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Abstract

Background: Virtual reality (VR) has been widely used as a non-pharmacological adjunct to pain management. However,
there is no consensus on what type of VR content is the best for pain alleviation and by what means VR modulates pain
perception. We used three experiments to explore the analgesic effect of VR scenes in healthy adult volunteers.
Methods: We first compared the effect of immersive VR on pain perception with active (i.e. non-immersive, two-
dimensional video) and passive (i.e. no VR or audiovisual input) controls at both subjective perceptual (Experiment 1) and
electrophysiological (electroencephalography) levels (Experiment 2), and then explored possible analgesic mechanisms
responsible for VR scenes conveying different strategies (e.g. exploration or mindfulness; Experiment 3).

Results: The multisensory experience of the VR environment lowered pain intensity and unpleasantness induced by
contact heat stimuli when compared with two control conditions (P=0.001 and P<0.001, respectively). The reduced pain
intensity rating correlated with decreased P2 amplitude (r=0.433, P<0.001) and increased pre-stimulus spontaneous
gamma oscillations (r=-—0.339, P=0.004) by 32-channel electroencephalography. A VR exploration scene induced a strong
sense of immersion that was associated with increased pre-stimulus gamma oscillations (r=0.529, P<0.001), whereas a
VR mindfulness meditation scene had a minor effect on immersive feelings but induced strong pre-stimulus alpha os-
cillations (r=-—0.550, P<0.001), which led to a comparable analgesic effect.

Conclusions: Distinct neural mechanisms are responsible for VR-induced analgesia, deepening our understanding of the
analgesic benefits of VR and its neural electrophysiological correlates. These findings support further development of
digital healthcare.
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Editor’s key points

e Virtual reality (VR) can be used to modify patients’
experiences of pain. Two possible mechanisms
(distraction and mindfulness-based emotional regu-
lation) have been proposed, but neurological evi-
dence is lacking.

e Adult human volunteers were subjected to 1)
immersive VR vs non-immersive video vs no audio-
visual input and subjective experience of pain; 2)
immersive VR vs non-immersive video vs no audio-
visual input and EEG responses to pain; and 3)
immersive VR with distraction vs immersive VR with
mindfulness.
Immersive VR modified the subjective experience of
pain compared with control conditions. The anal-
gesic effects produced by VR distraction and mind-
fulness scenes were associated with different EEG
signatures  suggesting different neurological
mechanisms.

e These findings may facilitate development of VR in-
terventions for patients experiencing pain.

Virtual reality (VR) was invented in the 1970s to immerse users
in an active three-dimensional (3D) virtual world. In the past
few decades, affordable and miniaturised all-in-one head-
mounted VR devices have become widely available and have
been applied to digital healthcare, from medical training to
pain management.' Two decades ago, VR was first investi-
gated as a non-pharmacological adjunct to burn wound
care,*® where patients experienced pain reduction after
playing a VR game of throwing snowballs at animated char-
acters. The application of VR in pain management was rapidly
extended to other pain conditions, such as cancer pain, dental
treatment, and phantom limb pain.® 8

Although there is no consensus about the best VR content
for pain alleviation and by what means VR modulates pain
perception, several psychological mechanisms have been
proposed. Distraction is considered to be a dominant mecha-
nism, which emphasises that VR offers an effective distractor
for users to divert their attention from pain.’ Mindfulness-
based emotional regulation is another proposed mechanism,
as users usually report enhanced self-awareness and self-
regulation of mood in the VR environment.’®'! These two
mechanisms stress the importance of the top-down cognitive
modulation by VR on pain processing.'? However, neurological
evidence is lacking. Previous studies suggested that increased
power of gamma oscillations in the occipitoparietal cortex was
associated with enhanced attention to sensory inputs.'>'*
Therefore, one would expect increased gamma power in VR
scenes with high immersion. However, if a VR scene is
mindfulness-based, its modulation of alpha oscillations
should be evident, as alpha synchronisation has been
observed across a range of meditation studies.”

