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Abstract

Background The growing popularity and affordability of immersive virtual reality (VR), as adjunctive non-pharmaco-
logical interventions (NPIs) for chronic pain, has resulted in increasing research, with mixed results of its effectiveness
reported. This randomized controlled superiority trial explored the effects of a home-based adjunctive 3D VR NPI

for chronic pain in cancer patients, compared to the same NPI experienced through a two-dimensional (2D) medium.

Methods The NPI used four different applications experienced for 30 min for six days a week at home for four weeks
using established cognitive distraction and mindfulness meditation techniques. Participants were randomly assigned
(N=110) into two arms: a VR group (n=57) where the NPI was delivered through a VR system, and a control group
(n=53) which used a computer screen for delivery. Participants were blinded to which arm of the study they were

in, and sequence of the NPl applications experienced was randomized. Primary outcomes of daily pre/post/during
exposure, and weekly average pain scores were assessed via the Visual Analog Scale (VAS) and the Short Form McGill
Pain Questionnaire (SF-MPQ), and secondary outcomes of weekly Quality of Life (SF-12), and sleep quality (Pittsburgh
Sleep Quality Index) were measured.

Results Findings indicate VR applications were not significantly superior to the 2D group, but both VR and control
NPIs provided clinically important pain reduction for participants when experiencing significant daily pain of a VAS > 4.
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Crystal Sun, Christopher Shaw and Elliott Cordingley contributed to this work.

This paper reports the results of a randomized controlled superiority trial
examining the effects of a home-based adjunctive virtual reality (VR) non-
pharmacological intervention (NPI) for chronic pain in cancer patients. This
randomized controlled superiority trial explored the effects of a home-based
adjunctive 3D VR NPI for chronic pain in cancer patients, compared to the
same NPl experienced through a two-dimensional (2D) medium. N=110.
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No significant adverse effects were encountered, although many of the participants in the VR group reported some
cybersickness in certain applications (VR group n=46 vs 2D group n=28).

Conclusions Overall, VR did not provide superiority as an NPI for pain relief compared to 2D computer-based appli-
cations. For those experiencing significant pain, cognitive distractive applications appeared superior for VR-based pain
reduction during exposure, whilst meditative applications supplied better pain relief post-exposure. Findings from this
trial support some clinical efficacy of home-based VR immersive experiences as NPIs for chronic cancer-related pain
but in this context the 2D computer-based applications demonstrated similar value.

Trial registration Clinicaltrials.gov, identifier NCT02995434, registered 2017-07-31.

Keywords Chronic pain, Virtual reality, Chronic pain, Cancer, Cognitive distraction and mindfulness meditation

Introduction

Background

Cancer survivorship has increased over the last two dec-
ades, and with advances in treatment this population is
expected to grow further worldwide [1, 2]. Chronic pain
remains the most common long-term effect, caused by
cancer or its associated treatments [3, 4], and can be mild
to severe [5]. Ongoing pain related to cancer, or its treat-
ment is often difficult to manage and causes substantial
suffering and disability. Patients often exhibit and endure
persistent pain which affects physical and psycho-social
health, impacting energy levels, cognitive and social
functioning, and sleep [6-9]. Despite existing pain treat-
ments, 40% of cancer survivors continue to experience
chronic pain [5, 10].

Non-pharmacological interventions (NPIs) as adjunc-
tive methods of pain control are of increasing interest
and relevance for clinical practice and research, espe-
cially with ongoing opioid crises worldwide [11]. NPIs
show promise for reducing cancer-related pain with few
adverse effects [12—14]. More recently, as a more immer-
sive medium, the use of immersive virtual reality (VR) as
an NPI has become an area of high impact research [15—
18]. A number of successes have been reported in the use
of VR for the treatment of acute pain, whilst evidence
of the value of its use for chronic cancer-related pain
and other forms of chronic pain continues to develop
[19-27].

Virtual reality is theorized to be more immersive than
conventional 2D computer-based multimedia due to sev-
eral factors. Firstly, VR headsets typically offer a wide
field of view and stereoscopic vision, which enhances
depth perception and spatial awareness within the vir-
tual environment. This allows users to perceive distances,
sizes, and spatial relationships more accurately, contrib-
uting to a greater sense of immersion [17, 18].

Secondly, VR provides a more comprehensive sen-
sory experience compared to 2D media in by supporting
multisensory engagement. As users can see their virtual
hands and actually manipulate materials in the VR world
(through VR hardware such as headsets and motion

controllers) this creates a more immersive and realistic
environment for users. In this way VR technologies and
the shutting out of any other visual stimulation create a
sense of "presence” for users, where they feel as if they are
physically present, of being there, within the virtual envi-
ronment [18, 20].

Overall, this combination sensory engagement, spatial
awareness and the resulting sense of presence are theo-
rized to make VR a more immersive medium than tradi-
tional 2D screen-based digital media.

The concept of pain distraction therapy has proven
interest in VR pain applications, particularly for acute
pain. Distraction therapy involves interventions that shift
a person’s attention away from the pain they are experi-
encing, to experiences that require greater information
processing [28, 29]. This can be a powerful moderator
of the pain experience, and active distractions, such as
playing a game or solving a puzzle, or passive distrac-
tions such as listening to music appear effective [29,
30]. The more engaging the activity, the more likely it
will distract attention from the pain experience, relegat-
ing pain to a less salient “background” of attention [31,
32]. VR technology offers a powerful distraction from
pain by immersing participants in computer-generated
three-dimensional (3D) environments that offer strong
sensory and perceptual engagement. Such environments
cognitively engage participants through activities such as
exploration of richly detailed and complex spaces, film-
like narratives or solving 3D puzzles, thereby drawing
attention away from pain signals and sensations and thus
actively reducing pain perception [33-35].

Similarly, mindfulness-based meditation for pain con-
trol has been used to refocus neurological activity by
greater activation of cortical and other regions, altering
the appraisal of nociceptor and other sensory stimuli and
increasing interoceptive awareness [36—40]. However,
despite over 40 years of scientific research, the nature,
mechanisms, and value of mindfulness techniques
remains controversial, and there is currently no univer-
sally accepted technical definition of ‘mindfulness’ [41-
43]. For the purpose of this work, VR-guided mindfulness
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meditation can be seen as a parallel NPI to VR distrac-
tion, in that both are used to neurologically mediate some
of the negative effects of pain by altering its perception.
As mindfulness is frequently promoted as a pain reduc-
tion technique in chronic pain and has been advocated in
several VR pain studies, [36—39, 44—46] it was selected as
a key technique for use here.

With the theorized advantages of immersive VR and
its growing exploration as a NPI in pain management, a
number of studies comparing the effects of VR immer-
sion to other media in various clinical chronic pain set-
tings have occurred [20-22, 24, 25, 27], and also for
chronic cancer-related pain, but with some mixed find-
ings [44—46].

Objectives

The primary aim of this RCT was to explore to what
extent VR computer-based applications were advanta-
geous for daily home-based chronic cancer-related pain
management, compared to equivalent applications expe-
rienced on two-dimensional (2D) computer screens. An
in-vivo experiment using a series of four different immer-
sive experiences each using a different computer-based
application for a week for 30 min a day was devised, and
the following primary null hypotheses were tested:

1. There is no difference between the reported daily
pain experiences of participants during or after expo-
sure to VR immersive environments, overall and
within four different VR immersive environments,
compared to the equivalent applications experienced
on a 2D computer screen.

2. There is no difference in self-reported weekly pain,
quality of life and sleep experiences of participants
exposed to different VR immersive environments
over the period of the study, compared to partici-
pants exposed to the equivalent applications experi-
enced on a 2D computer screen.

