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ABSTRACT

Objective: To evaluate the literature on the
effectiveness of virtual reality (VR)- and augmented
reality (AR)-based treatments for phantom limb

pain (PLP) in postamputation or brachial plexus
avulsion (BPA) populations. Methods: Multiple
databases were queried in July 2021 with the
keywords “virtual reality,”“augmented reality,"and
“phantom limb pain.” Included studies utilized VR

or AR to treat PLP with outcome measurement. Two
independent reviewers assessed methodological
quality using the Physiotherapy Evidence Databsae
(PEDro) Scale and the Methodological Index for
Nonrandomized Studies (MINORS) scoring. Studies
were separated into immersive and nonimmersive
AR/VR systems, with further categorization according
to the specific methodologies used. Results: 0f 110
results from the database queries, 20 publications
met the inclusion criteria. There was one unblinded,
randomized, control trial (RCT), one single-blinded,
randomized, crossover trial (RCxT), three comparative
case series, 13 noncomparative case series, and two
case reports. Seven of the 20 studies were classified
as nonimmersive. Six studies reported decreased

PLP after AR/VR treatments, of which four reported
significant reductions. One study reported a reduction
in PLP with no significant difference from control
conditions. Thirteen of the 20 studies were classified as
immersive AR/VR. Twelve studies reported decreased
PLP after AR/VR treatments, of which eight reported
significant reductions. One study found no change

in PLP, compared to baseline. Conclusions: The
number of studies using AR/VR in PLP treatment

has expanded since a 2017 review on the topic.

The majority of these studies offer support for the
efficacy of treating PLP with AR/VR-based treatments.
Research has expanded on the customization,
outcome measurements, and statistical analysis of
AR/VR treatments. While results are promising, most
publications remain at the case series level, and clinical
indications should be cautioned. With improvements
in the quality of evidence, there remain avenues for
further investigations, including increased sampling,
randomization, optimization of treatment duration,
and comparisons to alternative therapies.
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Every year in the United States (US),
approximately 185,000 persons undergo a
limb.amputation. Aside from challenges a
patient might experience adapting to the
anatomical loss, limb amputations can be
complicated by a variety of post-procedure
pains and sensations, including phantom
limb pain (PLP)." For individuals with limb
amputations, the lifetime prevalence of PLP
is estimated to be between 50 to 80 percent.?
PLP should be separated from pains localized
to the amputated stump and is often described
as burning, gnawing, stabbing, pressure, or
projected pain that extends into the region
previously occupied by the lost limb. PLP
duration can vary from acute to chronic and
can cause restrictions in postamputation
activity and mobility, leading to adverse
effects on quality-of-life.*

Despite a long history of documentation,
there continues to be debate behind the actual
mechanism of PLP, with the most popular
theory being the cortical remapping theory
(CRT).>5 The CRT posits that postamputation,
surrounding cortical somatosensory regions
expand and invade the somatosensory regions
originally mapped to the amputated limb,
causing altered sensations and PLP>®

Currently, there is a variety of treatment
options for PLP, including electrical
stimulation, classical mirror therapy (MT),
transcutaneous electrical nerve stimulation
(TENS), and pharmacological treatments,

such as gabapentin, morphine, ketamine, and
dextromethorphan. However, while some
studies have shown that these therapeutic
choices have benefits over placebo, current
guidelines for treating PLP remain unclear.
MT was first implemented in the early
1990s for the treatment of PLP.? MT consists of
reflecting a patient’s intact limb with physical
mirrors to provide the visual stimulus of
having a complete limb set. There are several
proposed mechanisms for why MT reduces PLP.
One theory suggests that visualization of the
mirrored limb helps the amputee gain a sense
of control over the phantom limb, thereby
reducing perceived sensory input and pain.
Another theory suggests that visualizing the
mirrored limb provides corrective visual inputs
to help balance the discrepancy between motor
outputs and sensory feedback.” However, in
a 2016 systematic review on the use of MT
for PLP, there was not sufficient high-level
evidence to support MT efficacy, due to
variability in MT implementation and lack of a
consensus on optimum frequency and duration
of MT sessions.! Several researchers have
proposed that the use of physical mirrors limits
the level of realism and immersion, which
could contribute to the mixed effectiveness
of MT." Recent advances in commercially
available virtual reality (VR) and augmented
reality (AR) systems might offer advantageous
immersion and customizability, potentially
overcoming proposed weaknesses in MT.
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VR systems create an entire scene in which
both the subjects and the environment are
computer generated images, while AR systems
often utilize computer generated subjects
superimposed on a real-life environment." VR
and AR offer the opportunity to create a virtual
limb that an individual with an amputated limb
can view in three-dimensional space and use
to interact with the environment. Additionally,
the ability to create virtual environments
allows for the ability to tailor to patient
interests, encouraging maximum engagement
and compliance in therapy.”

With increasing developments and research
toward the integration of AR/VR augmented
therapies for PLP, it is important to monitor the
progression of this novel treatment to evaluate
its effectiveness and determine its strengths
and weaknesses. In 2017, Dunn et al
performed a literature review encompassing
studies that utilized VR for the treatment of
PLP published up to that date. They concluded
that although studies supported the use of
VR therapies for the treatment of PLP, studies
were limited by low levels of evidence, a
lack of evaluation of long-term benefits, and
inconsistency between stduy protocols.™ With
newer studies continuously being published
since the 2017 literature review, our aim was
to perform an up-to-date systematic review
of all investigations of AR/VR therapies in the
treatment of PLP to reevaluate their use as a
viable treatment modality.

METHODS

The Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA)
guidelines were used in the design of this
study."