To provide a detailed investigation of the analgesic effects
of different VR scenes and their neural mechanisms, we con-
ducted three experiments on adult human volunteers. First,
we compared the effect on pain perception and emotion of VR
and control conditions at both the subjective perceptual
(Experiment 1) and electrophysiological levels using electro-
encephalography (Experiment 2). Then, we explored whether

the analgesic effect produced by different strategies conveyed
in the VR scenes could be explained by distinct neural mech-
anisms (Experiment 3). Based on previous findings, we
hypothesised that (1) VR has a strong analgesic effect, which is
supported by perceptual (i.e. the reduction of pain intensity
and unpleasantness) and electrophysiological (i.e. the reduc-
tion of brain responses evoked by noxious stimuli by electro-
encephalography) evidence; (2) the analgesic mechanism of
VR using a distraction strategy (i.e. scene exploration) is
mainly associated with its modulation on spontaneous
gamma oscillations, whereas the mindfulness-based VR scene
reduces pain through its impact on spontaneous alpha oscil-
lations by electroencephalography.

Methods

Healthy adult volunteers were recruited through local adver-
tisements. None reported any peripheral or central nervous
system diseases, psychiatric disorders, chronic pain, hearing
loss, or visual impairment. All subjects gave their written
informed consent before each experiment and were paid for
their participation. The experimental procedures were
approved by the Ethics Committee at the Institute of Psy-
chology, Chinese Academy of Sciences (approval number:
H21072; issue date: November 2021).

Experiment 1: VR and subjective perception
Subjects

Thirty-one subjects were recruited for Experiment 1 (14 fe-
males and 17 males; mean age 27 [standard deviation, (SD) 11]
yr [range: 19—49 yr]). The sample size for exploring the VR ef-
fect on pain perception was determined using G*Power soft-
ware (version 3.1, available at http://www.gpower.hhu.de/en.
html). We set statistical power at 0.8 with a medium effect
size of {=0.3 and a significance level of 0.05. The prior test for
repeated measures analysis of variance (anova) with within
factors yielded a minimum required sample size of 20.

Noxious stimuli

As shown in Figure 1a, subjects were seated comfortably with
their right forearm resting on the table in front of them.
Noxious contact heat stimuli were delivered via a thermode
(Medoc Ltd, Ramat Yishai, Israel) fixed on the right forearm
with a circular contact area of 27 mm in diameter (572 mm?).
The temperature at the thermode surface was increased using
a thermofoil at a rate of 70°C s~ ! and decreased using a Peltier
element at a rate of 40°C s~ 1. Before the formal experiment, a
target temperature that evoked a subjective pain rating of 6 on
a 0—10 numerical rating scale (NRS; 0: no pain, 10: pain as bad
as it could be) was determined individually using a simplified
staircase method.'® In the formal experiments, the tempera-
ture of the thermode for each stimulus was increased from
baseline temperature (40°C) to the predefined target temper-
ature and immediately decreased from the target temperature
to baseline. Notably, the target temperature never exceeded
54°C because of safety considerations (e.g. avoiding skin burn).
The thermode was fixed to the right medial forearm using an
elastic Velcro strap, and the position of the thermode was
slightly changed after each block to minimise nociceptor
sensitisation or habituation.


http://www.gpower.hhu.de/en.html
http://www.gpower.hhu.de/en.html
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Experimental conditions

As shown in Figure 1b, three experimental conditions were
included in Experiment 1: the VR condition, the 2D condition,
and the passive control condition. The VR condition was
implemented using a program developed by Ultimate Thera-
peutics, Shanghai, China. This program contained two
different scenes, allowing subjects to have an immersive na-
ture experience. In one scene (Scene 1, 7 min), subjects expe-
rienced a deep ocean view, including whales, tridacna, and
other rare marine organisms, with soft nature sounds playing
in the background. In the other scene (Scene 2, 8 min), subjects
experienced guided respiratory training by the seashore.
These two scenes were played in sequence, as a combination
of scenes exploring different strategies (scene exploration vs
mindfulness meditation) may have a superior analgesic
effect.>?/:18

In the VR condition, subjects wearing a head-mounted
display (PICO Neo 3, Pico Immersive, Beijing, China) and

headphones (Beats Solo 3, Beats Electronics LLC, Culver City,
USA) were able to look around in a 360° virtual environment. In
the 2D condition, which was the non-immersive version of the
VR condition, subjects were presented with the same scenes
through a 24-inch PC monitor (HKC, HKC Corporation Limited,
Shenzhen, China) and headphones. This condition served as
an active control, which allowed for direct comparison be-
tween scenes presented in immersive and non-immersive
ways. In the passive control condition, no external audiovi-
sual stimuli were provided. Subjects were asked to sit quietly
in a chair and stay still for 15 min. This condition allowed us to
determine the influence of audiovisual per se on pain
modulation.