Secondly, the researchers also sought to explore if any
potential improvements beyond the immediate suppres-
sion of pain, such as improvements in quality of life, func-
tion or sleep were reported with the use of these NPIs.

Methods

Design

The study was a parallel two-arm (VR vs. non-VR control)
exploratory participant-blinded prospective RCT with 1:1
allocation (clinicaltrials.gov, TRN: NCT02995434, regis-
tered 2017—-07-31). It was primarily conducted with rolling
recruitment in British Columbia as well as Alberta, Ontario,
and Quebec between August 2017 and December 2022.

Page 3 of 22

Sample size

Sample size was determined by a power analysis to test
group differences in VAS pain intensity between two
arms. Due to limited recruitment feasibility, a third no
intervention arm was impractical, and the two arms
were considered sufficient to establish the impact of
VR as a discrete pain therapy. As reliable estimates of
expected effect size were unknown, and a standardized
approach to estimating power in mixed effects model-
ling studies has yet to emerge, the study was practically
powered to detect a medium effect (0.5 SD change).
This was considered a reasonable clinically meaningful
impact to obtain 80% power based on a repeated meas-
ures analysis of variance (RM ANOVA) with 2-tailed
alpha of 0.05 model [47]. Power calculated using the
G*Power application suggested a minimum sample size
of 100 participants (50 in each group) [48, 49].

Participants

Community-dwelling adults with cancer-related chronic
pain were recruited through postings in cancer clin-
ics, pain clinics, hospitals, support groups, support
networks (PainBC, People in Pain Network), physician
networks, social media, and the REACH BC research
volunteer website. Initial recruitment focused on BC.
Recruitment was expanded to Alberta in 2020 and Can-
ada-wide in 2022. The inclusion criteria were:

+ Aged>18, with a past or current diagnosis of cancer

« DPast or current treatment with standard cancer therapies

« Experiencing chronic pain (defined as ongoing daily
pain>3 months, with a self-reported daily pain
Numeric Rating Scale score >4 out of 10)

+ Able to understand the English language (read and
write)

+ Normal stereoscopic vision

+ Readily able to move head up, down, left, and right,
and able to wear a headset

+ Have fine motor control in one hand sufficient to
use a game controller

« Have space at home for a computer and monitor

People who self-reported having significant cognitive
issues, non-cancer-related pain, a history of seizures,
claustrophobia, or high susceptibility to motion-sick-
ness were excluded. All participants were paid a $400
honorarium upon completion of the study to compen-
sate them for their time.

Blinding
The study was single blinded as control and VR par-
ticipants were recruited in the same way, and the term
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"immersive multimedia" was used in all recruitment
and study materials rather than “VR” to blind par-
ticipants about the type of intervention they would
receive. Participants in the control arm were unaware
of the VR arm and vice versa. The research coordina-
tor and statistician analyzing the data were also blind
to allocation. Due to the nature of the intervention, the
research assistants responsible for setting up equip-
ment, training participants, and conducting technical
support were not blinded.

Intervention

The adjunctive NPI tested four separate computer-based
immersive applications using two established approaches
to chronic pain management using VR: cognitive distrac-
tion, and introspective mindfulness relaxation [20, 23,
36, 50, 51]. These independent interactive experiences
were selected so as to prevent boredom through repeti-
tion and expose participants to four different forms of VR
experience, rather than designed as a specific sequenced
program of therapy. They were delivered through either
a computer-based VR system, or a laptop in the 2D (con-
trol) group. The VR equipment consisted of an HTC
Vive (HTC, Taiwan) head mounted display (HMD) with
a resolution of 1080 x 1200 pixels per eye, and 110° field
of view at a 90 Hz refresh rate. Audio was delivered
through the Vive Deluxe Audio Strap high-fidelity ste-
reo headphones, and two hand controllers were used
for application interaction, movement and navigation
in the VR environment. Two infrared tracking modules
enable 6-degrees-of-freedom spatial motion tracking of
the HMD and controllers. The desktop computer run-
ning the VR system included hardware sufficient to run
all activities at the highest graphical settings available for
the applications. The non-immersive control group par-
ticipants received a 17” laptop with a mouse, an XBOX
game controller, and stereo headphones.

Two commercially available applications were used for
cognitive distraction interventions. Obduction (OB: Cyan
Ventures, Mead, USA) is a first-person adventure game
that involved exploring a strange new environment, solv-
ing puzzles, and uncovering mysteries.

The other was Cape Lucem—Seize the Light (CL: Appli-
cation Systems, Heidelberg, Germany), a VR puzzle game
that involved manipulating and redirecting light beams
in 3D space with different pieces to unlock objects. Par-
ticipants used hand controllers to move puzzle pieces.
CL was unavailable in a suitable format for laptop use, so
another geometric puzzle solving application was used
as a substitute for the control group, The Witness (WN:
Thekla, San Francisco, USA) which requires participants
to solve various maze-based puzzles. These applications
were not specifically designed for pain relief, but selected
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as powerfully engaging experiences that provide immer-
sive cognitive distraction.

Two mindfulness focused applications targeted at
introspective pain management were also used: the Vir-
tual Meditative Walk (VMW), and Wildflowers (WF;
Mobio Interactive).

The VMW involved moving along a forested path while
listening to a guided meditation for pain with accompa-
nying relaxing music [17, 38]. There were 3 meditations
in sequence, and participants were able to freely look
around as the participant was slowly moving along a
fixed curved path through the forest.

The WF application involved controlling a butterfly
from a third-person perspective to explore a peaceful
island. The participant could freely look around and con-
trol the butterfly’s flight path three dimensionally using
the controller. The application included locations for ten
guided meditations, location-specific relaxing sound-
scapes, and interactive musical sculptures. Both appli-
cations were adapted by the developers for use in this
project.

Outcomes

Data collection strategy

The data collection strategy was primarily designed
to account for individual pre/during/post exposure
changes in pain with the Visual Analogue Scale (VAS:
public domain) [52] and any weekly trend from the ini-
tial baseline using the Short Form McGill Pain Question-
naire (SE-MPQ: public domain) [53]. The secondary goal
was to explore in the Health Survey Short Form (SF-12:
Licensed from the Rand Corporation) [54] and Pitts-
burgh Sleep Quality Index (PSQI: public domain) [55]
over the four weeks to identify any cumulative trends in
these quality-of-life indicators from the initial baseline.

Primary outcomes
Daily pre, during and post intervention exposure pain
was assessed using the VAS. The VAS is a single item lin-
ear self-reported pain scale from no pain (0 mm) to worst
pain imaginable (100 mm). It was selected as a well-
established and validated subjective measure for acute
and chronic pain [52]. The measure has demonstrated
moderate-high correlation with the numeric pain fidel-
ity scale (correlation coefficient from 0.62-0.91) [56] and
high reliability (intraclass correlation coefficient=0.97
[57]. The clinically meaningful change for the VAS has
been shown to be between 9 and 12 mm; this study
adopted the convention of 10 mm as the minimum clini-
cally important difference (MCID) [58-60].

The SE-MPQ was used to assess for any pain trend from
the initial baseline at the end of each week. The measure
includes 15 items (rated not applicable, mild, moderate,
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severe) assessing sensory pain (11 items) and affec-
tive pain (4 items), as well as a weekly VAS component
scored out of 10 (VAS indicated at the time of the sur-
vey). Higher scores mean greater pain. This instrument
is also well-validated and established in clinical use [53]
and has demonstrated good sensitivity to change over
time in chronic cancer pain [61]. A MCID has not been
established for the SE-MPQ, although a clinically impor-
tant change (CIC) has been identified as a mean total
score of > 5 out of the total of 55 [62—64]. Its use here was
designed to examine trends over the 4-week period of the
RCT. A brief end of trial RCT descriptive survey was also
completed by participants asking if they found any ongo-
ing pain relief after NPI use (and if so, and for how long),
if they reduced their pain medication requirements, or if
they were helped in other ways not captured.