Search strategy/information sources.
The studies gathered in the 2017 literature
review by Dunn et al® were included in this
systematic review. To collect newer studies,
in July 2021, multiple databases (Medline/
Pubmed, EMBASE, Physiotherapy Evidence
Database [PEDro], and Cochrane) were
searched for articles published from 2017 to
July 2021 using the keywords “virtual reality
and “augmented reality,” with “phantom limb
pain.” After duplicate articles were removed,
abstracts of all articles were read in full,
and those indicating use of VR or AR for the
treatment of PLP were critiqued for matching
inclusion criteria.

7

Eligibility criteria/selection process. To
be included, studies needed to 1) be published
in English, 2) include participants with PLP
either from amputation or neurologic injury,
3) utilize any form of VR or AR therapy, and
4) assess the treatment of PLP using VR or
AR therapy. Aside from the 2017 literature
review by Dunn et al, articles that represented
prior literature reviews or did not represent a
research study were excluded from this review.

Data extraction. Data was extracted
separately by two authors (AV, EY), who used
a table specifically designed for this review.
Extracted data included 1) study author name
and publication date, 2) design of the study,
3) data for PEDro Scale and Methodological
Index for Nonrandomized Studies (MINORS)
scoring for respective studies, 4) sample size, 5)
mean age of study participants, 6) description
of intervention, 7) outcome measures,
and 8) primary findings of the study. Any
discrepancies between analysis were resolved
by discussion among all authors for consensus.

Studies were divided into immersive and
nonimmersive AR/VR environments. To be
classified as an immersive AR/VR study,
participants had to use some form of a head
mounted display (HMD) that displayed virtual
objects in a completely VR or AR environment.
Due to the diverse array of VR and AR systems
utilized by the immersive and nonimmersive
studies, studies were then further divided by
the modality of VR or AR utilized.

Methodological quality. The quality of the
included studies was assessed by reviewers (AV,
EY) who used the PEDro Scale for randomized,
controlled trials (RCTs) and randomized
crossover trials (RCxT) and MINORS scoring for
non-R(T studies. The PEDro Scale is a validated
tool with an 11-point scale used to evaluate
the methodological quality of RCTs, with scores
of 0 to 3 considered “poor,” 4 to 5 “fair,” 6 to 8
“good,” and 9 to 10 “excellent.”™>'® MINORS
is a validated instrument used to assess the
methodological quality of non-RCTs, with a
maximum score of 16 for noncomparative
studies and 24 for comparative studies.”

RESULTS

Study selection. The eight articles in the
2017 literature review by Dunn et al™ were
included in this review. The initial searches
from the multiple databases between 2017
and July 2021 yielded a total of 110 articles.
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After the removal of duplicate studies in the
various databases, 58 articles remained, and
their abstracts were reviewed in full. Twelve

of the 58 articles were found to meet the
inclusion criteria, with common causes of
exclusion being a lack of AR/VR intervention or
unrelatedness to the treatment of PLP. In total,
20 studies were included in this systematic
review, eight studies from the 2017 literature
review and 12 that fit inclusion criteria from
2017 until July 2021.

Risk of bias in studies. Study quality and
level of evidence varied across the included
studies. One study was an unblinded RCT, with
a PEDro Scale score of 8, and another study
was a single-blinded RCxT, with a PEDro Scale
score of 8. Three studies were comparative case
series, with an average MINORS score of 17.3.
Thirteen studies were noncomparative case
series, with an average MINORS score of 10.8,
and two studies were case reports with an
average MINORS score of 8.1

Study protocols. Protocols of studies
varied in number and duration of interventions
and use of a follow-up evaluation. For studies
that reported specific protocols, participants
underwent an average of 9.2 interventions,
with an average duration of 35.3 minutes.
Out of the 20 included studies, seven utilized
a follow-up period, which ranged from eight
days to one year.

Outcome measures used. Various
assessments for characteristics and measures
of PLP were used. The most common outcome
measure used was the short-form McGill Pain
Questionnaire (SF-MPQ); 15 of the included
studies utilizing this measure.

Nonimmersive studies. Out of the 20
included studies, seven were classified as
nonimmersive. Study types included RCT
(1), RCAT (1), case series (4), and case study
(1). The average PEDro Scale score for the
RCT and RCxT was 8, and average MINORS
scoring for the non-RCTs was 11.2."8-% Various
VR implementations were used, including
creation of a virtual limb from a mirror image
of an intact limb, control of a virtual limb via
electromagnetic sensors, creation of a brain-
computer interface, and use of a tablet-based
virtual treatment. General characteristics of
the nonimmersive studies were extracted and
synthesized in Table 1.

Mercier and Sirigu® utilized a mirrored
virtual limb system in which movements
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TABLE 1. Study characteristics for publications utilizing nonimmersive VR/AR systems

