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Aim: Virtual reality (VR) can be analgesic through intercortical modulation. This study investigated neural activities and correlates
during different interactive modes.

Methods: Fifteen healthy participants (4M, 11F, age 21.93 + 0.59 years) underwent functional near-infrared spectroscopy (fNIRS) to
compare cortical activation and functional connectivity (FC) across brain regions of interest (ROI) and channels (CH) during VR
experiences. In the active mode (AM), participants engaged with the virtual environment through motor actions. In the passive mode
(PM), participants stood still with their eyes closed, listening to the virtual environment’s music.

Results: A better analgesic effect was observed in the AM (t = 3.572, p = 0.001) with higher visual-sensorimotor cortical activation (t
=2.59103.99, p =<0.001 to 0.015, p-FDR < 0.05). AM showed significant correlations between ratings (pain level and immersion) of
VR questionnaire and visual-motor ROIs (r = 0.547 to 0.595, p = 0.013 to 0.038). PM only correlated with pain level and CH 37 (r =
0.608, p = 0.016). FC between S1 and visual-motor-auditory regions was lower in the AM (t = —4.64 to —3.53, p = 0.029 to 0.049).
Conclusion: VR-induced analgesia occurs via augmenting the visual-sensorimotor-auditory cortical activation, reducing S1 con-
nectivity and weakening pain processing.

Keywords: virtual reality, analgesia, functional near-infrared spectroscopy, VR, fNIRS, brain mechanism, functional connectivity,
cortical activation

Introduction

Virtual reality (VR) is a cutting-edge technological system that can engage users in a virtual world through a variety of
equipment, including a head-mounted display (HMD), headphones, and a pair of controllers for interacting with the
virtual world.! By immersing in a completely virtual context, a sensation of real presence in the virtual world can be
facilitated by visual, aural, tactile, and olfactory inputs through translocating the user into an immersive 3D virtual
context.'?

In recent years, VR has been found to attenuate pain, and this effect has been called “VR-induced analgesia”.** The
majority of its research has been conducted in medical settings to reduce discomfort, anxiety, and pain perception, such
as wound care, chemotherapy, dental work, and regular medical checkups and pain management.”® Despite this, most of
those findings were obtained via subjective reports and clinical evaluation. Since the cortical brain areas have a network
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of circuits involved in the top-down, bottom-up, and inter-cortical processing of painful signals, there can be a great deal
of debate in the absence of a comprehensive explanation of the brain process.'’

To reveal how the pain circuit works during VR interaction, researchers have only lately started to explore the patient
and disorder characteristics, particularly the neural mechanisms that underlie VR, with a small number of clinical studies
being conducted via neuroimaging techniques. However, considering the dynamic feature in an open environment during
VR interaction, to date, few studies have addressed how VR attenuates pain beyond the basic distraction. Even though
a small number of studies using neuroimaging techniques to delineate the brain mechanism of VR-induced analgesia
have been conducted, the technical drawbacks cannot be ignored. For instance, functional magnetic resonance imaging
(fMRI) as a neuroimaging technique for observing VR interaction can be constrained due to its poor temporal resolution
and closed testing environment.'® On the other hand, electroencephalography (EEG) cannot be considered an optimal
tool for VR-related mobile tasks in terms of its poor spatial resolution and excessive motion artifacts during mobile
tasks."'

In light of this, functional near-infrared spectroscopy (fNIRS), which measures cortical activity and functional
connectivity across various brain regions in an open environment by providing complete temporal and spatial resolution,
has been developed recently to monitor dynamic, real-time mobile tasks.'? By comparing the subjectively reported pain
ratings corresponding to the neural activity in those pain-related cortical brain regions under different interactive modes,
our prior research has successfully determined the best VR interactive mode for pain relief."® Nevertheless, it is yet
unknown how the intercortical modulation by VR produces analgesia.

In this study, our main goal is primarily aimed at investigating the properties of intercortical neural activity and
correlates under different interactive modes via fNIRS. Its secondary goal was to explore the relationship between
subjectively reported VR experience and intercortical activity changes. We hypothesized that inter-cortical activity and
correlates involved in pain processing are modulated to produce VR-induced analgesia.