Secondary outcomes

The SF-12 was used as a self-reported outcome measure
assessing health-related quality of life at the end of each
week, and any trends from initial baseline. It includes 12
items with binary response items and 3—-6-point Likert
items. The SF-12 is scored using proprietary software to
generate a physical composite (PCS) and mental com-
posite (MCS) health scores ranged 0-100, with scores
above or below 50 indicating greater or poorer health
than normative mean, respectively. The measure has
demonstrated validity (internal consistency opcg;,=0.89;
Opcsio=0.88) and reliability (Interclass correlation:
ICCpcg1,=0.82; ICCyy51,=0.73) in a sample of 420 adult
cancer patients [54]. MCID is smaller in patients with
longer pain duration and better baseline quality of life,
and so based on prior medical studies a MCID >3.77 in
the MCS and > 3.29 in PCS were adopted as clinically rel-
evant for this study [65, 66].

Similarly, the Pittsburgh Sleep Quality Index (PSQI)
was used as a self-reported outcome measure assessing
sleep quality at the end of each week [55, 67]. The meas-
ure includes 19 items asking about sleep schedule, dura-
tion, disruption frequency (4-point Likert scale), and
quality (4-point Likert scale). Scores range from 0-21,
with higher scores indicating worse sleep quality. The
PSQI has demonstrated validity in cancer patients with
Cronbach’s alpha ranging from 0.77-0.81 [68]. Estimates
for the MCID for the PSQI index score range from 1.3 to
4.4 [69].

Potential moderator and exploratory outcomes

As no suitable tool was available when the RCT com-
menced including both audio-visual fidelity immer-
sion and presence as characteristics, a simple 28-item
immersion and presence survey instrument was devel-
oped based upon prior work exploring immersive
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fidelity (quality of audio-visual representation on sense
of immersion in the environment) and presence (sense
of dislocation from the real world and being present in a
virtual world) [70-74]. Items used 5-point Likert scales,
with two global items assessing immersion and presence
on 10-point Likert scales. This survey incorporated the
previously validated Immersion Experience Question-
naire (IEQ) [75] and was administered at the end of each
week of the trial. Potential moderator demographic varia-
bles were also collected including age, gender and type of
cancer. Any reported cybersickness (VR-induced motion
sickness) was also recorded at this time by participants
weekly on a 5-point Likert scale, with an option to add
comments [76-78].

Randomization

Applicants were screened for eligibility and assigned a
participant ID by the research coordinator. The research
assistant responsible for equipment setup would then
determine the participant’s group from the assignment
sheet. Participants were randomly assigned to either the
VR or control group in blocks of 12 using a Latin Square
design assignment sheet prepared by a professional statis-
tician. Each block of 12 included six unique permutations
for order of the NPI applications used to effectively rand-
omize allocation and avoid sequencing effects (Fig. 1).

Procedure

During the trial, each participant engaged in a daily
30-min immersive media therapy session in their own
homes, either as a VR activity or a screen-based laptop
activity for the control group. In associated literature
using VR or hypnosis for chronic pain it has been dem-
onstrated that studies utilizing interventions comprised
of 6-12 sessions can result in significant improvements
in pain control and outcomes [24, 79, 80]. It is reasonable
to compare hypnosis as a similar NPI with regard to its
effect on pain, as it appears to alter the central processing
and appraisal of pain in a similar manner. Additionally,
studies that described positive results of hypnotherapy,
guided imagery meditation, mindfulness and VR for pain
frequently report 8-12 sessions of exposure between
30-40 min [79, 80]. Given this, an exposure to 24 thera-
peutic sessions of 30 min duration was considered ade-
quate to establish if any clinical effects of VR in chronic
pain reduction were evident [24, 79-82]. Additionally
prior pilot work and manufacturers guidelines for length
of exposure suggest 30 min exposure duration was suit-
able [23].

The NPI was used six days per week for one month,
using one of four different applications (one per week)
in sequence, with a one-day rest period at the end of
the week before changeover to the next application
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Fig. 1 Participant Randomization and Activity Sequence. CL.=Carpe Lucem; OB=0Obduction; MW =Virtual Meditative Walk; WF =Wildflowers;

WN=The Witness

(providing 12 h of total NPI exposure over the month).
Equipment was initially set up in the participant’s own
home at the start of the month with orientation and
training involving a detailed overview of the study,
instruction and provision of a data collection binder
with daily and weekly measures, as well as familiariza-
tion with equipment and applications. The binder was
sectioned into each week, with daily sheets including
instructions to record the time spent each day, and
their pre, during, and post exposure VAS pain scores.
To avoid the effects of interrupting the immersive
activity, participants completed their “during” VAS
pain score immediately after their daily session by

“thinking back to somewhere in the middle of your ses-
sion and recalling your pain at that time.” This approach
had been demonstrated as a practical solution to this
issue in a pilot study [23]. Participants were supplied a
timer they were asked to set for 30-min. Data collec-
tion was self-reported. At the end of each week, par-
ticipants also completed the SE-MPQ, SF-12, PSI, and
the Immersion/Presence survey, including cybersick-
ness fidelity and any deviations from the procedures.
The end-of-study questionnaire included the option to
add comments on how useful they found the NPI over-
all and any other thoughts they wished to record about
the therapy.
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Practical support was provided through simple instruc-
tional materials and walkthroughs for the four different
applications. A help service by phone, email or telecon-
ferencing (with remote desktop computer access) was
also provided for participants to contact a research assis-
tant for technical support or any other issues they met
during the trial. Participants were encouraged to contact
them if anything seemed problematic or if they felt stuck.

Statistical analysis

A first exploration of all outcomes across all partici-
pants was undertaken, using an intention to treat analy-
sis (where all participants were included in the statistical
analysis and analyzed according to the group they were
assigned, regardless of individual changes in protocol).
For the primary outcomes of interest, a minimum clini-
cally important difference (MCID) of 10 mm on the VAS
scale was adopted.

Linear mixed effects modelling was used to establish
whether there were differences in the outcomes of inter-
est between the VR and control groups. Patient-level
random intercepts were considered to account for the
repeated outcome measures. Interaction terms of par-
ticipant exposure (VR or non-VR) and time (before, dur-
ing and after for daily outcomes and by week for weekly
outcomes) were included in each model and used to
ascertain whether changes in the outcomes of inter-
est from baseline—before each activity for the daily and
before exposure to NPI for the weekly outcomes and at
specific time points — during and after each activity for
the daily and at day six for the weekly outcome measures
— were different between the VR and non-VR groups.
Baseline demographic characteristics and duration of
exposure to each environment for the daily outcomes
were considered for adjustment in the full models. Terms
were sequentially removed from the full models if their
exclusion did not affect model fit. Reduced models were
compared to full models using the Akaike Information
Criteria (AIC) and those with the lower values were iden-
tified as the final models for each outcome. The AIC cri-
terion, unlike other criteria, favours reduced models as it
penalizes complex models with more parameters, thereby
discouraging model overfitting. Using the final models,
adjusted values of each outcome per group were esti-
mated and presented as mean summaries with standard
errors as a measure of dispersion. The 95% confidence
interval (CI) of the fixed effects were estimated using the
bootstrapping method and graphical plots of residuals
and fitted values were used to determine whether nor-
mality and constant variance assumptions were met. To
explore potential correlations between video and audio
fidelity, and cyber sickness between applications in the
immersion survey a two-sample t-test was also used. All
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analyses were conducted using R statistical software in
which the Ime4 package [83] was used to fit the mixed
effects models, emmeans package [84] was used to calcu-
late the adjusted outcome values and the pbkrtest pack-
age [85] to calculate the 95%CI.

