S. W. & Byrne, E. A. Research methods for measurement of heart rate and respiration. Biol. Psychol. 34(2), 93-130. https://
doi.org/10.1016/0301-0511(92)90012-] (1992).

Tarvainen, M. P. et al. Kubios Oy, Finland, User’s Guide v3.5, (2021). Available https://www.kubios.com/downloads/Kubios_HRV _
Users_Guide.pdf

Lipponen, J. A. & Tarvainen, M. P. A robust algorithm for heart rate variability time series artefact correction using novel beat
classification. J. Med. Eng. Technol. 43(3), 173-181. https://doi.org/10.1080/03091902.2019.1640306 (2019).

Stapelberg, N. J. C., Neumann, D. L., Shum, D. H. K., McConnell, H. & Hamilton-Craig, I. The sensitivity of 38 heart rate variability
measures to the addition of artifact in human and artificial 24-hr cardiac recordings. Ann. Noninvasive Electrocardiol. 23(1),
€12483. https://doi.org/10.1111/anec.12483 (2017).

Peltola, M. Role of editing of R-R intervals in the analysis of heart rate variability, Front. Physiol., vol. 3, https://doi.org/10.3389/
fphys.2012.00148. Available: (2012). https://www.frontiersin.org/articles/10.3389/fphys.2012.00148. Accessed 23 Aug 2023.
Laborde, S., Mosley, E. & Thayer, J. F. Heart rate variability and cardiac vagal tone in psychophysiological research —
recommendations for experiment planning, data analysis, and data reporting. Front. Psychol., vol. 8, https://doi.org/10.3389/
fpsyg.2017.00213, (2017). Available https://www.frontiersin.org/articles/10.3389/fpsyg.2017.00213. Accessed 28 Jul 2023.

Shaffer, E, McCraty, R. & Zerr, C. L. A healthy heart is not a metronome: An integrative review of the heart’s anatomy and heart
rate variability. Front. Psychol., 5, Available https://www.frontiersin.org/articles/ (2014). https://doi.org/10.3389/fpsyg.2014.01040.
[Accessed: Aug. 18, 2023].

Malik, M. et al. Heart rate variability: Standards of measurement, physiological interpretation, and clinical use. Eur. Heart J. 17(3),
354-381. https://doi.org/10.1093/oxfordjournals.eurheartj.a014868 (1996).

Berntson, G. G. et al. Heart rate variability: Origins, methods, and interpretive caveats. Psychophysiology 34(6), 623-648. https://
doi.org/10.1111/j.1469-8986.1997.tb02140.x (1997).

Taylor, S. E. Tend and befriend: Biobehavioral bases of affiliation under stress. Curr. Dir. Psychol. Sci. 15(6), 273-277. https://doi.
org/10.1111/j.1467-8721.2006.00451.x (2006).

Hirsch, J. A. & Bishop, B. Respiratory sinus arrhythmia in humans: How breathing pattern modulates heart rate. Am. J. Physiol.
Heart Circ. Physiol. 241(4), H620-H629. https://doi.org/10.1152/ajpheart.1981.241.4.H620 (1981).

Pilowsky, P. Good vibrations? Respiratory rhythms in the central control of blood pressure. Clin. Exp. Pharmacol. Physiol. 22(9),
594-604. https://doi.org/10.1111/j.1440-1681.1995.tb02072.x (1995).

Hayano, J., Yasuma, E, Okada, A., Mukai, S. & Fujinami, T. Respiratory sinus arrhythmia. Circulation 94(4), 842-847. https://doi.
0rg/10.1161/01.CIR.94.4.842 (1996).

Brennan, M., Palaniswami, M. & Kamen, P. Do existing measures of Poincare plot geometry reflect nonlinear features of heart rate
variability?. IEEE Trans. Biomed. Eng. 48(11), 1342-1347. https://doi.org/10.1109/10.959330 (2001).