Procedures

As shown in Figure 1c, a within-subjects design was used in
Experiment 1. After determining the target temperature,
subjects underwent three blocked conditions (i.e. Control, 2D,

stimuli

Scene 1

-
Control
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Phase 1 Phase 2: Formal experiment
Target temperature g, 1 W Rest [ Block 2 Block 3
| determination | | | | | |
/ 20 min w 20 min  Time
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S
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Fig 1. Outline of the experimental design. (a) Experimental setup schematic. A subject sat comfortably in a chair wearing a virtual reality
(VR) device and headphones, and the contact heat thermode was fixed to the right forearm placed on the table. Simultaneous acquisition
of 32-channel EEG during the whole process for Experiments 2 and 3. (b) Experimental conditions in Experiments 1 and 2. In the passive
control condition, subjects were asked to look at the cross on the centre of the PC screen; in the two-dimensional (2D) condition, subjects
were presented with the same video as in the VR condition via the PC monitor; in the VR condition, subjects experienced the VR program.
(c) The experimental procedures of the three experiments. The target temperature was determined individually, and then three coun-
terbalanced blocks with different conditions were administered one after another. In each block, subjects were presented with 30 stimuli
during the intervention session, and they were asked to rate overall pain intensity and unpleasantness at the end of each block. Subjects
were asked to complete the Positive and Negative Affect Scale (PANAS) both before and after the intervention in each block. (d) Experi-
mental conditions in Experiment 3. Subjects experienced different scenes through VR. 2D, two-dimensional; IS, interstimulus interval;

PANAS, Positive and Negative Affect Scale; VR, virtual reality.
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and VR). Each block lasted for 20 min and started with a
measurement of current mood using the Positive and Nega-
tive Affect Scale (PANAS). The PANAS includes 20 items
measuring both positive and negative affect in the moment
(10 items for each, rated from 1=‘not at all’ to 5=‘very
strong’). Then, subjects underwent an intervention session,
where no noxious stimuli were delivered in the first 2 min,
and 30 contact heat stimuli were delivered in the following 13
min with a random interstimulus interval between 20 and 25
s. At the end of each block, subjects were asked to verbally
report their pain intensity and unpleasantness (0: not un-
pleasant; 10: maximally unpleasant) on an 11-point NRS.
Then, mood was assessed using the PANAS. Subjects were
encouraged to take a 5-min break between each block. The
presentation order of the three experimental blocks was
counterbalanced across subjects.

Statistical analysis

To examine the effect of VR on pain perception and emotional
states, one-way repeated measures aNova was conducted on
both pain ratings (i.e. pain intensity and unpleasantness) and
emotion changes (i.e. the differences in the PANAS before and
after the intervention). Post hoc paired-sample t-tests were
conducted when the main effect was significant, and Bonfer-
roni correction was applied to address the issue of multiple
comparisons.

Experiment 2: VR and electrophysiological changes
Subjects, stimuli, and experimental conditions

An additional 30 subjects were recruited for Experiment 2.
However, six subjects were excluded because of incomplete
data collection and poor EEG data quality, leaving a sample of
24 subjects (nine females and 15 males; mean age 24 [sp 4] yr
[range: 19—33 yr]). The minimum required sample size was 20,
which was determined using the same method and parame-
ters as in Experiment 1. The stimuli and experimental condi-
tions were the same as in Experiment 1.