Methodology

This prospective study was approved by the ethical committee of the eighth affiliated hospital of Sun Yat-Sen University,
with the clinical trial registered on the Chinese Clinical Trials Registry (reference number: ChiCTR2200061536). Written
informed consent was obtained from all participants before the start of the study. The study was conducted under the
principles of the Declaration of Helsinki. The null hypothesis posits that there is no significant difference between the
two interventions in VR-induced analgesia, which is associated with its cortical activation and functional connectivity.

Subjects

The clinical trial period was performed from Jan 1st, 2022, to March 30th, 2022. We used the data in our previous study
for further investigation, with the detailed inclusion/exclusion criteria delineated.'® After enrollment by convenience
sampling, a briefing session was facilitated by the researcher to educate participants about the experimental procedures,
manipulation of the VR device, and safety precautions. A VR questionnaire (VRQ) consisting of PART I (pre-VR task),
PART 1I (during VR task), and PART III (post-VR task) was provided. Before each round of the VR experimental
session, the participant was asked to accomplish part I of the VRQ to report his/her current pain status via the visual-
analog scale (VAS) for pain level. Soon after accomplishment of each VR experimental session, they were required to
finish part II by recalling his/her VR experience in dimensions of pain level (VRQ_P), attention (VRQ_A), immersion
(VRQ _I), and pain distraction (VRQ_PD) as well as part III to report his/her post-VR pain status.

Experimental Paradigm

In this study, the active and passive modes were extracted from our previous study for comparison.'* To avoid the carry-
over effect, the interval between each mode was at least 1 day (24 hours). The active mode requires the participant to
wield a pair of glowing sabers, slashing a stream of approaching blocks in sync with the song’s beats and notes. Whereas
in the passive mode, the participants were required to listen to the music only, with eyes closed and physical motion
absent.

1096  hees Journal of Pain Research 2025:18



Deng et al

The three components of this block study design are the 30-second rest, the 190-second VR task, and the 60-second
recovery. Participants were required to remain motionless for 30 seconds while closing their eyes and counting upwards
from 1 to 30 seconds. During the 190-second task session, participants were required to follow the interactive guidelines
to interact with the VR gaming task: Beat Saber (Beat Games, Czech). At the end, there was a 60-second recovery period.
Again, participants were required to remain motionless while counting onward from 1 to 60 seconds while keeping their
eyes closed. Throughout each experimental session, the task was performed under continuous electrical stimulation.

fNIRS Measurement

The participant was required to stand comfortably in the laboratory room, with the HMD headset (HTC VIVE Cosmos,
HTC/Valve Co.) and the fNIRS cap fixed over his/her head (Figure 1A and B). The 44-channel distribution (18 emission
sources, 16 detectors, source-detector separation distance: 3cm) was arranged over the frontal, parietal, temporal and
occipital regions, with a brain map displayed in Figure 2."* A portable and multi-channel near-infrared optical imaging
system (NirSmart-6000A, Danyang Huichuang Medical Equipment Co., Ltd., China) was used for observing the
hemodynamic response (Sampling frequency: 11Hz, wavelengths: 850mm and 760mm) (Figure 1C). An electric stimuli
equipment (YRKJ-F1002, Yirui Co. Ltd., China) was used to generate the noxious stimuli equivalent of 4/10 subjectively
reported via visual analog scale (VAS), with two electrical pads placed at the subject’s lumbar L5/S1 level (frequency
rate: 1Hz, frequency width: 1ms) (Figure 1A and D).

fNIRS Data Pre-Processing
The NIRspark (Version 1.7.3, Huichuang, China) based on Matlab (MathWorks, Natick) was used to analyze the
experimental data collected by fNIRS. The data was pre-processed in the following steps:

Figure | Experimental setup. (A) The scenario of real world; (B) Portable and multi-channel near infrared optical imaging system (NirSmart-6000A, Danyang Huichuang Medical
Equipment Co.,, Ltd., China); (C) HMD headset and controllers (HTC VIVE Cosmos, HTC/Valve Co).; (D) Electric stimuli device (YRK]J-FI1002, Yirui Co. Ltd., China).
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‘ Source

‘ Detector

Figure 2 Channel distribution of the brain map.'?