SAMPLE (N) '
AUTHOR (YEAR) | TYPE OF ;EJS: ‘I\;)II:)S“.NUMBER/
STUDY DESIGN | INJURY i’ OUTCOME
PEDro SCALE/ | MEAN AGE LALLL DI llé::\;hbﬂg'& ATION: MEASURES
MINORS SCORE | IN YEARS !
FOLLOW-UP
(SD)
Mercier and Siriau  n=8 Mirrored virtual limb:
(2009) 9 ZBL A participants used the virtual ~ Session: 16/30—60
) VR limbs to match target min; Treatment: 8 wk; ~ VAS
Case sries 6BPA movements on a computer  Follow-up: 4 wk
MINORS: 13 37.1(113) P P
screen.
_ Surface EMGs: participants
Perry et‘al I i were given a“free-play” Session: 20/30 min;  SF-MPQ,
(ase series 7ULA VR . o
period to move and visualize  Treatment: 4 wk VAS
MINORS: 10 range: 20-33 . .
their virtual limbs.
Surface EMGs: participants
Ortiz-Catalan et al = used their virtual limbs,
(2014) 1UL A AR controlled by EMG signals, Session: 23/20 min; SF-MPQ,
Case report 7 tointeract witha carracing  Treatment: 4.5 mo VAS
MINORS: 9 game or match target limb
postures.
(ase series 8ULA VR . g p .y . Session: 20/30 min
period to move and visualize VAS
MINORS: 11 range: 20-30 . .
their virtual limbs.
Ortiz-Catalan et al Surface E.MG.S: partlclpants Session: 12/2 hr;
2016) n=14 used their virtual limbs to Treatment: average 6.4 NRS, PRI,
) 14 ULA AR/VR interact with a car racing ) 9¢0. SF-MPQ,
G 50.3(13.9) ame or match target limb B WPDS
MINORS: 13 2 g ’ and 6 mo
postures.

PRIMARY FINDINGS

1) Significant average 38% reduction in pre- to posttreatment
PLP intensity at end of study (p=0.02) and 4-week follow-

up (p=0.03). 2) No significant difference in PLP intensity
between the end of treatment and 4-week follow-up
(p=0.44).

1) 3/5 participants reported decrease in “average daily” PLP. 2)
4/5 participants reported decrease in “worst daily” PLP.

1) Sustained levels of pain initially reported by participants
was gradually reduced to complete pain-free periods. 2)
Phantom posture initially reported as a strongly closed

fist was gradually relaxed over treatment sessions and an
improved telescopic effect.

1) Significantly improvement in “worst PLP” (B=-0.474,
p=0.015). 2) Significant improvement in “current PLP" (B=—
0.248, p=0.042). 3) Nonsignificant improvement in “average
PLP" (B =-0.248, p=0.078). 4) Significant improvement in
SF-MPQ scores (B =—0.096, p=0.003)

1) Significant 47% decrease in PLP via WPDS (SD: 39;
absolute mean change: 1.0 [0.8]; p=0.001). 2) Significant
32% decrease in PLP via NRS (SD: 38; absolute mean change:
1.6 [1.8]; p=0.007). 3) Significant 51% decrease in PLP via
PRI (SD: 33; absolute mean change: 9.6 [8.1]; p=0.0001).

4) Average improvements measured by the PRI at the

last session decreased by 2%, 6%, and 24% at 1-, 3-, and
6-month follow-up, respectively. 5) Significant reduction in
NRS for intrusion of PLP in activities of daily living and sleep
by 43% (SD: 37; absolute mean change: 2.4 [2.3]; p=0.004)
and 61% (SD: 39; absolute mean change: 2.3 [1.8]; p=0.001),
respectively.

VR: virtual reality; AR: augmented reality; PEDro: Physiotherapy Evidence Database; MINORS: Methodological Index for Non-randomized Studies; SD: standard deviation; RCT:
randomized controlled trial; RCxT: randomized crossover trial; ULA: upper limb amputation; LLA: lower limb amputation; BPA: brachial plexus avulsion; EMG: electromyography; MEG:

magnetoencephalography; mo: month(s); wk: week(s); hr: hour(s); min: minute(s); VAS: visual analogue scale; SF-MPQ: short-form McGill Pain Questionnaire; NRS: numerical rating scale; PRI:
pain rating index; WPDS: weighted pain distribution scale; GPES: global perceived effect scale; PSFS: patient-specific functional scale; PLP: phantom limb pain; CI: confidence interval

of the intact limb were recorded, reflected,
and displayed to the participant as a virtual
representation of the affected limb. Perry et
al?"2 and Ortiz-Catalan et al* utilized a
system of surface electromyographies (EMGs)
on the residual limb to capture neuroelectrical
signals and interpret them to control a
virtual limb. The RCxT by Yanagisawa et al™
created a unique VR system consisting of a
brain-computer interface (BCl) capturing
magnetoenceophalography (MEG) signals
directly from the sensorimotor cortex. As
participants were instructed to think of

opening and closing their affected hand, the
BCl would interpret MEG signals to control the
opening or closing of a virtual hand.” The RCT
by Rothgangel et al™ divided participants into
teletreatment, MT, and control groups. The
teletreatment and MT groups received four
weeks of traditional MTs, while the control
group received four weeks of sensorimotor
exercises. After the four-week period,
participants in the teletreatment group
underwent six weeks of tablet-based therapies,
including an AR system which superimposed
avirtual limb on top of the participants
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residual limb. The MT group and control
group continued six weeks of traditional,
self-delivered MT and sensorimotor exercises,
respectively.™

All the nonimmersive studies reported
improvements in PLP intensity, regardless of
AR/VR implementation (Table 1). Specifically,
studies by Yanagisawa et al," Mercier and
Sirigu,? Perry et al,” and Ortiz-Catalan et al**
reported significant reductions in PLP intensity
after the conclusion of the intervention period.
While the teletreatment, MT, and control
groups in the RCT by Rothgangel et al™® each
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TABLE 1, CONT. Study characteristics for publications utilizing nonimmersive VR/AR systems

SAMPLE (N)
TYPE OF
INJURY
MEAN AGE
INYEARS
()]

AUTHOR (YEAR)
STUDY DESIGN
PEDro SCALE/
MINORS SCORE

VR/AR MODALITY

weeks.