Woo, M. A, Stevenson, W. G., Moser, D. K., Trelease, R. B. & Harper, R. M. Patterns of beat-to-beat heart rate variability in
advanced heart failure. Am. Heart J. 123(3), 704-710. https://doi.org/10.1016/0002-8703(92)90510-3 (1992).

Richman, J. S. & Moorman, J. R. Physiological time-series analysis using approximate entropy and sample entropy. Am. J. Physiol.
Heart Circ. Physiol. 278(6), H2039-H2049. https://doi.org/10.1152/ajpheart.2000.278.6.H2039 (2000).

Lippman, N., Stein, K. M. & Lerman, B. B. Comparison of methods for removal of ectopy in measurement of heart rate variability.
Am. ]. Physiol. Heart Circ. Physiol. 267(1), H411-H418. https://doi.org/10.1152/ajpheart.1994.267.1. H411 (1994).

Nunan, D., Sandercock, G. R. H. & Brodie, D. A. A quantitative systematic review of normal values for short-term heart rate
variability in healthy adults. Pacing Clin. Electrophysiol. 33(11), 1407-1417. https://doi.org/10.1111/j.1540-8159.2010.02841.x
(2010).

Jovic, A. & Bogunovic, N. Electrocardiogram analysis using a combination of statistical, geometric, and nonlinear heart rate
variability features. Artif. Intell. Med. 51(3), 175-186. https://doi.org/10.1016/j.artmed.2010.09.005 (2011).

Eckberg, D. L. Human sinus arrhythmia as an index of vagal cardiac outflow. J. Appl. Physiol. 54(4), 961-966. https://doi.
org/10.1152/jappl.1983.54.4.961 (1983).

Hsu, C.-H. et al. Poincaré plot indexes of heart rate variability detect dynamic autonomic modulation during general anesthesia
induction. Acta Anaesthesiol. Taiwan. 50(1), 12-18. https://doi.org/10.1016/j.aat.2012.03.002 (2012).

Tran, T. D., Tran, T. & Fisher, J. Validation of the depression anxiety stress scales (DASS) 21 as a screening instrument for
depression and anxiety in a rural community-based cohort of northern Vietnamese women. BMC Psychiatry 13(1), 24. https://doi.
org/10.1186/1471-244X-13-24 (2013).

Lovibond, S. H. & Lovibond, P. E. Manual for the Depression Anxiety Stress Scales (Psychology Foundation of Australia, 1996).
Brown, T. E., Beightol, L. A., Koh, J. & Eckberg, D. L. Important influence of respiration on human R-R interval power spectra is
largely ignored. J. Appl. Physiol. 75(5), 2310-2317. https://doi.org/10.1152/jappl.1993.75.5.2310 (1993).

Ben-Tal, A., Shamailov, S. S. & Paton, J. E. R. Central regulation of heart rate and the appearance of respiratory sinus arrhythmia:
New insights from mathematical modeling. Math. Biosci. 255, 71-82. https://doi.org/10.1016/j.mbs.2014.06.015 (2014).

Mueller, S. T. Psychology experiment building language download. Available: https://sourceforge.net/projects/pebl/. Accessed 10
Mar 2023.

Mueller, S. T. & Piper, B. J. The psychology experiment building language (PEBL) and PEBL test battery. J. Neurosci. Methods 222,
250-259. https://doi.org/10.1016/j.jneumeth.2013.10.024 (2014).

Haahr, M. RANDOM.ORG: True Random Number Service, Available (1998). https://www.random.org. Accessed 01 June 2018.
Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B Methodol. 57(1), 289-300. https://doi.org/10.1111/j.2517-6161.1995.tb02031.x (1995).

Chand, K. & Khosla, A. Efficacy of using retro games in multimodal biofeedback systems for mental relaxation. Int. J. Gaming
Comput. Mediat. Simul. JGCMS 14(1), 1-23. https://doi.org/10.4018/IJGCMS.295874 (2022).

Chand, K. & Khosla, A. BioNES: A plug-and-play MATLAB-based tool to use NES games for multimodal biofeedback. SoftwareX
19, 101184. https://doi.org/10.1016/j.s0ftx.2022.101184 (2022).