(O Elimination of data correction for motion artifact by spline interpolation: A 0.5-second time window was used.
Semi-auto detection was used to identify signals that changed more than six standard deviations (std_thr > 6) or
0.5 amplitudes (amp_thr > 0.5) during the entire time series as motion artifacts (MA).'* Spline interpolation was
taken for data correction to correct the pre-localized artifacts only. Illustration of before and after removal of
motion artifact was demonstrated in Figure 3A and B. For every segment xMA k(t), the spline interpolation
function xS,k(t) is subtracted from xMA k(t). The denoised segment is represented by the difference, which is
recorded in xD,k(t). The signal that x(t) is:

Optical Density
Optical Density

50 II‘JD 150 20 250
Time(s)

A

Figure 3 lllustration of data correction for motion artifact. (A) Before removal of motion artifact, (B) After removal of motion artifact.
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x(t) = {xak,l (l‘),XD’l (t),xnk,z(t),xm(t), ...,xok’L(t)7xD,L(t)}

(@Data conversion from raw light intensity to optical density: Oxyhemoglobin (HbO) and deoxyhemoglobin (HbR)
concentrations were obtained from the optical density using the Beer-Lambert Law.

(3 Band-pass filtering with a frequency range of 0.01-0.2 Hz retained: To eliminate low oscillations from the fNIRS
signal, such as respiratory and heart frequencies, the raw data were digitally filtered in the band-pass 0.01-0.2 Hz
range.

(®)Acquiring the hemodynamic response function (HRF) through the block paradigm’s superimposition and averaging:
The hemodynamic response function (HRF) was calibrated to have an initial time of —32 seconds and an end time
of 30 seconds (where the reserved baseline state was defined as “-32 to —30s” and the single block paradigm as “-30
to 30s”). To get an average result, the HbO concentrations for each individual were superimposed and averaged
across channels.

(® Using the Generalized Linear Model (GLM), the highlighted value (task-rest difference) and B values are
calculated as follows:

Y:Xﬂ+ S,X c RNXM,ﬂ c RMXL

p=XY, X = (XX)'XT

where B € RMxL (where L is the number of measurement channels) represents the relevant response signal strength for
either HbO2 or HbR parameters, and X € RNxM indicates the design matrix (where M is the number of data points
during the recording period and N is the number of B dimensions).

Statistical Analysis

The outcome of active and passive modes in our previous study was extracted for further analysis and comparison.'
SPSS (V24.0, IBM, USA) was utilized for statistical analysis, while GraphPad Prism 8 and the NirSpark software
program were used to generate the figures and graphs. To control for the false discovery rate (FDR) in multiple

3

comparisons, we used the Benjamini—-Hochberg method, with the adjusted p-values calculated using the formula:

) i
p(i) < —-q
where p represents the smallest p-value in the ordered list, i represents the rank of p(i) in the sorted list, m represents the
total number of hypotheses tested and q indicates the desired level of FDR.

The data normality was checked by the Shapiro—Wilk test. Multiple paired #-tests by false discovery rate (FDR) (p <
0.05) were performed to assess cortical activation and functional connectivity between two modes across various ROIs/
channels. The association between VRQ items and cortical activation was investigated using Spearman’s rho correlation

test.

Results

Demographic Characteristics
As was shown in Table 1, there were 15 right-hand dominant participants, including 4 male and 11 female subjects
(average age: 21.93+.59 years) who were enrolled, with no one dropping out throughout the experiment. The mean
intensity of electrical stimuli was 23.67+5.69 mA in the active mode and 24.534+5.19 mA in the passive mode,
respectively (t=—1.65, p=0.12). Under the consistent intensity of electric stimuli, participants subjectively reported 4/
10 via the VAS rating scale during the rest period in each mode, with a diagram in Figure 4 presented in our previous
study.'?

During VR task period, a better analgesic effect was found in the active mode (VAS: 2.33/10) compared to the passive
mode (VAS: 3.73/10) (t=3.572, p<0.001). In addition, a higher level of attention (t=3.26, p=0.003), immersion (t=4.584,
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Table | Descriptive Characteristics'>

Demographics

N 15

Age (year): Mean * SD 21.93+£.59

Gender (Male/Female, N) 4/11

Hand dominance (Left/Right) 0/15

Electric stimulus intensity AM PM t p value
(mA): mean = SD 23.67 £5.69 | 2453 £5.19 | —1.65 0.12
VRQ Items AM PM p value
VRQ_Pain 2.33£1.23 3.73+.88 3.572 | o0.001*
VRQ_Attention 7.87£2.42 4.93+2.19 3.26 0.003*
VRQ_Immersion 8.73£1.39 4.87+2.67 4.584 | <0.001*
VRQ_Pain Distraction 6.53+3.36 4.73x24 2.365 | 0.025%

Note: *p<0.05.
Abbreviations: VRQ, VR questionnaire; SD, standard deviation; AM, active mode; PM, passive
mode.

p<0.001) and pain distraction (t=2.365, p=0.025) were overall reported in the active mode compared to the passive mode
(Table 1 and Figure 4).