SESSIONS: NUMBER/
DURATION;

OUTCOME

TREATMENT MEASURES

PERIOD DURATION;
FOLLOW-UP

Brain computer interface:
participants were divided
into experimental and control
groups and instructed to

Yanagisawa etal n=12 visualize opening and closing o -
(2020) 2ULA W their phantom limbs. The ?:’::t'z:‘eft"ggg'sn TG
ROXT 10BPA virtual hand displayed to the FoIIow-up: 5 days’
PEDro Scale: 8 48.0 (8.05) participant was controlled '
by MEG signals in the
experimental group and a
randomizing algorithm in the
control group.
Teletreatment: Participants
were divided into
teletreatment, mirror
therapy, and control
groups. Teletreatment
and mirror therapy groups Session: 10/30 min; NRS, NPS,
Rothgangel etal received 4 weeks of mirror Treat.ment: 4 w‘k; PSFS, VAS,
2018) n=75 therapy, while the control Continued sessions: EuroQool
RCT 75 LLA AR group received 4 weeks variable/30 min; Questionnaire,
PEDI0 Sclae: 8 61.1(14.1) of sensorimotor exercises. Continued treatment:  GPES, Pain
’ Mirror therapy and control 6 wk; Follow-up: 10 Self-Efficacy
groups then continued their ~ wk, 6 mo Questionnaire

interventions for 6 weeks,
while the teletreatment
group used a tablet-delivered
virtual limb system for 6

PRIMARY FINDINGS

1) No significant difference between baseline SF-MPQ
scores for the experimental and control groups (p=0.88).
2) Significant difference between baseline VAS scores for
the 2 groups (p=0.0005) because participants were not
allocated based on the pain scales. 3) After 3 days, there
was a significant decrease in PLP via VAS from baseline

in the experimental group (mean [SD]: 45.3 [24.2]-30.9
[20.6], 1/100mm; p=0.009), but not after random training
(mean[SD]: 36.6 [19.5]-36.7 [25.0], p=0.98).

1) No significant treatment effect of mirror therapy in
control group on average intensity of PLP at 4 weeks
(treatment effect: —1.2; 95% Cl: —2.4-0.0; p=0.054).

2) All three groups showed a reduction in the average
intensity of PLP at 10 weeks and 6-month follow-up, with
no statistically significant differences between the groups.
3) Self-directed mirror therapy showed significantly
reduced duration of PLP at 6 months, compared to either
teletreatment with AR (p=0.050) or control (p=0.019).

VR: virtual reality; AR: augmented reality; PEDro: Physiotherapy Evidence Database; MINORS: Methodological Index for Non-randomized Studies; SD: standard deviation; RCT:
randomized controlled trial; RCXT: randomized crossover trial; ULA: upper limb amputation; LLA: lower limb amputation; BPA: brachial plexus avulsion; EMG: electromyography; MEG:

magnetoencephalography; mo: month(s); wk: week(s); hr: hour(s); min: minute(s); VAS: visual analogue scale; SF-MPQ: short-form McGill Pain Questionnaire; NRS: numerical rating scale; PRI:
pain rating index; WPDS: weighted pain distribution scale; GPES: global perceived effect scale; PSFS: patient-specific functional scale; PLP: phantom limb pain; CI: confidence interval

reported decreased PLP intensity, there were
no significant differences between the three
groups. Follow up analysis performed by
Rothgangel et al,"Yanagisawa et al,” Mercier
and Sirigu,? and Ortiz-Catalan et al* found
no significant changes in PLP intensity at the
conclusion of the intervention period.
Immersive studies. Thirteen of the
20 included studies met the criteria for an
immersive VR or AR intervention. Three
were comparative case series, =6 nine were
noncomparative case series,'>%-32 and one was
a case report, with average MINORS scores
of 17.3,10.6, and 8.0, respectively. Various
VR implementations were used, including
creating the virtual limb from a mirror image

of the intact limb,-% physically controlling the
virtual limb with the residual limb via external
fixations,'>* controlling the virtual limb via
electromagnetic sensors,’' and VR systems
that implemented tactile sensations.>*-¢
General characteristics of the nonimmersive
studies were extracted and synthesized in Table
2.

Studies by Murry et al,® Osumi et al, ¥ Tong
et al,?® and Kulkarni et al? utilized a mirrored
virtual limb system to create their virtual
environments in which participants used their
virtual limbs to interact and complete tasks
specific to each study. Rutledge et al'? and
Ambron et al* relied on direct physical control
by the amputated limb to control a virtual

avatar. Rutledge et al specifically utilized

a pedaling machine with motion sensors

that interpreted and displayed participants
riding a virtual bike."” Ambron et al captured
lower extremity movements with a series of
inertial measurement units (IMUs) attached to
participants during various scenarios. Studies
by Cole et al,*' Thagersen et al,** and Chau et
al® relied on electromagnetic sensors attached
to the residual limb to provide signals to
control a virtual limb. Additionally, Thegersen
et al also attempted to measure the extent of
cortical reorganization of lip representation
into limb cortices by performing baseline

and postintervention functional magnetic
resonance imaging (fMRI) while participants
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TABLE 2. Study characteristics for publications utilizing immersive VR/AR systems

SAMPLE (N) '
AUTHOR (YEAR) | TYPE OF ;I:.lS; ‘I\:_)II:)S’;.NUMBER/
STUDY DESIGN INJURY i’ OUTCOME
PEDro SCALE/ MEAN AGE Ll LL R :lé::\;'x;ﬁ; ATION: MEASURES
MINORS SCORE | INYEARS !
FOLLOW-UP
()
Mirrored virtual limb:
Murry etal (2007)  n=3 participants used the
Prospective case 2ULA virtual limb to complete Session: average y
series 1LLA L target tasks, tracka moving 3.3/30 min LA
MINORS: 10 62.7 (2.5) object, and direct toward
atarget.
. » Mirrored virtual limb:
Osurmi e @) n=8 participants used the . : NRS, 01, SF-
(ase series 8 BPA VR virtual limb to touch target Session: 1/10 min MPQ, SRQ
MINORS: 12 52.1(6.7) ua 9
virtual objects.
=19 Mirrored virtual limb:
Osumi et al (2019) 13_ULA participants used the
(ase Series VR virtual limb to participate ~ Session: 1/20 min 0I, SF-MPQ
6 BPA . .
MINORS: 12 in three separate dexterity
48.1(11.3) L
activities.
n=5 Mirrored virtual limb:
Tong et gl (2020) BPA and ULA pfirtl(lpgnts used the : HADS, NRS,
(ase series ) virtual limb to completea ~ Session: 10/1 hr SF-MPQ VAS
MINORS: 10 ball pushing task and a ball
50.2(7.73) .
shooting task.