Shah, L. B. L, Klainin-Yobas, P, Torres, S. & Kannusamy, P. Efficacy of psychoeducation and relaxation interventions on stress-
related variables in people with mental disorders: A literature review. Arch. Psychiatr. Nurs. 28(2), 94-101. https://doi.org/10.1016/j.
apnu.2013.11.004 (2014).

Chakraborty, J. Stress management using Indian classical music. In Conference proceedings of the 1st International Conference,
(2006).

Kunikullaya, K., Kunnavil, R., Goturu, J., Prakash, V. S. & Murthy, N. S. Normative data and gender differences in heart rate
variability in the healthy young individuals aged 18-30 years, a South Indian cross-sectional study. Indian Pacing Electrophysiol. J.
21(2), 112-119. https://doi.org/10.1016/j.ipej.2021.01.002 (2021).

Kunikullaya, K. U. et al. Music versus lifestyle on the autonomic nervous system of prehypertensives and hypertensives—A
randomized control trial. Complement Ther. Med. 23(5), 733-740. https://doi.org/10.1016/j.ctim.2015.08.003 (2015).

Smolen, D., Topp, R. & Singer, L. The effect of self-selected music during colonoscopy on anxiety, heart rate, and blood pressure.
Appl. Nurs. Res. 15(3), 126-136. https://doi.org/10.1053/apnr.2002.34140 (2002).

Bernardi, L., Porta, C. & Sleight, P. Cardiovascular, cerebrovascular, and respiratory changes induced by different types of music in
musicians and non-musicians: The importance of silence. Heart 92(4), 445-452. https://doi.org/10.1136/hrt.2005.064600 (2006).
Larsen, P. D. The sound of silence is music to the heart. Heart 92(4), 433-434. https://doi.org/10.1136/hrt.2005.071902 (2005).

Scientific Reports |

(2024) 14:24816 | https://doi.org/10.1038/s41598-024-74932-1 nature portfolio


https://doi.org/10.1016/0301-0511(92)90012-J
https://doi.org/10.1016/0301-0511(92)90012-J
https://www.kubios.com/downloads/Kubios_HRV_Users_Guide.pdf
https://www.kubios.com/downloads/Kubios_HRV_Users_Guide.pdf
https://doi.org/10.1080/03091902.2019.1640306
https://doi.org/10.1111/anec.12483
https://doi.org/10.3389/fphys.2012.00148
https://doi.org/10.3389/fphys.2012.00148
https://www.frontiersin.org/articles/10.3389/fphys.2012.00148
https://doi.org/10.3389/fpsyg.2017.00213
https://doi.org/10.3389/fpsyg.2017.00213
https://www.frontiersin.org/articles/10.3389/fpsyg.2017.00213
https://www.frontiersin.org/articles/
https://doi.org/10.3389/fpsyg.2014.01040
https://doi.org/10.1093/oxfordjournals.eurheartj.a014868
https://doi.org/10.1111/j.1469-8986.1997.tb02140.x
https://doi.org/10.1111/j.1469-8986.1997.tb02140.x
https://doi.org/10.1111/j.1467-8721.2006.00451.x
https://doi.org/10.1111/j.1467-8721.2006.00451.x
https://doi.org/10.1152/ajpheart.1981.241.4.H620
https://doi.org/10.1111/j.1440-1681.1995.tb02072.x
https://doi.org/10.1161/01.CIR.94.4.842
https://doi.org/10.1161/01.CIR.94.4.842
https://doi.org/10.1109/10.959330
https://doi.org/10.1016/0002-8703(92)90510-3
https://doi.org/10.1152/ajpheart.2000.278.6.H2039
https://doi.org/10.1152/ajpheart.1994.267.1.H411
https://doi.org/10.1111/j.1540-8159.2010.02841.x
https://doi.org/10.1016/j.artmed.2010.09.005
https://doi.org/10.1152/jappl.1983.54.4.961
https://doi.org/10.1152/jappl.1983.54.4.961
https://doi.org/10.1016/j.aat.2012.03.002
https://doi.org/10.1186/1471-244X-13-24
https://doi.org/10.1186/1471-244X-13-24
https://doi.org/10.1152/jappl.1993.75.5.2310
https://doi.org/10.1016/j.mbs.2014.06.015
https://sourceforge.net/projects/pebl/
https://doi.org/10.1016/j.jneumeth.2013.10.024
https://www.random.org
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.4018/IJGCMS.295874
https://doi.org/10.1016/j.softx.2022.101184
https://doi.org/10.1016/j.apnu.2013.11.004
https://doi.org/10.1016/j.apnu.2013.11.004
https://doi.org/10.1016/j.ipej.2021.01.002
https://doi.org/10.1016/j.ctim.2015.08.003
https://doi.org/10.1053/apnr.2002.34140
https://doi.org/10.1136/hrt.2005.064600
https://doi.org/10.1136/hrt.2005.071902
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