Cortical Activation and Its Correlation with VRQ Items
The cortical activation among different brain regions of interest (ROI) associated with its corresponding channels (CH)
and Broadman area (BA) in line with the coordinates of Montreal Neurological Institute and Hospital (MNI) between
active and passive modes was described in Table 2, Figure 5A and B respectively. By comparing the two modes,
significant difference was found in the visual-sensorimotor cortical area, including left dorsolateral prefrontal cortex
(LDLPFC [CH16], t=3.05, p=0.005), right dorsolateral prefrontal cortex (RDLPFC [CH14, 15 and 24], t=2.49, p=0.019),
left occipital lobe (LOL [CH20-22, 27 and 28], t=0.399, p<0.001), left premotor cortex (LPMC [CH 11 and 17], t=3.31,
p=0.003) and left somatosensory cortex (LSI[CHS and 12], t=2.59, p=0.015) (Table 2, Figure 5A and B). No significant
difference was found in the superior temporal gyrus (STG) at both hemispheres (t=0.23 to 1.1, p=0.28 to 0.82).

On the other hand, Figure 6A and B delineated the correlations between ROI and VRQ items in the active and passive
modes, respectively. In the active mode, significant correlations were found between pain level (VRQ _P) and right

15- VR Questionnaire
Il Active Mode

P=.003* P<.001* P=.025* Em Passive Mode
r—1 r—1 r—1

VRQ Score

VRQ_P VRQ_A VRQ_Imm VRQ_PD

Figure 4 VR questionnaire between active and passive modes. *p<0.05.
Abbreviations: VRQ_P, pain level; VRQ_A, attention; VRQ_Imm, immersion; VRQ_PD, pain distraction.
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Table 2 Cortical Activation Between Active and Passive Modes

ROI BA Anatomical Label CH MNI Coordinates Cortical Activation T p-FDR
X Y z AM PM
LDLPFC 9 Dorsolateral prefrontal cortex 16 | 1245 | —3.15 | 1575 | 0.10£0.13 —0.03+ 0.1l | 3.05 | 0.005*
RDLPFC 9 Dorsolateral prefrontal cortex 24 147 | —4.65 6.8 0.07 £0.14 | —0.04+ 0.07 | 249 | 0.019*
LOL 18 V2 14 1.25 -9.2 14.55 | 0.05 £0.09 | —0.05+£0.10 | 3.99 | <0.001*
17,18,19 | VI, V2, V3 15 32 -10.9 | 1445
19 V3 20 | 5.65 | —12.05 | 14.05
18 V2 21 0.85 -9.7 13.6
17 4 22 2.8 -11.4 13.5
ROL 19 V3 27 72 | —1335 | 845 | 0.07+0.07 —0.04+0.09 | 1.96 0.06
17 \ 28 | 425 | —1285 | 77
17 \ 29 | 275 | —11.65 | 6.05
18 V2 34 5.4 —-12. 6.75
17,18,19 | VI,V2,V3 35 39 -11.6 5.1
LMI 4 Primary motor cortex 13 1.3 —6.1 16.15 | 0.1%0.11 —0.05+0.11 3.66 | 0.001%*
4 Primary motor cortex 19 1.6 -82 15.25
RMI 4 Primary motor cortex 25 13.45 -9.3 84 0.02+0.1 —0.02+0.15 | 0.74 0.46
4 Primary motor cortex 30 13.7 =77 6.75
LPMC 6 Pre-motor and supplementary motor I 10.8 -39 16.8 0.08+0.09 —0.04+0.08 | 3.31 | 0.003*
cortex
6 Pre-motor and supplementary motor 17 | 1295 | -5.35 15.1
cortex
RPMC 6 Pre-motor and supplementary motor 23 14.75 | —6.45 83 0.03+0.07 —0.02+0.12 1.64 0.11
cortex
6 Pre-motor and supplementary motor 31 13.65 -59 5.25
cortex
LSI 2 Primary somatosensory cortex 8 6.7 =5.1 17.25 | 0.06+0.05 —0.02+0.08 | 2.59 | 0.015*
I,2,3 | Primary somatosensory cortex 12 9.3 —6.8 16.95
RSI | Primary somatosensory cortex 32 12.3 -8.8 5.35 0.060.11 —0.01+0.14 1.58 0.13
2 Primary somatosensory cortex 40 10.1 —7.45 3.25
LSTG 22 Superior temporal gyrus 3 6.15 | —3.05 17 0.09+0.14 —0.04+0.18 | 0.23 0.82
RSTG 22 Superior temporal gyrus 42 9.45 -5 27 0.04+0.08 0.000.1 1.1 0.28

Note: *p<0.05.