PRIMARY FINDINGS

Upper limb: 1a) Reported decrease in PLP. 1b) One
participant reported return of PLP within hours. 1c) One
participant reported a drastic reduction in PLP after just
one session.

Lower limb: 2a) No consistent alteration in pain ratings.
2b) Suffered from simulator sickness in one session.

1) Significant 39.1+28.4% and 61.548.5% relief

of PLP via NRS and SF-MPQ, respectively (p=0.015,
r=0.85 and p=0.015, r=0.84, respectively). 2) Ol
significantly increased immediately after the short-term
VR rehabilitation training program (pre-VR: 1.7£1.1,
post-VR: 4.11+2.2; p=0.023, r=0.79). 3) Sense of voluntary
movement of the phantom limb was significantly higher
than zero (p=0.007). 4) Increase in Ol was significantly
correlated with decreases in SF-MPQ (r=-0.67, p=0.002)
and NRS pain scores (r=—0.48, p=0.03)

1) Significantly restored movement representation
(p<0.0001) as quantified using the bimanual coupling
effect. 2) Significant 74.6% and 38.9% PLP intensity
alleviation in BPA and patients with amputations,
respectively (p=0.02). 3) Significant positive correlation
between the % increase of the Ol and the % decrease of
SF-MPQ scores (r=0.54, p=0.008).

3rd session analysis: 1a) Significant 36.6% improvement
in MPQ ratings when compared to baseline (z=-2.02,
p=0.043, r=0.9). 1b) Marginally significant difference in
VAS pretest ratings (z=—1.75, p=0.08), but no significant
difference in posttest ratings (z=—0.41, p=0.68)
Participant last session analysis: 2a) 56.96% (SD: 17.49)
reduction in SF-MPQ ratings, 56% (SD: 18.08) reduction in
pain sensation ratings, and 58.33% (SD: 30.5) reduction
in emotional categories. 2b) 66.67% increase in sense

of embodiment ratings, and 21.74% increase in sense of
agency.

VR: virtual reality; AR: augmented reality; PEDro: Physiotherapy Evidence Database; MINORS: Methodological Index for Non-randomized Studies; SD: standard deviation; ULA: upper limb
amputation; LLA: lower limb amputation; BPA: brachial plexus avulsion; EMG: electromyography; mo: month(s); wk: week(s); hr: hour(s); min: minute(s); DPD: daily pain diary; SF-MPQ:
short-form McGill Pain Questionnaire; NRS: Numerical Rating Scale; Ol: ovalization index; HADS: Hospital Anxiety and Depression Scale; VAS: Visual Analogue Scale; PCL-M: Posttraumatic Stress

Disorder Checklist-Military version; PHQ-9: Patient Health Questionnaire 9; PLP: phantom limb pain; PLPQ: Phantom Limb Pain Questionnaire; SF-12: 12-Item Short Form Survey; TAPES: Trinity
Amputation and Prosthetic Experience Scale; QSA: qualitative self-assessment; fMRI: functional magnetic resonance imaging; MPI-D: West Haven-Yale Multidimensional Pain Inventory; TS:

telescoping sliders; WB FACES: Wong-Baker FACES

performed a lip pursing task.* Wake et al,**
Sano et al,*> and Ichinose et al*® utilized a
unique VR system that took advantage of the
phenomenon of illusory perceptions in PLP
reported by Ramachandran et al.”* The latter
documented the finding that when individuals
with PLP were touched on their ipsilateral
cheek, shoulder, or limb, they felt as if their
phantom limb had been touched. Following up
on this phenomenon, these studies provided

various combinations of tactile stimuli to
these referred locations to enhance the VR
environment with tactile sensations, compared

to a VR environment without tactile sensations.

All immersive studies reported a decrease in
PLP by participants in the experimental groups
(Table 2). Specifically, studies by Rutledge et
al,” Osumi et al, ¥ Tong et al,® Thagersen
et al, 2 Chau et al,®* Sano et al,* and Ichinose
et al*® reported significant decreases in PLP
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by participants in the experimental groups.
Follow-up analysis done by Kulkarni et al®

at one year found no significant changes in
PLP from baseline. Follow-up by Thagersen

et al? and Chau et al at four and six weeks,
respectively, found no significant changes in
PLP from the conclusion of the interventional
period, but participants in Chau et al* reported
decreased and more tolerable PLP from
baseline.
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TABLE 2, CONT. Study characteristics for publications utilizing immersive VR/AR systems