COVID-19 pandemic study modifications

Due to the global COVID-19 pandemic, the study was
paused completely at three separate times between March
2020 to February 2022 due to the need to follow ongoing
public health and safety requirements. The study was ini-
tially restarted with modified protocols to minimize phys-
ical contact and ensure safety according to public health
and REB guidelines. However, in January 2022, to main-
tain falling recruitment, the set-up protocol was modified
to be completely remote, which also allowed participants
form outside of BC to take part, and so recruitment was
expanded to include cancer support centres across Can-
ada. Participants were shipped all study equipment and
were asked to view a brief tutorial video on how to set
it up beforehand. Once the participants received their
equipment, a research assistant helped them conduct the
set-up and orientation via teleconference.

Results

Participant characteristics

A total of 110 participants were recruited for this study:
100 from BC, 2 from Alberta, 7 from Ontario, and 1 from
Quebec. A total of 10 participants discontinued par-
ticipation within the first week due to time commitment
(n=5), changes in medication (n=2), change in interest
(n=2), and cybersickness (n=1). Figure 2 depicts the
patient flow through the study, and Table 1 shows the
overall participant characteristics.

Of the 100 participants from whom baseline data were
collected, one chose not to disclose sex and gender, while
the remaining participants were all cisgender with the
majority being female (69%) overall and in both groups.
Participants in the VR group were similar in age to those
in the control group (Table 1). Many participants (7 =69)
had prior computer-gaming experience with more in the
VR group reporting slightly more gaming experience
than the control group. Table 1 shows the most common
cancer type was breast cancer, followed by lymphoma in
both groups, while other types represented by <5 partici-
pants per group included cancers such as kidney cancer,
melanoma, among others. The majority (n=85) of par-
ticipants overall and in both groups also reported other
conditions besides cancer and its treatment that con-
tributed to their pain history, and most were using pain
medication, especially prescription medications. Nearly
all participants engaged in other NPI activities for pain
management (Table 1).
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Assessed for eligibility

n =188
Excluded: n =78
¢ Criteriaunmet: n =42
* No longer interested: n =36
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n=110

Experimental Group: n =57

* Received VR: n =57

* Discontinued intervention: n=7
* Other commitments: n =4
* Change in interest: n =2
* Cybersickness: n=1

Analysed: n =50
¢ Excluded from analysis:n=7
* Completed < one week: n=7

Fig.2 CONSORT Participant Flow Diagram

Effects of VR interventions on participants with chronic
cancer-related pain

VAS daily pain outcomes

The data exploration demonstrated highly varied pain
experiences by many participants throughout the trial,
with many beginning their daily activity with pain below
a 40 mm VAS score, or even with zero pain on some
days. As assessment of an NPI for pain on days when
participants reported none is problematic, a sub-group
analysis was also undertaken excluding data from par-
ticipants whose pre-exposure VAS score was less than
40 mm on that day, to compare effects of the VR NPI
on participants who were experiencing more substantial
pain at the time.

Across all activities, for all participants the mean
change in VAS from pre to during NPI exposure was
-7.3+9.5 mm in the control group and -8.8 7.4 mm
in the VR group; these changes ranged from a mean
weekly decrease of -43.5 mm to a mean weekly
increase of +13.3 mm in the control group and -30.9
to+4.2 mm in the VR group. The mean VAS changes
from pre to post was -8.0+12.4 mm (range -43.9 mm

| Allocation |

! Analysis i

Control Group: n =53

* Received 2D Screen: n =53

* Discontinued intervention: n =3
* Change in medication: n =2
* Other commitments:n=1

Analysed: n =50
* Excluded from analysis: n =3
* Completed < one week: n=3

to+18.5 mm) and -7.4+9.2 mm (range -33.7 mm
to+12.0 mm) in the control and VR groups respec-
tively Typically, there was a split between participants
finding the VR or control NPIs effective or ineffective
in all applications (Fig. 3).

In total, 43 VR participants and 37 control partici-
pants reported clinically meaningful pain reduction
(VAS decrease > 10 mm) on average for at least 1 week,
either during or immediately after NPI exposure. We
grouped participants according to whether they expe-
rienced meaningful pain reduction during only medi-
tative activities (for either one or both meditative
activities), only cognitive activities (one or both), a mix-
ture (at least one meditative and one cognitive), all four
activities, or for none of the activities (Table 2). The
control group had nearly double the number of partici-
pants who did not experience clinically meaningful pain
reduction (n=13 vs n=7). While both groups showed
similar numbers of participants who responded to
meditative only, or both meditative and cognitive, the
VR group had more participants respond only to cogni-
tive activities compared to control (n=19 vs n=7).
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Table 1 Participants demographic and baseline characteristics

Characteristic Total VR Control
n=100 n=50 n=50in terms of
Sex?
Female 69 (69%) 33(67%) 36 (72%)
Male 30(30%) 16(33%) 14 (28%)
Age in Years© 56.9(12.0) 555(13.5) 583(10.2)
Gaming Experience 69 (69%) 37 (74%) 32 (64%)
Cancer Type (n>5)
Breast 31 15 16
Colon 6 4 2
Lung 7 3 4
Lymphoma 16 7 9
Multiple Myeloma 8 4 4
Prostate 7 4 3
Other Chronic Pain 59 (59%) 29 (58%) 30 (60%)
History®
Pain Medication®
None 15(15%) 9 (18%) 6 (12%)
Over-the-counter medica- 22 (22%) 10 12
tions
Prescription medications 63 (63%) 31 32
Other NPI Pain 96 (96%) 48 48
Management®?
?n (%)
b Any other reported NPI used, e.g., massage
€Mean (SD)

VAS daily pain scores during and post exposure

Only during exposure, reductions in pain for the cogni-
tive applications (OB, CL) amongst participants in the
VR group were clinically meaningful (-13.16 mm, 1.08SE
and -12.37 mm, 1.14SE: Table 3). The VR group post-
exposure mean scores overall, and for these cognitive
applications, showed a reduction from during exposure
mean scores, whilst the meditative applications (VMW
and WF) demonstrated the opposite trend in the VR
group where post exposure mean VAS scores were higher
than during exposure (Table 3).

There were no clinically meaningful improvements
overall or for any applications in the control group,
although they approached clinical significance during
exposure mean scores for the cognitive applications WN
and OB (Table 3). In the control group, during exposure
pain reduction was also somewhat better for the cognitive
applications than the meditative applications (Table 3).
Notably, in the control group, the post-exposure reduc-
tions in mean pain scores were higher than during expo-
sure in the meditative applications, approaching clinical
significance for the VMW (-9.51, 1.03SE).

The VR group showed a moderately superior perfor-
mance in pain reduction compared to the control group
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for the cognitive applications (>10 mm vs<10 mm
reduction), but overall, there was no evidence of statis-
tically significant differences between the VR and con-
trol group performance, as mean score differentials were
marginal.

The sub-group analysis of those with a VAS baseline
of >40 mm (substantial pain on the day) revealed more
nuanced results (Table 4). The reductions in mean pain
scores during exposure sessions among participants in
the VR group were also clinically meaningful overall
and for all activities (from -10.13, 1.33SE to 14.55 mm,
1.35S) except the VMW. The post exposure VR group
data showed that overall, and in the cognitive OB and
WEF application mean scores, clinically meaningful
pain reduction was evident (from -10.42 mm, 0.72SE to
—11.11 mm, 1.35SE). Also, that the meditative VMW and
WN applications approached clinical significance. Simi-
lar to the complete sample analysis, the post exposure
scores in the VR group were lower than that achieved
during exposure for the cognitive applications, whilst the
meditative applications showed the opposite.