Abbreviations: ROI, region of interest; BA, Brodmann area; CH, channel; MNI, Montreal Neurological Institute and Hospital (MNI); AM, active mode; PM, passive mode;
FDR, false discovery rate; LDLPFC, left dorsal lateral prefrontal cortex; RDLPFC, right dorsal lateral prefrontal cortex; LOL, left occipital lobe; ROL, right occipital lobe;
LM, left primary motor cortex; RMI, right primary motor cortex; LPMC, left premotor cortex; RPMC, right premotor cortex; LS|, left primary somatosensory cortex;
RS, right primary somatosensory cortex; LSTG, left superior temporal gyrus; RSTG, right superior temporal gyrus; VI, primary visual cortex; V2, visual association cortex
2; V3, visual association cortex 3.

primary motor cortex (RM1, r=0.595, p=0.022) and right premotor cortex (RPMC, r=0.547, p=0.038), respectively. It
was also found that immersion (VRQ Imm) was significantly correlated with right occipital lobe (ROL, r=0.636,
p=0.013) associated with its corresponding CH 17 (r=0.276, p=0.043) and CH 19 (r=0.364, p=0.007) respectively.
Whereas in the passive mode, only pain level (VRQ_P) and channel 37 were found significantly correlated (r=0.608,
p=0.016).

Functional Connectivity

The findings are summarized in Tables 3 and 4 and visualized in Figures 7-9, which illustrate both the overall reduction
in connectivity and the specific connections affected. The mean functional connectivity in the active mode was
significantly lower (ROI-to-ROI: 0.34 + 0.137; CH-to-CH: 0.185 + 0.188) than that in the passive mode (ROI-to-ROI:
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Figure 5 Cortical activation between active and passive modes. (A) ROI, (B) Channel.
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VRQ_P RDLPFC LPMC RSTG VRQ_PVRQ_PD LOL LPMC RS1

A B

Figure 6 Heat map of correlation between cortical activation/channel and VRQ items. (A) Active mode, (B) Passive mode.

0.573 £+ 0.12; CH-to-CH: 0.415 + 0.195), indicating reduced connectivity strength during active engagement. This
reduction was observed across 17 channel pairs and 14 ROI pairs (CH: t = —4.64 to —3.53, p = 0.029 to 0.049; ROL: t =
—4.29 to —2.83, FDR-corrected p = 0.025 to 0.047).

Specifically, diminished functional connectivity between the primary somatosensory cortex (S1) and visual-motor-
auditory regions was evident. These included connections involving:

e Occipital lobe (OL): LS1-ROL (t = —2.93, p = 0.044); RS1-LOL (t = -2.78, p = 0.048).
e Premotor cortex (PMC): LSI-RPMC (t = =3.71, p = 0.033).
e Superior temporal gyrus (STG): LS1-LSTG (t = —2.83, p = 0.047); RS1-LSTG (t = —3.11, p = 0.04).

This reduced functional connectivity suggests that the visual-sensorimotor-auditory cortical regions in the active
mode exhibit increased local processing and engagement with the VR environment, leading to a diminished coupling
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Table 3 Channel-to-Channel Connectivity Strength Between Active and Passive Modes