90. Okada, K. et al. Effects of music therapy on autonomic nervous system activity, incidence of heart failure events, and plasma
cytokine and catecholamine levels in elderly patients with cerebrovascular disease and dementia. Int. Heart. J. 50(1), 95-110.
https://doi.org/10.1536/ihj.50.95 (2009).

91. Yamamoto, T. et al. Effects of pre-exercise listening to slow and fast rhythm music on supramaximal cycle performance and
selected metabolic variables. Arch. Physiol. Biochem. 111(3), 211-214. https://doi.org/10.1076/apab.111.3.211.23464 (2003).

92. Estupifidn, S., Rebelo, E, Noriega, P., Ferreira, C. & Duarte, E. Can virtual reality increase emotional responses (arousal and
valence)? A pilot study. In Design, User Experience, and Usability. User Experience Design for Diverse Interaction Platforms and
Environments, (ed Marcus, A.), 541-549. (Springer International Publishing, Cham, 2014). https://doi.org/10.1007/978-3-319-
07626-3_51.

93. Stewart-Williams, S. & Podd, J. The Placebo effect: Dissolving the expectancy versus conditioning debate. Psychol. Bull. 130(2),
324-340. https://doi.org/10.1037/0033-2909.130.2.324 (2004).

Acknowledgements
This research was supported by the II'T Mandi iHub and HCi Foundation, and the Indian Institute of Technology
Mandi (IIT Mandi).

Author contributions

K.C. contributed to the conception and design of the study, analysis and interpretation of data, writing original
draft, reviewing and editing of the manuscript, and critical revision of the manuscript. S.C. contributed to the
conception and design of the study, data acquisition, writing original draft, and critical revision of the man-
uscript. V.D. contributed to the supervision, resource acquisition, and critical revision of the manuscript. All
authors have read and agreed to the published version of the article.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-024-74932-1.

Correspondence and requests for materials should be addressed to K.C. or V.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:24816 | https://doi.org/10.1038/s41598-024-74932-1 nature portfolio


https://doi.org/10.1536/ihj.50.95
https://doi.org/10.1076/apab.111.3.211.23464
https://doi.org/10.1007/978-3-319-07626-3_51
https://doi.org/10.1007/978-3-319-07626-3_51
https://doi.org/10.1037/0033-2909.130.2.324
https://doi.org/10.1038/s41598-024-74932-1
https://doi.org/10.1038/s41598-024-74932-1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Raga Bhairavi in virtual reality reduces stress-related psychophysiological markers
	﻿Materials and methods
	﻿Participants
	﻿Tools, statistical instruments, and measures
	﻿Experiment design
	﻿Statistical analysis

	﻿Results
	﻿Psychological parameters: DASS analysis
	﻿Stress
	﻿Anxiety
	﻿Depression


	﻿Cardiovascular parameters: HRV analysis
	﻿Comparison of immediate baseline corrected measures
	﻿Comparison of long-term baseline corrected measures
	﻿Comparison of post-pre difference of the measures among the groups

	﻿Discussion
	﻿References