In the control group, the pain reduction amongst par-
ticipants during exposure, and post-exposure overall and
for all applications also showed clinically meaningful
improvements (from -10.99 mm, 1.25SE to —15.46 mm,
1.63SE), except for the WF application during exposure
(which approached clinical significance: mean -8.81, SE
1.42). The post exposure mean scores were also supe-
rior to during exposure overall and for all applications
except for WN in the control group. The cognitive appli-
cations OB and CL/WN provided the greater reported
pain reduction in both groups, and the highest mean pain
reduction recorded in the RCT for the cognitive WN
application in the control group (mean -15.46, SE 1.63).
As previously, between groups, the group differences
were not significant with overlapping 95% Cls in this sub-
group (Table 4).

Post-exposure pain severity and interference

In the final trial completion descriptive survey, 49% of the
participants indicated that pain relief persisted for some
time after NPI exposure (Fig. 4). This occurred similarly
across both arms, with 32% of the control arm and 25%
of the VR arm participants reporting persisting effects.
Some (19%) indicated no post exposure effects, and the
length of post exposure pain relief reported by others
was highly varied, although most (29%) indicated it was
an hour or less. The only observable difference noted
between arms, was for pain relief lasting 1-2 h, where
11% of the control arm compared to 3% of VR partici-
pants identified effects of this length. A few participants
(12%) reported an impact over two hours, and 6% over
four hours.
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Fig. 3 Weekly distributions of mean Daily VAS change between before and during, and between before and after NPl engagement for each activity.

Note: Vertical red line indicates decrease of -10 mm identified as the MCID

In terms of impact on medication use, 25% of partici-
pants indicated some reduction, with 15% of the VR arm
indicating they used less analgesics, compared to 10% of
the control arm on days when they used the NPIs.

SF-MPQ pain questionnaire

End of week pain scores across sensory, affective, and
VAS pain components were all decreased compared to
baseline in both groups (Fig. 5). However, the only clini-
cally meaningful baseline decrease observed was the
week 4 total score in the control group (-5.44, 1.03SE).
Comparing weekly baseline differentials between groups,
the only point where the VR group showed a greater
decrease than control group was for the VAS component
in week 3 (Group difference=-0.59 cm 95%CI: -1.48,

0.18); in all other instances, control group showed greater
decreases from baseline. However, none of the SF-MPQ
between group differences were statistically significant.
The complete results can be found in the supplemental
materials (Supplemental Table 1).

Quality of Life (SF12)

For all participants overall, the SF12 scores in both
groups did not appear to change significantly over the
period of the trial (Figs. 6 and Table 5). The mean physi-
cal and mental health quality of life component score
at baseline for participants in the VR arm were slightly
lower as compared to those participants in the con-
trol arm. The changes in weekly mean physical qual-
ity of life component scores were significantly better
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Table 2 Number of participants who showed a mean decrease
of vas of > 10 mm in a given week

VR Control Total
Marginal response 7 13 20
Meditative only 6 8 14
Cognitive only 19 7 26
Mixed response 10 14 24
All activities 8 8 16
Total 50 50 100

@ Marginal response indicates participants experienced < 10 mm VAS decrease
in any activity

b Meditative only indicates > 10 mm VAS decrease in one or both meditative
activities only

€ Cognitive only indicates > 10 mm VAS decrease in one or both cognitive
activities only

4 Mixed response indicates > 10 mm decrease in at least one of both meditative
and cognitive activities

for participants at week 3 in the VR arm (3.40, 0.92SE)
compared to the baseline before any NPI (week 0), and
in the VR arm compared to the control arm at week 3,
at which point the difference was clinically meaningful
(3.79, 95%CI: 1.02—6.08) between groups. For the mental
health quality of life component however, the changes in
the mean weekly scores from baseline showed clinically
meaningful improvement for participants in weeks 2 and
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4, (4.27, 1.20SE, and 5.22, 1.20SE respectively). Also, the
control arm participants performed better in the mental
health component during week 2 where the difference
between groups was clinically meaningful (-3.90, 95%Cl:
-7.35—-0.48: 5). All significant changes were marginal in
terms of clinical importance.

Pittsburgh sleep quality index

In all participants both PSQI groups did not meet the
MCID over the period of the trial, except for a signifi-
cant PSQI reduction (improvement) in control arm par-
ticipants by the end of week 4 (-1.26, 0.41SE: Fig. 7 and
Table 6). Although no progressive trend was evident, the
mean PSQI among VR participants was higher compared
to that of control arm participants at baseline and at all
weeks, but not significantly so. Although not statistically
significant, the mean weekly change in the sleep quality
index from the baseline index was better for participants
in the control arm compared to the VR arm in all weeks
except week three where participants in the VR arm had
a better PSQI change (Table 6).

Immersion and presence survey
In the immersion and presence survey piloted there was
a>90% completion rate for the questionnaire across all

Table 3 Differential daily mean vas score parameter estimates for pre-during and pre-post exposure reported pain scores between

the vr and control groups

VR Control
Predictor VAS Pre- VAS Mean (SE)  VAS VAS Pre- VAS Mean (SE)  VAS Group Differential *
exposure Mean Change (SE) exposure Mean Change (SE) VR vs Control, (95%Cl)
(SE) (SE)
Overall
Pre-during  45.66 (2.25) 36.02 (2.25) -9.64 (0.63) 41.77 (2.28) 34.21(2.28) -7.56 (0.63) -2.08 (-3.86,-0.30)
Pre-post 45.66 (2.25) 37.75(2.25) -7.91(0.63) 41.77 (2.28) 3334 (2.28) -843(0.63) 0.53(-1.24,237)
CL/WN
Pre-during ~ 45.87 (2.50) 33.5(2.50) -12.37(1.14)  40.07 (2.53) 31.01(2.53) -9.07 (1.16) -3.30(-6:49,-0.25)
Pre-post 45.87 (2.50) 37.74 (2.50) -8.12(1.14) 40.07 (2.53) 33.58 (2.53) -6.49 (1.16) -1.63 (-4.95, 1.39)
VMW
Pre-during  44.88 (2.49) 38.23 (249) -6.65 (1.03) 4233(2.52) 3571 (252) -6.62 (1.03) -0.03 (-2.99, 2.87)
Pre-post 44.88 (2.49) 3742 (2.49) -7.46 (1.03) 4233 (2.52) 32.82(2.52) -9.51(1.03) 2.04 (-0.86, 5.04)
OB
Pre-during  47.31(2.74) 3415 (2.74) -13.16 (1.08)  42.08 (2.76) 32.19(2.76) -9.89 (1.08) -3.27(-6.12,-0.22)
Pre-post 4731 (2.74) 38.69 (2.74) -8.62(1.08) 42.08 (2.76) 32.86 (2.76) -9.22 (1.08) 0.60 (-2.28,3.34)
WF
Pre-during  44.66 (2.48) 38.57 (2.48) -6.09 (1.23) 4266 (2.49) 38.04 (2.49) -4.63 (1.21) -1.46 (-5.28, 1.86)
Pre-post 44.66 (2.48) 37.33(248) -7.33(1.23) 42.66 (2.49) 34.24 (2.49) -843(1.21) 1.10(-2.43,4.52)

@ Compares the change (pre-during or pre-post) in individual pain scores between the two groups