CH to CH BA to BA Connectivity Strength | Connectivity Strength t p-FDR | Connectivity
AM PM
3~6 22 to 44 0.2+0.47 0.58+0.29 -3.71 | 0.046* Decreased
3~9 22 to 40 0.06+0.42 0.54+0.4 —3.74 | 0.046* Decreased
3~39 22 to 40 0.09+£0.42 0.54+0.33 —4.04 | 0.037* Decreased
4~10 48 to 3 —0.21£0.51 0.37£0.39 -3.75 | 0.046* Decreased
4~30 48 to 4/6 —0.23£0.35 0.2+0.4 —4.08 | 0.037* Decreased
5~32 43to 14 —0.131£0.47 0.54+0.37 —437 | 0.03* Decreased
15~41 18/19 to 21/22 —0.003+0.38 0.46+0.3 —3.73 | 0.046* Decreased
16~19 6/8/9 to 4 0.37£0.34 0.73£0.28 —3.58 | 0.049* Decreased
19~36 4 to 44 0.25+0.48 0.65+0.22 —3.53 | 0.049* Decreased
19~41 4 to 22 —0.1£0.32 0.33£0.33 —4.3 0.03* Decreased
25~37 4t06 0.17+0.38 0.47+0.31 —3.53 | 0.049* Decreased
25~39 4 to 40 0.28+0.44 0.6310.26 —3.53 | 0.049* Decreased
25~41 4 to 22 —0.01£0.38 0.38+0.37 -3.91 | 0.039* Decreased
26~41 1/2/3 to 22 —0.01£0.38 0.46+0.36 —3.66 | 0.046* Decreased
28~44 17 to 20/21 —0.01+£0.48 0.48+0.43 —3.63 | 0.048* Decreased
31~41 6to 22 0.003+0.48 0.5+0.37 —4.36 | 0.029* Decreased
36~39 44 to 40 0.25+0.39 0.74+0.17 —4.64 | 0.029* Decreased
Note: *p<0.05.
Abbreviations: CH, channel; BA, Brodmann area; AM, active mode; PM, passive mode; FDR, false discovery rate.
Table 4 ROI-to-ROI Connectivity Strength Between Active and Passive Modes
ROI to ROI CH to CH Connectivity Strength | Connectivity Strength t p-FDR | Connectivity
AM PM
LDLPFC~LOL 16 to 14/15/20/21/22 0.2940.33 0.65+0.24 -3.62 | 0.033* decreased
RDLPFC~LOL 24 to 14/15/20/21/22 0.35+0.28 0.65+0.2 —3.36 | 0.034* decreased
RDLPFC~ROL 24 to 27/28/29 0.310.3 0.57+0.32 —2.98 | 0.044* decreased
RDLPFC~LMI 27/28/29 to 13/19 0.4310.33 0.79+0.16 —4.29 | 0.025* decreased
LOL~LMI 14/15/20/21/22 to 13/19 0.374£0.24 0.65+0.27 —3.56 | 0.033* decreased
LOL~LPMC 14/15/20/21/22 to 1 1/17 0.35+0.26 0.63+0.23 =-3.1 0.04%* decreased
LOL~RSI 14/15/20/21/22to 3 0.31+£0.24 0.56+0.26 —2.78 | 0.048* decreased
LOL~LSTG 14/15/20/21/22 to 42 0.058+0.34 0.41+0.3 —3.06 | 0.04* decreased
ROL~LSI 27/28/29 to 12/26 0.35£0.22 0.542+0.3 —2.93 | 0.044* decreased
RMI~RPMC 33 to 31/37 0.42+0.31 0.74+0.25 —2.92 | 0.044* decreased
LPMC~RPMC 11717 to 31/37 0.37+£0.26 0.68+0.2 —3.28 | 0.036* decreased
RPMC~LSI 31/37 to 12/26 0.37£0.27 0.66+0.24 -3.71 | 0.033* decreased
LSI~LSTG 12/26 to 3 0.11£0.45 0.48+0.3 —2.83 | 0.047* decreased
RSI~LSTG 32/40 to 3 0.11+0.4 0.52+0.3 -3.11 0.04%* decreased

Note: *p<0.05;

Abbreviations: ROI, Region of interest; CH, channel; AM, active mode; PM, passive mode; FDR, false discovery rate; LDLPFC, left dorsal lateral prefrontal
cortex; RDLPFC, right dorsal lateral prefrontal cortex; LOL, left occipital lobe; ROL, right occipital lobe; LMI, left primary motor cortex; RMI, right primary
motor cortex; LPMC, left premotor cortex; RPMC, right premotor cortex; LSI, left primary somatosensory cortex; RSI, right primary somatosensory cortex;
LSTG, left superior temporal gyrus, RSTG, right superior temporal gyrus

with S1. This decoupling likely disrupts ascending pain signals to S1, thereby contributing to analgesic effects. By

contrast, in the passive mode, stronger connectivity might reflect less engagement and a greater reliance on sensory

inputs, allowing more pain-related signals to reach SI.
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Figure 7 Connectivity strength between active and passive modes (CHs). (A) Active mode, fc= 0.185 +0.188), (B) Passive mode (fc= 0.415+0.195).
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Figure 8 Connectivity strength between active and passive modes (ROIs). (A). Active mode (fc= 0.34+0.137), (B) Passive mode (fc=0.573£0.12).