AUTHOR (YEAR)
STUDY DESIGN
PEDro SCALE/
MINORS SCORE

Kulkami etal (2020) n=9 errf)r.ed virtual limb: . . Duratlgn of
) participants used the Session: 3/10 min; PLP episodes,
(ase series 9 ULA VR . .
MINORS: 11 ange: 46-80 virtual limb to completea  Follow-up: 1year number of PLP
’ ge: 3D ball task. episodes, NRS
Physical control:
Rutledge et al n=14 participants attached their PCLM, PHO-9
(2019) 13LLA VR prostheses to a bicycle Session: variable/mean PLPO, éF—1 ) !
(ase series TULA pedaler which tracked their 25.6 min TAPES ‘
MINORS: 9 63.0(12.6) motion to a virtual biking
avatar.
Physical control: inertial
n=2 measurement units
Ambron'et al(2018) 2LLA captured participants’lower i
(ase series . . Session: 4/1 hr NRS, QSA
Both “middle- extremity movements,
MINORS: 9 " .
aged which were used to
participate in 4 games.
Surface EMGs: participants
Cole etal (2009) n=14 with ULAs performed a : )
. . ) . Session: upper limb: :
Prospective case 7ULA virtual grabbing/moving . Drug history,
. VR . . 2/60—90 min; lower
series 7LLA task, while LLA participants limb: 1/60-90 min SF-MPQ, VAS
MINORS: 10 53.0(17.4) performed a bass drum '
movement.

SAMPLE (N)
TYPE OF
INJURY
MEAN AGE
IN YEARS
(SD)

SESSIONS: NUMBER/
DURATION;

VR/AR MODALITY TREATMENT
PERIOD DURATION;

FOLLOW-UP

OUTCOME
MEASURES

PRIMARY FINDINGS

1) After 3 sessions, there was no significant reduction

(6.11 vs. 3.56) in mean PLP pain scores (t=2.1, df=8,
p=0.05), no significant reduction in number of PLP
episodes (Pearson’s Chi-squared=3.43, df=2, p=0.18),
and no significant reduction in duration of PLP episodes
(Pearson’s Chi-squared=22.50, df=16, p=0.13). 2) At the
1-year follow-up, there was a continued but nonsignificant
decrease in PLP pain (6.11 vs. 5.56) compared to baseline
(t=1.35, df=8, p=0.21), no significant decrease in number
of PLP episodes (Pearson'’s Chi-squared=8.00, df=3,
p=0.05), and no significant decrease in duration of PLP
episodes (Pearson’s Chi-squared=20.25, df=12, p=0.06).

1) Statistically significant reduction in pre- to
posttreatment PLP (t[13]=2.7, p=0.02, d=0.53).
2) Statistically significant reduction in pre- to
posttreatment unpleasant phantom sensations
(t[13]=4.4, p=0.001, d=1.7)

1) Both individuals reported a significant decrease in
PLP after each session. 2) Both individuals reported a
progressive reduction of pretest pain across sessions. 3)
After 4 sessions, participants reported a 22% and 67%
decrease in PLP, respectively.

1) Participants reported an average 64% decrease in
pain. 2) Some participants asked for more realistic visual
environments, haptic feedback/auditory feedback, a
wider variety of tasks, and incorporation of games into
the system.

VR: virtual reality; AR: augmented reality; PEDro: Physiotherapy Evidence Database; MINORS: Methodological Index for Non-randomized Studies; SD: standard deviation; ULA: upper limb
amputation; LLA: lower limb amputation; BPA: brachial plexus avulsion; EMG: electromyography; mo: month(s); wk: week(s); hr: hour(s); min: minute(s); DPD: daily pain diary; SF-MPQ:
short-form McGill Pain Questionnaire; NRS: Numerical Rating Scale; Ol: ovalization index; HADS: Hospital Anxiety and Depression Scale; VAS: Visual Analogue Scale; PCL-M: Posttraumatic Stress

Disorder Checklist-Military version; PHQ-9: Patient Health Questionnaire 9; PLP: phantom limb pain; PLPQ: Phantom Limb Pain Questionnaire; SF-12: 12-Item Short Form Survey; TAPES: Trinity
Amputation and Prosthetic Experience Scale; QSA: qualitative self-assessment; fMRI: functional magnetic resonance imaging; MPI-D: West Haven-Yale Multidimensional Pain Inventory; TS:

telescoping sliders; WB FACES: Wong-Baker FACES

In addition to measurements of PLP, Osumi
et al’? utilized a bimanual circle test (BCT)
to determine an ovalization index (Ol) as an
indicator for voluntary control of the phantom
[imb. In the 2017% and 20197 studies, Osumi
et al found a significant increase in Ol scores
after intervention (p=0.023 and p<0.0001,
respectively) and a significant correlation
between the decrease in SF-MPQ pain intensity
and increase in Ol (r=—-0.65, p=0.03 and
r=0.54, p=0.008, respectively). Additionally,
the 2019 study found a novel, significantly
greater alleviation of PLP in participants with

PLP secondary to BPA when compared to
participants with PLP secondary to amputation
(p=0.02).7

Under the PLP theory of cortical
reorganization, the attempt by Thagersen et al
to measure the extent of cortical reorganization
with fMRI found significant activations in the
contralateral ST Brodmann area 3b in both
pre- and postintervention. However, when
comparing the pre- and postintervention
fMRI results, there was a significant reduction
in activity in the contralateral S1 region
(p=0.011). Plots comparing improvement

of PLP severity to fMRI signals indicated a
possible association of PLP severity and cortical
reorganization. However, due to the small
sample size involved in this study, no statistical
correlation was performed.*

In the comparisons between tactile versus
no tactile feedback to VR interventions, Sano et
al* found a significant decrease in the tactile
feedback condition (p=0.02), with a significant
difference from the no tactile feedback
condition (p=0.0047). Ichinose et al** reported
a similar finding in which tactile stimulus to
the ipsilateral cheek resulted in significantly
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TABLE 2, CONT. Study characteristics for publications utilizing immersive VR/AR systems