Procedures, EEG data collection, and preprocessing

Experiment 2 followed the same procedure as in Experiment 1.
In addition, EEG was recorded during the whole experiment
(see Fig. 1a), using 32 Ag—AgCl scalp electrodes placed ac-
cording to the International 10—20 system (ANT Neuro, Hen-
gelo, the Netherlands; bandpass: 0.01-500 Hz; sampling rate:
1000 Hz). The CPz electrode was used as the online reference,
and all electrode impedances were kept lower than 10 kQ
during the experiment.

EEG data were preprocessed using EEGLAB,'” an open-
source toolbox running in the MATLAB environment.
Continuous EEG data were bandpass filtered between 1 and
100 Hz. For the time-domain analysis, EEG epochs were
extracted using a window analysis time of 2000 ms (500 ms
before and 1500 ms after stimulus onset), and the baseline
was corrected using the pre-stimulus interval. For the
frequency-domain analysis, EEG epochs were extracted using
a window analysis time of 16 000 ms before the stimulus
onset (—16 000 ms—0 ms). Trials contaminated by eye blinks
and movements were corrected using an independent
component analysis algorithm (runica in EEGLAB). After pre-
processing, EEG epochs were re-referenced to the average of
bilateral mastoids (M1 and M2).

Time- and frequency-domain analyses

To extract the typical contact heat evoked potentials (CHEPSs),
preprocessed EEG data were further bandpass filtered between 1
and 30 Hz to eliminate the high-frequency noises. Single-subject
CHEP waveforms were obtained by averaging epochs for each
experimental condition. Amplitudes of N2 and P2 waves, defined
as the mean value within 50 ms centred at the mostnegative and
positive deflections between 150 and 1000 ms after stimulus
onset, were measured from single-subject average waveforms at
Cz, respectively.”’ To increase the signal-to-noise ratio and
eliminate the potential influence of linear drift on amplitude
estimation, we also calculated the N2—P2 peak-to-peak ampli-
tude for each subject. Single-subject average CHEP waveforms
were subsequently averaged across subjects for each experi-
mental condition to obtain group-level CHEP waveforms. Group-
level scalp topographies at the peak of N2 and P2 waves were
computed by spline interpolation. In addition to the above time-
domain analysis, time-frequency analysis?® ?? was also per-
formed to comprehensively explore the effect of VR on pain
reduction neurologically (see Supplementary Materials for de-
tails). A frequency-domain analysis was also conducted to
investigate the effect of VR on spontaneous brain oscillations.
Preprocessed EEG data before the stimulus onset (i.e. extending
from —16,000 ms—0 ms) were transformed to the frequency
domain using a discrete Fourier transform,’’ yielding an EEG
spectrum ranging from 1 to 100 Hz for each experimental con-
dition and each subject. Single-subject EEG spectra were subse-
quently averaged across subjects to obtain group-level spectra of
spontaneous EEG oscillations for each experimental condition.

Statistical analysis

In addition to the statistical analysis of behavioural data, one-
way repeated measures anova was used to compare CHEP
amplitude, time-frequency feature magnitude, and spectral
power of brain oscillations among three conditions. The rela-
tionship between brain activities and subjective pain perception
was assessed using the Pearson correlation on within-subject
centralised data, that is, subtracting the mean from each data
point to minimise the random effect between subjects.?>?*

To reveal how spontaneous EEG oscillations and stimulus-
evoked brain responses influence pain perception under the
three conditions, a mediation analysis using the Multilevel
Mediation and Moderation (M3) Toolbox’*?* was performed.
There were five paths in the mediation model, and each effect
was described in detail below. The independent variable (X) in
the model was the power of spontaneous EEG oscillations, and
the dependent variable (Y) was the subjective pain ratings. The
total effect of X on Y reflected the effects of spontaneous EEG
oscillations on pain ratings and was referred to as path c. The
direct effect of X on Y or the relationship from X to Y controlled
for M was referred to as path c’. The other three paths of interest
were the relationship from X to M (path a), the relationship from
M toY (path b), and the mediation effect (path a*b). The media-
tion analysis allowed us to test the mediation effects of contact
heat-evoked brain responses on the relationship between
spontaneous EEG oscillations on perceived pain ratings.