Figures 7-9
e Figure 7A, B, 8A and B display the overall functional connectivity patterns for active and passive modes,
demonstrating the interplay between regional activation and functional decoupling.
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Figure 9 Decreased functional connectivity. (A) Active mode demonstrated a lower mean ROI-to-ROI connectivity strength than passive mode (14 pairs, FDR-corrected
p p<0.05); (B) Active mode demonstrated a lower mean channel-to-channel connectivity strength than passive mode (17 pairs, FDR-corrected p p<0.05).

e Figure 9A and B focus on specific connections, such as S1’°s diminished connectivity with visual-motor-auditory
areas, highlighting significant ROI-to-ROI and CH-to-CH differences.

These findings align with the hypothesis that active VR engagement alters cortical networks to prioritize dynamic and
immersive processing, thereby diminishing pain perception.

Discussion
Previous researchers have examined the neural activities and correlations between brain cortices and neurochemistry as
well as the emotional, cognitive, and attention factors to understand the brain mechanism underneath VR-induced
analgesia." Unlike many prior studies that focus on either active or passive VR experiences with solely subjective
questionnaire, our study systematically compares active and passive modes in modulating pain perception using fNIRS,
suggesting that active VR reinforces sensorimotor cortical activations, which may play a dual role in pain modulation
through physical engagement and cognitive distraction. This dual mechanism provides a nuanced view that reconciles the
activation of sensorimotor regions associating an overall diminished functional connectivity with S1, offering novel
perspectives on how VR dynamically interacts with pain-processing networks. This finding was in accord with another
fNIRS study which examined the analgesic effectiveness of VR versus traditional mindfulness breathing exercises as an
analgesic, showing that VR-induced analgesia increases the visual-motor cortical activation while decreasing the
functional connection with S1.'3 Furthermore, successive studies of VR-induced analgesia using fMRI by Hoffman
et al repeatedly demonstrated brain activity increases in regions usually substantially engaged by experimental thermal
pain stimulation, which supported the subjective reported pain reduction.'®'® Additionally, an increased activity in the
anterior cingulate cortex (ACC) and orbito-frontal regions of the brain may coincide with a general decrease in activity in
the pain matrix.® It is speculated that the pain matrix at the cortical area can be modulated through a comprehensive
multi-sensory interaction with the virtual context.

In our experiment, the participants in the active mode were required to slash the virtual blocks in time with the heart-
pounding music. It requires judging the speed and direction of the fast-moving virtual blocks and mobilizing their arms at
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the right time, in the right direction, and to the right location. The analgesia occurs during this complex process, in which
pain is modulated through a reconciled process in sensorimotor and cognitive pathways, as evidenced by the increased
activity in the DLPFC, PMC, M, and S1 cortical areas. Recent fNIRS studies have shown that physical activities can
effectively reduce pain by modulating the motor-related brain region.'® ' On the other hand, a theory of pain attenuation
via cognitive distraction proposed by Bantick et al’s fMRI study, revealed a reduction in pain perception associated with
a general decline in BOLD signal during the cognitive distraction task, the Stroop test in the insula, thalamus,
hippocampus, and mid-cingulate region of the ACC.** Our findings indicate that the active VR mode can increase
sensorimotor activation, while a general decrease in pain-related brain activity may coexist because the two processes
may target different neural networks to generate analgesic effect. In other words, the elements of cognitive distraction
and physical engagement embedded in the VR context can work in tandem, resulting in a shift of brain activity from
pain-related brain regions to sensorimotor regions, thus inhibiting pain processing which aligns with and further
extending the existing findings in the VR-induced analgesia studies.®'