SAMPLE (N) '
AUTHOR (YEAR) | TYPE OF ;EJS;A:.)::)S“_NUMBER/
STUDY DESIGN INJURY ’ OUTCOME
PEDro SCALE/ MEAN AGE REARMCIRLIL :Ié::\;hDAED':JLATION' MEASURES
MINORS SCORE | INYEARS !
FOLLOW-UP
(SD)

Thagersen et al =7 Surface EMGs: participants DPD, fMRI,
(2020) 7GL A AR used the virtual limb Session: 8/45-min; MPI-D, NRS,
(ase series 18.4(134) controlled by EMG signals  Follow-up: 4 wk SE-MPQ, TS,
MINORS: 13 B to complete dexterity tasks. VAS

Surface EMGs: participants

used the virtual limb
Chauetal (2017)  n=1 controlled by surface EMGs  Session: 5/45 min; SF-MPQ, VAS,
Case report TULA VR ) :

to complete two virtual Follow-up: 6 wk WB FACES
MINORS: 9 49 ) .

games or interact with

objects in a virtual kitchen.

Sensory stimuli:
Wakeetal (2015)  n=5 participants used the
Corpparatlve case  4BPA VR wrFuaI Ilmb.to touch target Session: 1/15 min NRS, SE-MPQ
series TULA objects, which would
MINORS: 15 57.8(12.2) initiate the experimental

stimulus.

PRIMARY FINDINGS

1) Significant 41% reduction in PLP via NRS pain severity
scores in patients (mean change: 0.93, p=0.022,
d=1.334). 2) Significant 52% reduction in SF-MPQ

pain indices before sessions (mean change: —1.884,
p=0.032, d=1.135) between the Tst and 7th session,
but no significant changes in SF-MPQ pain indices were
measured after sessions. 3) No significant correlation
between averaged embodiment and agency with PLP
decrease (r=—0.553, p=0.198 and r=-0.223, p=0.630,
respectively). 4) Significant negative correlation between
individual averaged SF-MPQ scores and individual
averaged agency and embodiment scores (r=-0.745,
p=0.055 and r=—0.777, p=0.040, respectively). 5)
Significant decrease of activity in S1 contralateral to the
amputation, just superior to the healthy side peak ([xyz:
—52,-14,42], p=0.011) on fMRI. Another activity cluster
was detected on the ipsilateral side both before and after
intervention at [xyz: 38, —34, 64] and [xyz: 36, —36, 64],
respectively. 6) The lip pursing task illustrated decreased
cortical activity in the primary somatosensory cortex,
which correlated to the reduced NRS scores of PLP severity.

1) Significant 55%, 60%, and 90% decrease in PLP pain via
VAS, SF-MPQ, and WB FACES, respectively, during each VR
session (p=0.0143, p=0.023, and p=0.0024, respectively).
2) Participant reported positive impressions, interest in
further participation, and no considerable difficulty with
intervention. Also reported a subjective improvement in
pain and longer lasting pain relief.

1) 4/5 participants reported pain amelioration, with up to
86% pain reduction in the tactile feedback condition. 2)
The best suited condition was patient-dependent.

VR: virtual reality; AR: augmented reality; PEDro: Physiotherapy Evidence Database; MINORS: Methodological Index for Non-randomized Studies; SD: standard deviation; ULA: upper limb
amputation; LLA: lower limb amputation; BPA: brachial plexus avulsion; EMG: electromyography; mo: month(s); wk: week(s); hr: hour(s); min: minute(s); DPD: daily pain diary; SF-MPQ:
short-form McGill Pain Questionnaire; NRS: Numerical Rating Scale; Ol: ovalization index; HADS: Hospital Anxiety and Depression Scale; VAS: Visual Analogue Scale; PCL-M: Posttraumatic Stress

Disorder Checklist-Military version; PHQ-9: Patient Health Questionnaire 9; PLP: phantom limb pain; PLPQ: Phantom Limb Pain Questionnaire; SF-12: 12-Item Short Form Survey; TAPES: Trinity
Amputation and Prosthetic Experience Scale; QSA: qualitative self-assessment; fMRI: functional magnetic resonance imaging; MPI-D: West Haven-Yale Multidimensional Pain Inventory; TS:
telescoping sliders; WB FACES: Wong-Baker FACES

reduced PLP, compared to the control hand
condition (p=0.018) and control no stimuli
condition (p=0.0006).

DISCUSSION

The aim of this review was to perform
an up-to-date systematic review of the
growing number of studies researching AR/
VR therapies for the treatment of PLP. These
findings were used to create a succinct table

of each study’s methodology, results, and
summarized findings. In both nonimmersive
and immersive AR/VR modalities, the majority
of studies revealed a significant reduction in
PLP, demonstrating that VR and AR therapies
continue to be a developing and potentially
promising option for the treatment of PLP. In
2017, when Dunn et al" performed a literature
review on the same topic, only eight studies
that showed evidence of improvements in
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PLP were available, but they had limited
statistical analysis or power. However, only
four years later, 12 more studies have been
performed, bringing the total to 20 studies.
Out of the 20 studies, 18 were case series

or case reports, typically with small sample
sizes and lack of a control condition. However,
while the eight studies before 2017 often
utilized qualitative data without data analysis,
the 12 more recent studies used increasing
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TABLE 2, CONT. Study characteristics for publications utilizing immersive VR/AR systems

SAMPLE (N) X
AUTHOR (YEAR) | TYPE OF ;EJS: ‘I\:_)II:)S“.NUMBER/
STUDY DESIGN INJURY i’ OUTCOME
PEDro SCALE/ MEAN AGE VLT ;lé::\;hbn;m ATION: MEASURES
MINORS SCORE | INYEARS !
FOLLOW-UP
(SD)
Sensory stimuli:
Sano etal (2016) n=7 participants used the
Comparative case 6 BPA virtual limb to touch target  Session: average 4.4/5 !
series 1ULA L objects, which would min LSRR
MINORS: 17 54.3(9.1) initiate the experimental
stimulus.
Sensory stimuli:
Ichinose etal (2017) n=9 participants used the
Comparatlve case  8BPA WR wrFuaI I|mb'to touch target Sgsswn: variable/20 NRS, SE-MPQ
series 1ULA objects, which would min
MINORS: 20 53.9(10.2) initiate the experimental
stimulus.