Experiment 3: VR effects of scene exploration and
mindfulness meditation

Subjects and stimuli

An additional 27 subjects were recruited for Experiment 3. Three
subjects were excluded because of incomplete data collection
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and poor EEG data quality, leaving a sample of 24 subjects (13
females and 11 males; mean age 25 [sp 2] yr, [range 19—-32 yr]).
The minimum required sample size was 20, which was deter-
mined using the same method and parameters as in Experiment
1. The stimuli were the same as in Experiments 1 and 2.

Experimental conditions

To further assess whether different VR strategies produce
analgesic effects via distinct neural mechanisms, we distin-
guished the two VR scenes used in Experiments 1 and 2
(immersive nature experience and guided respiratory training
by the seashore) and set up three experimental blocked con-
ditions in Experiment 3, that is, Scene 1 (scene exploration),
Scene 2 (mindfulness meditation), and Scene 1+2 (scene
exploration and mindfulness meditation). For each block, the
scene continuously played for 15 min. The immersive level
associated with each scene was evaluated subjectively after
each block on an 11-point NRS (0: not immersive; 10 maximally
immersive).

Procedures, EEG data collection, and analyses

As shown in Figure 1d, Experiment 3 followed the same pro-
cedure as Experiment 2, except that all three blocks were
administered in a VR environment. EEG data were collected
and analysed with the same criteria and procedures as in
Experiment 2.

Statistical analysis

In line with the statistical analysis described in Experiment 2,
one-way repeated measures anova was conducted on pain
ratings, emotion changes, immersion ratings, and brain activ-
ities in Experiment 3. The relationship between spontaneous
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EEG oscillations and immersion ratings was assessed using the
Pearson correlation on within-subject centralised data.

Results
Experiment 1: VR and subjective perception

The pain intensity and unpleasantness ratings in response to
contact heat stimuli are shown in Figure 2a. A condition effect
was found in both pain intensity (F(260=18.146, P<0.001,
n%:0.377) and pain unpleasantness (F(260=16.300, P<0.001,
n12,=0.352). Post hoc analysis showed that subjects reported less
pain and unpleasantness in the VR condition than in the
control and 2D conditions (all P<0.01). No significant difference
between the control condition and 2D condition was found.

Subjects’ positive and negative emotion changes associ-
ated with interventions are shown in Figure 2b. A difference
among the three conditions was found in both positive
(F2,60=6.794, P=0.002, n§=0.185) and negative (F(2,60=3.900,
P=0.026, n%:O.llS) emotion changes. Post hoc analysis sug-
gested that the main effect was derived from the difference
between the control and VR conditions (positive emotion
change: P<0.001; negative emotion change: P=0.06). Specif-
ically, positive emotion was decreased in the control condi-
tion, whereas positive emotion was maintained, and negative
emotion was decreased in the VR condition. For detailed re-
sults of Experiment 1, see Supplementary Table S1.

Experiment 2: VR and electrophysiological changes

Similar results of subjective pain ratings and self-reported
emotion ratings were obtained in Experiment 2 compared
with Experiment 1 (see Supplementary Figs S1 and S2).
Group-level CHEP waveforms and scalp topographies of N2
and P2 waves are shown in Figure 3a. Although N2 amplitudes
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Fig 2. Subjective pain ratings and changes in self-reported emotion in three conditions (i.e. control, two-dimensional [2D], and virtual
reality [VR]) of Experiment 1. (a) The comparisons of subjective ratings of pain intensity (left) and unpleasantness (right). (b) The com-
parisons of positive (left) and negative (right) emotion changes associated with the intervention. Error bars represent standard errors.
Significant main effects and post hoc pairwise comparisons were labelled with black and red asterisks, respectively. 2D, two-dimensional;