On the other hand, by correlating subjective pain ratings (VAS scores) with neural activity measures (eg, functional
connectivity and cortical activation patterns), our study bridges the gap between subjective and objective metrics of pain
modulation. This multimodal approach is underexplored in the current literature and adds robustness to the findings. We
discovered that in the active mode, there was a substantial correlation between immersion and OL, but not in the passive
mode. The OL was activated in the active mode because it required the participants to maintain eye tracking on the
moving blocks in the virtual context before precisely cutting the blocks under the active mode, in which a certain level of
visual attention is required. It is speculated that individuals may have experienced analgesia as a result of being
preoccupied with the rapidly moving virtual blocks. Whereas under the passive mode, the OL was not engaged since
the participants closed their eyes during the VR interactive process. Since immersion was found to be strongly connected
with both attention and pain distraction in the VRQ, it may suggest that the feeling of immersion can also aid in pain
relief. This method was analogous to those cognitive VR tasks that distracted users and reduced their experience of
discomfort, with consistent results obtained.?> %>

Not to mention, since the gaming rhythm was the same in both modes without blocking auditory processing, no
discernible difference in cortical activities of the STG was discovered between the two modes. Based on our experi-
mental design, we assumed that the visual-sensorimotor-auditory cortical area was involved in the active mode, while
only the auditory cortex was involved in the passive mode. Our finding was consistent with the assumption of our
experimental design. It further implies that a more comprehensive multisensory input within the virtual environment may
enhance the effectiveness of the analgesic effects of virtual reality.

In addition to the neural activities in the pain-related ROIs discussed above, we also looked into the functional
connectivity that was relevant to VR-induced analgesia to learn more about the brain mechanism involved. The visual-
sensorimotor-auditory ROIs showed a closer working relationship in the passive mode. On the other hand, in the active
mode, we saw fewer connections among those ROIs. The participants’ visual-sensorimotor-auditory cortical activa-
tions were reinforced by the dynamic and immersive virtual experience, depriving the S1 processing of ascending pain
inputs. Comparably, Hu et al’s fNIRS study also discovered that individuals with dissociated visual-auditory-DLPFC
and PMC areas had reduced pain sensitivity.'”> Another fMRI study similarly demonstrated that mediators with
dissociated executive and pain-relevant brain areas showed reduced pain sensitivity in a resting state.” It indicates
that a weaker connection between cortical pain-related areas and other areas may prevent the processing of pain.

While it is known that there is top-down modulation of pain signaling via modulating cortical activities and
connections by the VR task, there can be something beyond motor and cognitive factors that contribute to VR-
induced analgesia. A unique feature of VR which can discriminate it from the conventional approaches is that the
virtual context bears the ability to manipulate a far more intricate range of cognitive and affective states. In our
experimental scenario, before starting the VR task, the participants were first submerged in a surreal virtual setting
with a dark, high-tech background and soothing music, which helped to calm and relax them, successfully
separating them from the actual world. When the virtual reality game began, the participants were highly engaged
in a very dynamic environment with a heart-pounding pace, requiring them to slice the flying blocks in a mood of
excitement and concentration. Naturally, the interaction of the traditional mechanisms or something else entirely
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could be the source of VR-induced analgesia, in which all those personal (emotion, cognition, and motor) and
contextual (task loading, controllability, and rhythm) elements could contribute to pain alleviation.?’>°

There were some limitations in this study. The promising result can be biased as the enrolled subjects were all young
and healthy. Those brain ROIs we investigated also respond more or less to a range of aversive to non-aversive stimuli
and a wide range of task-driven attention, distraction, or affective conditions. The weight of the HMD headset and the
fNIRS cap over the scalp may generate some discomfort, yet it can be technically challenging to discriminate the painful
stimuli located at the scalp and the lumbar L4/L5 in those studied cortical ROIs. To reduce the influence, a period of 1-2
minutes for adaptation was provided when the devices were put on the scalp. On the other hand, to minimize the
statistical interference, semi-automatic detection, and reduction of movement artifacts, a popular data-processing method,
was performed based on moving standard deviation and spline interpolation.'* Nevertheless, based on our findings, it is
believed that a consistent and more eloquent result can be obtainable when a larger sample size with broader
representatives can be enrolled.

Conclusion

VR-induced analgesia occurs when the activities in the pain-related visual-sensorimotor-auditory cortical circuit are
augmented, which diminishes its functional connectivity with S1 and consequently weakens the pain processing in S1.
The distinction between active and passive VR modes has direct implications for tailoring VR interventions in clinical
settings. Our findings suggest that active VR may be particularly effective for engaging sensorimotor pathways, which
could inform rehabilitation strategies for conditions like chronic pain or motor impairments.
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