PRIMARY FINDINGS

1) Significant 41.8% reduction in SF-MPQ pain scores in
the tactile feedback condition (p=0.02) and nonsignificant
28.2% reduction in SF-MPQ pain scores in the no tactile
feedback condition (p=0.078). 2) Significant difference
between the SF-MPQ pain scores of the tactile feedback
condition and no tactile feedback condition (p=0.0047).
3) Average of ownership scores for tactile condition
(4.0£3.0) was lower than that of the no tactile condition
(4.9+3.3), but scores were not significantly different
(p=0.13). 4) Average of agency scores for tactile condition
(6.2+3.0) was higher than that of no tactile condition
(5.2+3.6), but scores were not significantly different.

1) Pain was significantly reduced in the cheek (p=0.004)
and intact hand (p=0.016) conditions. 2) Pain reduction
in the cheek condition was significantly higher than

the intact hand (p=0.018) and no stimulus (p=0.0006)
conditions. 3) 4/9 participants reported feeling referred
sensations. 4) Participants who always felt referred
sensations experienced significantly greater pain reduction
in the cheek condition that those who did not (p=0.016)
5) Sensory pain reduction rate in the cheek condition was
significantly higher than in the no stimulus condition
(p=0.0038).

VR: virtual reality; AR: augmented reality; PEDro: Physiotherapy Evidence Database; MINORS: Methodological Index for Non-randomized Studies; SD: standard deviation; ULA: upper limb
amputation; LLA: lower limb amputation; BPA: brachial plexus avulsion; EMG: electromyography; mo: month(s); wk: week(s); hr: hour(s); min: minute(s); DPD: daily pain diary; SF-MPQ:
short-form McGill Pain Questionnaire; NRS: Numerical Rating Scale; Ol: ovalization index; HADS: Hospital Anxiety and Depression Scale; VAS: Visual Analogue Scale; PCL-M: Posttraumatic Stress

Disorder Checklist-Military version; PHQ-9: Patient Health Questionnaire 9; PLP: phantom limb pain; PLPQ: Phantom Limb Pain Questionnaire; SF-12: 12-Item Short Form Survey; TAPES: Trinity
Amputation and Prosthetic Experience Scale; QSA: qualitative self-assessment; fMRI: functional magnetic resonance imaging; MPI-D: West Haven-Yale Multidimensional Pain Inventory; TS:

telescoping sliders; WB FACES: Wong-Baker FACES

amounts of quantitative data with more robust
investigations. Additionally, these more recent
studies have expanded upon the immersion,
customization, outcome measurement, and
statistical analysis of VR and AR therapies for
PLP. The greater number of immersive studies
versus nonimmersive studies also alludes to the
increase in availability and decrease in cost of
the immersive VR systems utilized, mitigating
a potential barrier to the clinical use of VR
therapeutics.

Calabro et al* evaluated motor patterns
using electroencephalogram (EEG) with robotic
nonimmersive VR therapies. The findings
of that research suggested that increased
immersion of realistic tasks in VR provided
increased frontoparietooccipital and mirror
neuron system (MNS) activation.* While
increased participant interest and engagement
in VR therapies play a role in the findings of

the included studies, we also hypothesize that
the increased frontoparietoccipital and MNS
activation from the multisensory engagement
of VR therapies might trigger a reduction in the
pathologic cortical reorganization underlying
PLP. However, while this systematic review
indicates increasing evidence for improvements
in PLP using AR/VR related therapies, there
continues to be viable research avenues by
which further exploration on benefits of AR/VR
therapies for PLP may be undertaken.
Limitations. This review was limited by
several factors related to the included studies’
methodologies and outcome measures. While
many of the included studies had overlaps
in methodology and primary outcome
measures, there was a large range of lengths
of treatments, number of treatments, and
specific PLP scales used in the studies. This
heterogeneity in methodologies limits the

ability to draw specific conclusions about
treatment benefits across the studies.
Additionally, while there has been an increase
in statistical measurements in the studies,
many studies continue to have small sample
sizes, and results should be interpreted

with caution. Although these reasons limit
conclusions drawn from these studies, we saw
an improvement in addressing these concerns
with more recent studies. These limitations
continue to be areas requiring further research
into treatment implications. Future studies
could also benefit from further comparisons
to other therapies used to treat PLP, including
the optimal length and number of AR/VR
treatments, and larger sample sizes with
randomization in treatment assignments.

CONCLUSION
AR/VR therapies continue to be
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developing field for the treatment of PLP.

In recent years, there has been an increase

in investigations studying its effectiveness,
as well as more robust data analysis. This
increase has paralleled the development

of VR systems marketed for entertainment

to the consumer audience.” While AR/VR
systems and methodology vary widely in the
available literature, there continues to be
evidence that AR/VR therapies are a promising
and relatively safe treatment to reduce PLP.
Future investigations could benefit from an
increased focus on comparisons of AR/VR-
based therapies against other available PLP
treatments by optimizing number and length
of sessions, as well as increasing sample sizes
and randomization.
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