VR, virtual reality. *P<0.05. **P<0.01. **P<0.001.
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Fig 3. EEG results of Experiment 2. (a) Group-level contact heat evoked potential waveforms at Cz (referenced to bilateral mastoids) and
scalp topographies of N2 and P2 waves in the three conditions (i.e. control, two dimensional [2D], and virtual reality [VR]). (b) Comparisons
of N2 and P2 amplitudes of the three conditions. (c) Power spectral density (PSD) of spontaneous EEG oscillations (left) and scalp topog-
raphies of EEG spectra at alpha and gamma bands for the three conditions. (d) Comparisons of spectral powers of spontaneous alpha and
gamma oscillations in the three conditions. (e) Correlations between subjective pain intensity ratings and brain activities (left: spectral
powers of spontaneous gamma oscillations; right: P2 amplitudes) on within-subject centralised data. (f) The mediation path diagram for P2
amplitude of spontaneous gamma oscillation power on pain intensity. The three conditions were the same as those in Experiment 1. The
mean standardised path coefficient is shown with standard error in parentheses. Error bars represent standard errors. 2D, two-
dimensional; PSD, power spectral density; VR, virtual reality. *P<0.05. **P<0.01. **P<0.001.

were comparable in the three conditions (F,46=0.955, peak amplitude in the VR condition were significantly
P=0.392), a significant condition difference was observed for P2 smaller than those in the control and 2D conditions (P2: both
amplitudes (F(2,46=14.22, P<0.001, n%:0.382) and N2—P2 peak- P<0.01, see Fig. 3b; N2—P2: both P<0.05, see Supplementary
to-peak amplitudes (F(2,46)=6.817, P=0.003, nf,=0.229). Post hoc Fig. S3). Group-level time-frequency distributions and scalp
analyses revealed that the P2 amplitude and N2—P2 peak-to- topographies of the low-frequency event-related potential
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Fig 4. Subjective pain ratings and changes in self-reported emotion in three virtual reality scenes (i.e. Scene 1: scene exploration; Scene 2:
mindfulness meditation; Scene 1+2: scene exploration and mindfulness meditation) of Experiment 3. (a) The comparisons of subjective
ratings of pain intensity (left) and unpleasantness (right). (b) The comparisons of positive (left) and negative (right) emotion changes
associated with the intervention. Error bars represent standard errors.

(ERP) response are shown in Supplementary Figures S4 and S5.
A significant main effect of condition on ERP magnitude
(400—600 ms, 1—4 Hz, maximal at central midline electrodes;
F(2,46=7.678, P=0.005, n%:0.25) was found, in which the ERP
magnitude was significantly smaller in the VR condition than
in the other two conditions (both P<0.05).

Figure 3c shows EEG spectra of spontaneous activities for
all conditions. As shown in Figure 3d, the spectral powers were
significantly different in the three conditions at both alpha
(8-12 Hz; Fppug=11.637, P<0.001, n3=0.336) and gamma
(30—100 Hz; F(2,46=21.609, P<0.001, n%:0.484) bands. Post hoc
analyses showed that the spectral power of alpha oscillations
was significantly smaller in the 2D and VR conditions than in
the control condition (both P<0.05), whereas no significant
difference was observed between the 2D and VR conditions.
The spectral power of gamma oscillations was significantly
larger in the VR condition than in the control and 2D condi-
tions and significantly larger in the 2D condition than in the
control condition (all P<0.05).

As shown in Figure 3e, subjective pain intensity ratings
were negatively correlated with the power of spontaneous
gamma oscillations (r=—0.339, P=0.004) and positively corre-
lated with amplitudes of P2 wave (r=0.433, P<0.001). That is,
with the increase of pain intensity, there was a corresponding
decrease of the power of gamma oscillations and an increase
of the P2 amplitudes. P2 amplitudes significantly mediated the
link between spontaneous gamma oscillations and pain in-
tensity ratings (see Fig. 3f). For more detailed results of
Experiment 2, please see Supplementary Table S2.

Experiment 3: VR effects of scene exploration and
mindfulness meditation

As shown in Figure 4, no significant condition difference was
found among the three VR scenes (Scene 1, Scene 2, and Scene
1+2) on subjective pain ratings or emotion changes (all P>0.05).

Group-level CHEP waveforms and scalp topographies of N2
and P2 waves are shown in Figure 5a. No significant difference
in the three VR scenes was found for either the N2 or the P2
amplitude (see Fig. 5b). The N2—P2 peak-to-peak amplitude
was slightly different in the three VR scenes, as the amplitude
in Scene 1+2 (scene exploration and mindfulness meditation)
was slightly lower than in Scene 1 (scene exploration) and
Scene 2 (mindfulness meditation). However, the difference
was not statistically significant (F(2,46)=1.928, P=0.157; see
Supplementary Figs S6 and S7).