®MCID=-10 mm

¢ Scores adjusted for age, and duration

d* Negative values indicate VR group performed better than control; positive values indicate control better. CL =Carpe Lucem (cognitive/distractive); OB = Obduction
(cognitive/distractive); WN =The Witness (cognitive/distractive); MW = Virtual Meditative Walk (meditative/mindfulness); WF =Wildflowers (meditative/mindfulness)
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Table 4 Differential daily mean VAS score parameter estimates for pre-during and pre-post exposure reported pain scores between
the VR and control groups for participants with pre-exposure substantial pain (Daily Pre-exposure Pain Scores of >40 mm)

VR Control Group Differential*
VR vs Control, (95%Cl)
Predictor VAS Pre- VAS VAS VAS Pre- VAS Mean (SE) VAS Group Differential*
exposure Mean Mean (SE) Change (SE) exposure Mean Change (SE) VR vs Control, (95%Cl)
(SE) (SE)
Overall
Pre-during 54.97 (1.84) 43.10 (1.84) -11.87 (0.72) 57.27 (1.89) 45.09 (1.89) -12.18 (0.79) 0.31(-1.79, 2.45)
Pre-post 54.97 (1.84) 44.55 (1.84) -10.42 (0.72) 57.27 (1.89) 42.96 (1.89) -14.31 (0.79) 3.89(1.78,6.21)
CL/WN
Pre-during 58.12(2.29) 44,07 (2.29) -14.04 (1.42) 55.92 (2.46) 40.46 (2.46) -15.46 (1.63) 141 (-3.05, 5.66)
Pre-post 58.12 (2.29) 4845229  -9.67(1.42) 55.92 (2.46) 43,53 (2.46) -12.39(1.63)  2.73(-1.74,6.80)
VMW
Pre-during 54.57 (2.19) 45.94 (2.19) -8.64 (1.14) 56.23(2.29) 45.24 (2.29) -10.99 (1.25) 2.35(-1.04,5.51)
Pre-post 54.57 (2.19) 4468 (2.19)  -9.89(1.14) 56.23 (2.29) 41.00 (2.29) -15.23(1.25)  5.33(1.80,8.37)
OB
Pre-during 55.35(244) 40.80 (2.44) -14.55 (1.35) 5841 (2.60) 4477 (2.61) -13.64 (1.51) -0.91(-4.93,3.12)
Pre-post 55.35 (2.44) 44.24 (2.44) -11.11 (1.35) 5841 (2.60) 4335 (2.61) -15.06 (1.51) 3.95 (-0.35, 7.50)
WF
Pre-during ~ 57.05(2.23) 4693 (2.23)  -10.13(1.33)  5870(2.34) 49.89 (2.34) -8.81(1.42) -1.32(-4.60,2.38)
Pre-post 57.05 (2.23) 46.00 (2.23) -11.05(1.33) 58.70 (2.34) 4438 (2.34) -14.32(1.43) 3.27(-034,7.15)

@ Compares the change (pre-during or pre-post) in individual pain scores between the two groups

®MCID=-10 mm,

€ Scores adjusted for age, and duration

d» Negative values indicate VR group performed better than control; positive values indicate control better. CL=Carpe Lucem (cognitive/distractive); OB=0Obduction
(cognitive/distractive); WN =The Witness (cognitive/distractive); MW =Virtual Meditative Walk (meditative/mindfulness); WF =Wildflowers (meditative/mindfulness)

applications. Participants reported exposure to the NPIs
on 23.1 days (SD=2.0) on average out of the expected
24 days. There were no notable differences between
groups (23.4, SD=1.5, and 22.8, SD=2.5 for the control
and VR group, respectively). Overall, participants did
not distinguish any statistically significant differences
between the video and audio fidelity scores across the
applications, except for the VMW application control
arm where participants reported significantly higher
visual fidelity scores compared to the VR participants
(Control mean 3.9, SD 0.6 vs VR mean 3.6, SD 0.7). The
complete results can be found in the supplemental mate-
rials (Supplemental Table 2).

Acceptability and adverse events

The VR interventions proved very acceptable to most
participants. The majority of participants navigated
through the experiences independently, although 31%
required technical support by e-mail, phone or remote
access during the study. This included help with software
and hardware issues and gameplay assistance, suggest-
ing that these technologies, though maturing, are not yet
universally suitable for independent use.

Approximately 5% of participants deviated from using
the assigned VR experiences in the allocated sequence.
Some due to feeling ill on the day or other external fac-
tors, but some reported this was due to frustration with
the ability to complete some of the cognitive activities
(OB and CL-WN particularly), or navigating through the
VR experiences (OB, CL-WN & WF). However, these
were only reported issues in about 2% of all weekly activ-
ity and were reported in both the VR and control arms.

The most significant adverse effect of the VR interven-
tion proved to be cybersickness [76, 77]. The majority
of the participants reported some cybersickness occur-
ring in the weekly surveys over the trial (n=74), with
115 reported incidents in the VR group (66%: n=46),
versus 60 in the control group (34%: n=28). The VR par-
ticipants using the VMW, and WF applications demon-
strated significantly higher cybersickness scores than the
control (VMW Control mean 0.3, SD 0.6 vs VMW VR
mean 1.0, SD 1.3; WF Control mean 0.4, SD 0.7 vs WF
VR mean 2.3, SD 1.5) compared to the control partici-
pants (p<0.001: Supplemental Table 3 and Fig. 8). Those
VR participants using the OB application also had some-
what higher cybersickness scores than the control group
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Strongly Agree [ —
eree s
Neutr! |
Disagree [
Strongly Disagree | "
0 5 10 15 20 25
Participant Responses
Length of reported post exposure pain
relief
24hrs T —
2-3hrs
Lhrs | ———
<1 e
0 ..
0 2 4 6 8 10 12 14 16

Participant Responses

| needed less pain medication when | used the

applications.
Strongly Agree | —
Agree R —
et | e
Disagree
Strongly Disagree |
0 5 10 15 20 25 30

Participant Responses

mVR mControl
Fig. 4 Participants reporting post-exposure pain reduction and medication impact across all activities (aggregated per subject)

(OB Control mean 0.9, SD 1.3 vs OB VR mean 1.4, SD  sickness was severe enough to require rest afterwards
1.3), that approached statistical significance (p=0.061). and in one case use of an anti-emetic. One VR partici-
In the majority participants indicated this was mild and  pant commented: ‘I was very, very motion sick the first
transitory, although two reported incidents using VR the  day (and I never get car sick), I remained motion sick for
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Fig. 6 Boxplots of SF12 score distributions per week. Note: Medians illustrated and SF12 scored from 0-100 with 50 indicating the general
population norm

the better part of the afternoon as well. I had eaten break-  “I did not notice pain until the headset began causing
fast about 30 min [sic] before doing the VR” pain for my head and neck from its weight. Just noticed

Six participants also noted the weight of the VR the head & neck pain immediately afterwards” Whilst
HMDs and associated neck ache was a factor in length  one participant also reported mild eyestrain with use
of time they were able to use the applications. E.g., of the HMD.
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Table 5 Estimated Weekly Mean Scores for the SF12 Quality of Life Physical and Mental Health Composite Scores and Adjusted
Differences in Changes in Mean Weekly Scores from Mean Baseline Scores Between Virtual Reality and Control Arms