Figure 5c shows EEG spectra of spontaneous activities for
all three VR scenes. As shown in Figure 5d, the spectral powers
were significantly different among the three VR scenes at both
alpha (8—12 Hz; F(2,46)=13.639, P<0.001, n%=0.37) and gamma
(30—100 Hz; F(2,46=29.857, P<0.001, nf,:O.SGS) bands. Post hoc
analyses showed that the spectral power of alpha oscillations
was significantly smaller in Scene 1 and Scene 1+2 than in
Scene 2 (both P<0.001), whereas no significant difference was
observed between Scene 1 and Scene 1+2. Moreover, the
spectral power of gamma oscillations was significantly larger
in Scene 1 and Scene 1+2 than in Scene 2 (both P<0.001),
whereas no significant difference was observed between
Scene 1 and Scene 1+2.
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The immersion ratings were significantly different in
the three VR scenes (F(2,46=9.729, P<0.001, n§=0.297, see
Fig. 5e). Post hoc analysis revealed that the immersion rat-
ing for Scene 2 was lower than for Scene 1 and Scene 1+2
(both P<0.01), whereas no significant difference was
observed between Scene 1 and Scene 1+42. Subjective

immersion ratings were negatively correlated with spectral
powers of spontaneous alpha oscillations (r=-0.550,
P<0.001) but positively correlated with spectral powers of
spontaneous gamma oscillations (r=0.529, P<0.001; Fig. 5f).
As the subjective immersion ratings increased, there was a
decrease of the power of alpha oscillations and an increase
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of the power of gamma oscillations. For more detailed
statistical results of Experiment 3, see Supplementary
Table S3.

Discussion

We compared the modulatory effects of VR with its active (i.e.
non-immersive, 2D video) and passive (i.e. no VR or audiovi-
sual input) controls on subjective ratings and electrophysio-
logical responses to contact heat pain in three complementary
experiments. The multisensory experience of an immersive
VR environment effectively lowered the pain intensity and
unpleasantness induced by noxious stimuli and was likely to
maintain positive emotion and decrease negative emotion
(Experiments 1 and 2). Moreover, the lowered pain intensity
rating was correlated with the decreased P2 amplitude and the
increased spontaneous EEG gamma oscillation power (Exper-
iment 2). More importantly, the analgesic effects produced by
different VR scenes appear to be associated with distinct
neural mechanisms (Experiment 3). Specifically, VR Scene 1
(scene exploration) and Scene 1+2 (scene exploration and
mindfulness meditation) induced a strong sense of immersion
that was correlated with increased power of spontaneous
gamma oscillations. In contrast, Scene 2 (mindfulness medi-
tation) induced a low sense of immersion but was correlated
with increased power of spontaneous alpha oscillations,
which also led to a comparable analgesic effect. These findings
deepen our understanding of the analgesic benefits of VR and
its neural electrophysiological correlates, which should prove
helpful in pain management.

In line with previous studies, our subjects reported less
pain and unpleasantness towards noxious stimuli when they
were in the VR condition than in the other two conditions.?*?”
This could be partly because the multisensory information
provided in the VR condition offered an effective distrac-
tion,”?® and partly because the immersive VR environment
modulated mental state and mood, which further altered pain
processing.??>° However, it is hard to distinguish these two
possibilities, as the distraction effect is often accompanied by
emotional arousal associated with the affective significance of
the distractor.?! Notably, pain ratings in the 2D condition (the
active control) and control condition (the passive control) were
not statistically significantly different. This is probably
because the multisensory information used in our study was
not effective enough in gaining attention and modulating
emotion when it was presented in a non-immersive way.
Nevertheless, these results highlighted the superiority of
immersive VR in pain management.>/?6

The analgesic effect of VR was further confirmed by the ERP
results, where the P2 amplitude (and N2—P2 peak-to-peak
amplitude and ERP magnitude in the time-frequency
domain) was smaller in the VR condition than in the 2D and
control conditions. Additionally, there was a significantly
positive correlation between the P2 amplitude and the in-
tensity of pain perception. The P2 component evoked by
noxious stimuli reflecting neural activation in bilateral oper-
culo-insular cortex and anterior cingulate cortex is believed to
be related to processing of the cognitive and affective di-
mensions of pain.? Therefore, the smaller P2 amplitude in the
VR condition compared with the other two conditions could
reflect the top-down modulation of pain perception via

distraction and emotion modulation at the electrophysiolog-
ical level.