VR Arm Control Arm
Predictor Time  Baselinescore WeeklySF12  Changein Baseline Weekly SF12 score Change in Group Differential*
Mean (SE) score Mean SF12score  score Mean Mean (SE) SF12score VR vs Control, (95%Cl)
(SE) (SE) (SE) (SE)
PCS*
Week 1 29.14 (1.24) 3117 (1.24) 2.03(0.92) 31.6(1.24) 31.15(1.24) -0.45 (0.93) 248 (0.02,4.70)
Week 2 29.14 (1.24) 30.53(1.24) 1.38(0.92) 31.6 (1.24) 30.95 (1.24) -0.66 (0.93) 2.04 (-042,4.39)
Week 3 29.14(1.24) 3254 (1.24) 3.40(0.92) 31.6(1.24) 31.21(1.25) -0.39 (0.94) 3.79(1.02, 6.08)
Week 4 29.14 (1.24) 31.94(1.24) 2.80(0.92) 31.6(1.24) 31.23(1.24) -0.38(0.92) 3.18(0.68, 5.69)
McCs*
Week 1 41.16 (1.53) 41.84(1.53) 0.68 (1.19) 4193(1.53)  44.92(1.53) 2.99 (1.20) -2.31(-5.63,0.98)
Week2 41.16 (1.53) 4153 (1.53) 0.37 (1.19) 4193 (1.53) 46.20 (1.53) 4.27 (1.20) -3.90 (-7.35,-0.48)
Week 3 41.16 (1.53) 42.68 (1.53) 1.51(1.19) 41.93(1.53) 44.31(1.54) 2.38(1.21) -0.87 (-4.11,2.62)
Week 4 16 (1.53) 4343 (1.53) 227 (1.19) 4193 (1.53) 47.15(1.53) 5.22(1.20) -2.95 (-6.10,041)

* PCS = Physical Component Score, MSC =Mental Component Score

2 Adjusted differences of changes in mean weekly scores from the mean baseline scores

P MCID= >3.29 in PCS and >3.77 in the MCS

€ * Positive values indicate VR group performed better than control; negative values indicate control better

Week
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) | I
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Group
Fig. 7 Boxplots of PSQI score distributions per week
Discussion cancer-related pain. Participants included more females

This exploratory study examined the extent to which than males, possibly due to the proportion (69%) of
home-based VR NPIs may reduce pain compared to a  breast cancer participants. This was the most common
traditional 2D computer screen in people with chronic  form of cancer represented by the sample (46%), followed
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Table 6 Differential Weekly Mean Score Parameter Estimates for the PSQI Between VR and Control Arm Participants

VR arm Control arm
Time Baseline PQSI  Weekly Change in PQSI (SE) Baseline PQSI  Weekly PQSI  Change in PQSI (SE)  Group Differential*
Mean (SE) PQSI Mean Mean (SE) Mean (SE) VR vs Control, (95%Cl)
(SE)
Week 1 10.78 (0.54) 10.65 (0.54) -0.13(0471) 10.53 (0.54) 10.03 (0.54) -0.5(041) 0.37(-0.71,1.5)
Week 2 10.78 (0.54) 10.54 (0.54) -0.24 (0.42) 10.53 (0.54) 9.67 (0.54) -0.86 (0.42) 0.62 (-0.49, 1.89)
Week 3 10.78 (0.54) 9.94 (0.54) -0.84 (0.41) 10.53 (0.54) 9.82 (0.54) -0.71 (042) -0.13(-1.19,1.09)
Week4  10.78 (0.54) 9.84 (0.54) -0.94 (0.42) 10.53 (0.54) 9.26 (0.54) -1.26 (0.41) 0.33(-0.88,1.57)

@ Adjusted differences of changes in mean weekly scores from the mean baseline scores
b
MCID=1.3

€ *Negative values indicate VR group performed better than control; positive values indicate control better

| experienced some motion sickness when using the equipment
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Fig. 8 Weekly Reported Cybersickness VR vs Control

by lymphoma at 23%. Although lung cancer is higher in
the general population, lung cancer has a high mortality
rate [86]. Hence the sample likely represents the range of
cancer survivors with notable chronic pain issues. Most
participants (69%) had some prior videogaming experi-
ence, and this may reflect a degree of self-selection into
the study. However, this reflects a similar proportion to
that found in the general population at around 63% [87].
Most (63%) were using prescription medications includ-
ing analgesics such as opioids, usually in combination
with over-the-counter medications and other NPIs to

manage pain. This is consistent with chronic cancer pain
sufferers, and clearly indicates the perceived value of
adjunctive NPIs in chronic pain management [88-90].
The effectiveness of the NPIs varied markedly and were
split between those finding the NPIs ineffective, and
those finding them beneficial with some outliers at both
ends of the continuum (Fig. 3). This would seem to reflect
the highly personal, varied and idiosyncratic nature of
chronic pain and highly variable inter-subject response to
NPIs, and results being very dependent on the individual
response to the applications used [17, 24, 91-93].
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Despite the more immersive nature of the VR experi-
ences, we found no statistically significant difference
between the arms in daily VAS pre/during/post exposure
pain score reduction. However, more participants had
changes in pain scores exceeding the MCID (Table 2),
and only during exposure pain reduction in the cogni-
tive applications in the VR arm exceeded the MCID.
The effects of cognitive applications in the control arm
approached clinical significance (MCID) in the total
sample. Whilst some recent studies have reported posi-
tive results in RCTs exploring VR as a NPI for chronic
pain [21, 22, 26], reviews have also noted significant con-
founding factors such as underpowered sample size, dis-
similar control treatments, lack of blinding, or significant
risk of bias and some, as here, have also found inconclu-
sive results [20, 25, 27, 44]. Additionally, although overall
results in this study were negative, more focused spe-
cific pain VR applications could have different results.
For example, tailored approaches that address changes
in body perception and body representation in specific
chronic pain situations might have more potential value.
Custom-designed VR applications targeting specific psy-
cho-biological factors in chronic pain scenarios such as
phantom-limb pain have showed significant promise in
this area [94, 95].

Intriguingly, the sub-group analysis of those with
greater pre-exposure pain showed greater pain reduc-
tions (Table 4). Here, both control and VR arms dem-
onstrated clinically meaningful pain reduction in most
applications, and the cognitive applications provided
greater pain reduction than the meditative counterparts
within each arm during the therapy. However, in both full
sample and sub-group analysis the immediate post-expo-
sure mean scores for the meditative applications were
better than those during exposure. In all but one instance
(the OB application in the control sub-group analysis),
a trend of the cognitive applications providing greater
pain reduction during the experience, and meditative
applications a greater post exposure pain reduction was
evident. These findings suggest cognitive distractive VR
applications may offer better pain reduction during the
experience, and meditative experiences a slightly greater
post-exposure effect. This supports the differences in the
way these applications are theorized to act on the brain,
in that cognitive applications provide distraction through
focused engagement in problem solving, whilst mindful-
ness meditative applications stimulate activation of corti-
cal and other regions offering a temporary altered state
of mind [36, 40]. A related sub-group exploratory study
of EEG changes during VR guided mindfulness medita-
tion revealed some distinctive EEG characteristics, which
would support this contention [37].
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VR and control NPIs provided pain reduction effects
post-exposure (Fig. 4), mostly for up to an hour after-
wards, but for several hours for some. Both VR and con-
trol applications demonstrated this effect, however, it was
unclear if meditative or cognitive applications offered
superior effects, although the better post-exposure effects
of the meditative applications might suggest they would
perform better in this respect (Tables 3 and 4). A quar-
ter of participants indicated they used less medication,
which is of clinical interest, as all analgesics have adverse
side-effects and reductions in analgesic use are associated
with improvements in function [96]. Again, no significant
difference was observed between groups, suggesting that
VR NPIs may not offer an advantage in this respect.

In terms of any ongoing and cumulative effects, only
the SF-MPQ and SF12 demonstrated any clinically mean-
ingful changes and differences between groups from
baseline (week 0 in Figs. 5 and 6). The SE-MPQ identified
a clinically important change for the control group in the
total score in Week 4 (also one approaching clinical sig-
nificance in Week 2). In both the VR and control groups
a reducing trend in total pain was evident (Fig. 5) and the
control group decrease just surpassed the CIC thresh-
old of>5 at 5.44, SE1.03. The SF-12 did identify some
between group effects in the PCS in Week 3 and the MCS
in Week 2, but these demonstrated opposite effects with
the VR being better in the PCS in week 3 and control for
the MCS in week 2.