It has been suggested that spontaneous EEG gamma oscil-
lations are correlated with sustained attention to external
stimuli** and immersive level.***> Our results agreed with
these findings, as spontaneous gamma oscillations were the
largest in the most immersive condition (i.e. the VR condition;
Experiment 2), and there was a positive correlation between
spontaneous gamma oscillations and self-reported immersion
scores (Experiment 3). We therefore speculate that the
increased gamma oscillations and immersion level in the VR
condition (Experiment 2) were mainly attributable to scene
exploration (i.e. Scene 1). More importantly, we found a
mediation effect of P2 amplitude in the link between sponta-
neous gamma oscillations and perceived pain intensity, which
may suggest a possible neural pathway to explain VR-induced
analgesia. Specifically, subjects may experience a strong sense
of involvement in the immersive VR environment for scene
exploration, which induced an increase of spontaneous
gamma oscillations. The increased spontaneous gamma os-
cillations sequentially decreased the neuronal activities in P2-
related brain areas, such as bilateral operculo-insular cortex
and anterior cingulate cortex,>® which in turn resulted in the
reduction of pain perception.?>*’

In contrast to the results of spontaneous gamma oscillations,
the VR and 2D conditions both decreased spontaneous alpha
oscillations when compared with the control condition in
Experiment 2. The observed decrease of spontaneous alpha os-
cillations can be considered as a combining result of two
different effects. One was the expected enhancement effect
associated with the mindfulness meditation in Scene 2, and the
other was the attenuation effect related to increased arousal
induced by audiovisual inputs in the two scenes. The latter
played a stronger influence on spontaneous alpha oscillations
than the former, when two scenes were presented to subjects
sequentially. Increased spontaneous alpha oscillations were
observed, however, when the mindfulness-based scene (i.e.
Scene 2) was presented alone in Experiment 3. This finding in-
dicates an alternative neural mechanism responsible for the
analgesic effect induced by mindfulness-based VR. Indeed, in
addition to a strong sense of involvement, VR scenes may also
provide a sense of pain control as a result of enhanced self-
awareness.’*® In the present study, subjects underwent
mindfulness meditation with guided respiratory training in
Scene 2. This approach provides a way for the users to use breath
awareness and a deep body scan to help soften the experience of
pain, and the increased alpha oscillation may imply that sub-
jects had successfully entered a meditative state,'” which has
also been reported to be effective for pain.*®%°

We acknowledge several limitations in the present study
that need further investigation. Firstly, the specific contribu-
tion of distraction and emotion to VR-induced analgesia is not
fully understood and deserves further consideration with
strict experimental design. Secondly, we did not measure
mindfulness level directly in the present study, which calls for
further investigations with either behavioural or physiological
measures of breathing or heart rate under VR scenes with the
strategy of mindfulness meditation. Thirdly, the present study
was limited to healthy subjects with experimental contact
heat pain; so our findings should be generalised with caution.
Future studies could include investigations on acute or chronic



The analgesic effect of VR scenes in human volunteers |

1091

pain patients to assess VR-induced analgesia in different pain
conditions.

In conclusion, we show an effect of virtual reality on pain
reduction and emotional regulation. Our results highlight
that the analgesic effects produced by different virtual
reality scenes might be associated with distinct neural
mechanisms. As a low-cost and portable device, virtual
reality can be easily implemented in pain management in
different cultures and contexts. Understanding the merits of
virtual reality-induced analgesia and its neural mechanisms
could guide development of different virtual reality scenes
for better pain management.
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