Overall, no distinct trends were apparent, as scores
varied by week, and it is unlikely these findings reflect
clinically meaningful changes due to NPI use during the
trial. More likely, these reflect other changes in chronicity
and pain of participants [97]. Overall, the SE-MPQ dem-
onstrated a slight pain reduction in both arms over the
period of the trial, whilst the SF-12 quality of life scores
remained variable throughout the study. Although a sig-
nificant difference in self-reported weekly pain and qual-
ity of life was seen between the VR and control group
over the period of the study, this was inconclusive and
in the case of the SF-MPQ, favoured the control. Defini-
tive evidence for any progressive improvement in pain
control, quality of life, or sleep over the trial was largely
absent in either group.

In the immersion and presence survey, audio and video
fidelity items were generally similarly scored, and there
were no significant differences between audio, video
fidelity, and presence scores between VR and control
groups, except for the VMW, where the screen-based
control version scored significantly better than the VR
for visual fidelity. As a pilot version of the survey, these
findings should be treated with caution. However, pos-
sibly, this may have been due to VR participants finding
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the trees and grass less realistic when looking peripher-
ally, with those using the screen-based version looking
around less. This may help explain why between-arm
differences were generally not observed. The VR HMD
displays offered stereoscopic views allowing the user to
turn and look around, just as in the physical world with
a resolution of 10801200 pixels per eye (2160 X 1200),
compared to 1366x768 pixels of the computer screen.
However, the pixels span a larger field of view in the
HMD than the computer screen, providing approxi-
mately 11 pixels per degree, compared to 45 pixels per
degree on the laptop. Low resolution can cause the pix-
els to become visible to the human eyes in VR HMDs
because the user’s eyes are positioned close to the dis-
play. For truly immersive Virtual Reality, 4 K resolution
(38402160 pixels) or even 8 K resolution (7680 x 4320
pixels) per eye has been suggested as required by some
VR developers [98]. Additionally, VR HMDs suffer from
screen-door effect (a visual grid overlay artifact caused by
viewing a screen close up where the spaces between pix-
els become visible) [99]. Both issues detract from percep-
tions of visual fidelity for VR applications.

In terms of acceptability, safety, and adverse events, VR
appeared a safe and suitable NPI for home use, and tran-
sient cybersickness was the only significant adverse effect
encountered across all the applications, and as might be
expected was more evident in VR. In both VR meditative
and cognitive applications participants reported more
cybersickness as compared to the control participants
(Supplemental Table 3). This was most evident in the
applications that involved floating or flying along a path
(WF and VMW) which are known to promote cybersick-
ness in VR applications [76, 78]. Some VR applications,
therefore, may not be suitable for those susceptible to
motion sickness, and developers should be mindful of
this when developing clinical applications. However,
cancer patients are often prone to nausea, so other
populations might tolerate this better. The only other
adverse effects, reported were minor discomfort with
using glasses in the HMD, or neck ache and/or eye ache
after wearing the HMD for 30 min. These issues may be
resolved with lighter HMDs in the future, although eye-
ache with prolonged use may be more difficult to resolve
with existing HMD screen technologies.

A significant complicating factor in this field is that
the nature of chronic pain in cancer is widely heterog-
enous. In some cancer patients it may represent a form
of chronic primary pain with significant emotional dis-
tress or functional disability in the absence of an acute
medical condition, whilst other patients could be suffer-
ing from pain with ongoing active peripheral nociceptive
stimulation as a result of tissue damage from cancer or its
treatment.
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Findings suggest that VR interventions may have a role
to play in the management of chronic pain, together with
demonstrating that cognitive distraction can provide sig-
nificant pain reduction benefits for some. However, the
hypothesis that VR applications offer superior pain-relief
to equivalent less immersive screen-based media was not
validated, and evidence for any progressive benefits weak.
Largely, it would appear VR, provides some distrac-
tive pain relief, and offers an immersive way to engage
in mindfulness meditation. Responses were not large
and varied, and computer-based interactive multimedia
applications seemed to provide similar (often superior)
results to VR ones. Although VR cognitive NPIs dem-
onstrated superior efficacy in pain reduction in some
cognitive applications, their use might be more appro-
priately targeted in settings where short-term powerful
distraction is more valuable. At this stage of the technol-
ogy’s development, laptop-based interactive multimedia
cognitive and meditative NPIs may also be sufficient for
chronic pain applications in this domain and offer more
cost-effective solutions and practicality for home use.

Limitations

There were a number of imitations in this in-vivo study.
The external validity may be limited as the types of can-
cer patients participating and pain types were heterog-
enous, and participant self-selection may mean they were
not representative of the larger population. The study
may have been statistically underpowered because of the
effect size selected, NPI exposure time, and multiple VR
applications used as dependent variables. Additionally, all
data was self-reported, and as it was not possible to use
instruments during the VR experience without break-
ing the immersion, the during VR VAS pain scores were
determined retrospectively immediately post-experience.
Also, as many participants were using pain medication
and/or other NPIs these may also have influenced the
weekly trends. However, randomization should have
helped mitigate such effects. The immersion tool used
was in a pilot phase, as it has yet to be validated as a reli-
able instrument. Another limitation was that as a close-
knit community, blinding may have been compromised
by some VR and control arm participants comparing
notes. However, as the work was largely explorative in
nature, focused on comparing VR to screen-based media,
and the fact that this population is very difficult to access
for longitudinal studies, these limitations are considered
acceptable. Finally, participants were randomized per
treatment arm, and the study used a larger sample than
many VR studies, multiple instruments and data collec-
tion points, and used blinding to enhance the robustness
of the experimental design. This is argued a strength as
the NPI physical intervention literature (and particularly
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VR work) has reported that chronic pain behavioural
research is particularly vulnerable to bias in many of
these respects [25, 100-103].

Future directions

The findings suggest several intriguing avenues for future
research. The study needs to be replicated with more
homogenous chronic pain populations, ideally with
more patients and fewer dependent variables. Improved
research methods to capture pain experiences during
VR experiences are also needed. Exploration of creative
designs for cognitive and meditative applications target-
ing chronic pain should also be undertaken to maximize
their impact. Furthermore, the exploration of post-expo-
sure effects of cognitive vs meditative applications would
also be appropriate, as well as studies with lighter more
comfortable HMDs with higher resolutions.

Conclusion

The use of VR-based chronic pain NPIs achieved some
pain reduction effects beyond the MCID and CIC, but
not dissimilar effects from their use on a typical 2D com-
puter screen. No significant differences were identified
between the reported pain experiences of participants
during, or after daily exposure to VR immersive environ-
ments, overall and within four different VR immersive
environments, compared to participants exposed to the
equivalent applications experienced on 2D computer
screens. Similarly, there were no statistically significant
trends in weekly pain, quality of life, and sleep experi-
ences reported by the VR participants compared to the
screen-based control participants.

Cognitive VR applications appeared to offer some bet-
ter during-exposure pain relief whilst meditative appli-
cations had superior post-exposure effects. Reported
positive effects usually lasted less than an hour, but a
small number of participants reported effects lasting 4 h
or more. Transient cybersickness was the only significant
adverse effect encountered.

Pain reduction responses with VR NPIs were varied,
and at this stage of VR technological development, lap-
top-based interactive multimedia cognitive distractive
and meditative NPIs may offer equivalent solutions that
are practical for home use in chronic cancer-related pain
settings.
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