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Abstract

Background: To assess the clinical feasibility of a virtual mirror therapy system in a pilot sample of patients with
phantom pain.

Methods: Our Mixed reality system for Managing Phantom Pain (Mr. MAPP) mirrors the preserved limb to visualize
the amputated limb virtually and perform exercises. Seven patients with limb loss and phantom pain agreed to partic-
ipate and received the system for 1-month home use. Outcome measures were collected at baseline and 1 month.

Results: Four (of seven recruited) participants completed the study, which was temporarily suspended due to
COVID-19 restrictions. At 1 month, in-game data showed a positive trend, but pain scores showed no clear trends.
Functioning scores improved for 1 participant.

Conclusions: Mr. MAPP is feasible and has the potential to improve pain and function in patients with phantom pain.
Trial registration: Clinical Trials Registration, NCT04529083
Keywords: Augmented reality, Phantom limb pain, Exercise therapy, Self-management

Key messages regarding feasibility ures, and (d) the barriers faced by participants in
receiving the intervention.

+ What uncertainties existed regarding the feasi- « What are the key feasibility findings?Feasibility

bility? The main uncertainties regarding the fea-
sibility in this study of a home-based virtual mirror
therapy program (Mr. MAPP) delivered to a sample
of patients with lower limb amputation were (a) the
ability to recruit patients meeting study criteria in
our healthcare facility, (b) the ability to deliver the
novel intervention at participants’ homes, (c) the
appropriateness of assessment and outcome meas-

outcome data:

Recruitment ability: Of the 9 patients approached at
the facility’s PM&R Amputee clinic, 7 consented to
be enrolled in the study (recruitment rate of 78%).
No participants met the exclusion criteria of motion
sickness.

Intervention deliverability: Four of seven participants
fully completed the study (retention rate of 57%).
Three patients withdrew from the study, with one
citing lack of time, one finding no suitable location
for Mr. MAPP, and one citing prosthesis pain. None
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or dissatisfaction with Mr. MAPP.
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Outcome measure appropriateness: All 4 participants
who completed the study reported satisfaction with
the system and temporary relief of pain following
therapy sessions with Mr. MAPP. One participant
also reported benefit by using the system during epi-
sodes of phantom pain. No other participant self-ini-
tiated therapy sessions to relieve their pain.

Barriers: No participant reported adverse events with
exercises or the use of Mr. MAPP. Three participants
required an additional home visit to assist with opti-
mizing system setup, particularly with issues of cam-
era positioning and Oculus sensor displacement. All
participants were satisfied with the ease of use and
expressed the desire to retain the system longer if
possible.

+ What are the implications of the feasibility find-
ings for the design of the main study? This clini-
cal feasibility pilot study demonstrated that exercises
performed using virtual mirror therapy with the Mr.
MAPP system are clinically feasible and Mr. MAPP
shows potential in its ability to improve pain and
physical functioning outcomes for patients with limb
loss and phantom pain. Future fully powered, com-
parative trials between this system and standard-of-
care approaches (including MT, pharmacological,
and physical therapy interventions) are planned,
which may help more definitively demonstrate the
efficacy of this system in terms of pain and functional
improvement. Additionally, we plan to evaluate the
outcomes in self-directed treatment sessions as well
as the potential benefits of longer trial durations.
Finally, following these trials, we plan to develop a
Mr. MAPP module for upper limb loss as well.

Background

Phantom limb pain (PLP) is defined as a painful sensa-
tion perceived in an amputated part of the body [1, 2].
Chronic PLP remains one of the most traumatic conse-
quences of amputation and affects 50—85% of amputees
[3, 4]. Pain characterization, frequency, and stability
of perceived PLP vary tremendously between patients,
consequently creating challenges for effective treatment
[5-8]. Unfortunately, there is a paucity of high-quality
evidence supporting treatment efficacy (largely due to
underpowered clinical trials) despite the plethora of
potential therapeutic approaches to PLP [9-15]. A classic
approach to addressing PLP is mirror therapy (MT) [16].
In MT, movement of an unaffected limb creates a reflec-
tive illusion of painless movement of the missing limb,
thus mitigating PLP symptoms in some patients [16—20].
However, the static orientation of the mirror and the
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need for an unwavering focus on the illusion can create
difficulties and result in suboptimal outcomes [21].

To overcome these barriers with traditional MT, vari-
ous virtual and mixed reality-based solutions have been
proposed [21, 22]. Virtual movements have been ren-
dered onto a flat screen or a head-mounted display
(HMD) to create the illusion of an intact limb through
a variety of means. One method involves capturing
affected limb movement and translating it into virtual
limb motion in a virtual reality environment [23, 24].
Another involves superimposing intact limb motion into
a projection of the missing limb using a top-down cam-
era [25]. While other methods exist, similar to MT, many
of these contemporary approaches also have challenges.
For instance, they can reduce the sense of embodiment
due to limb misalignment, artificial images or models,
and discrepancies between real and virtual appearances
[26, 27]. Furthermore, many systems have limited ability
for environmental interactions and also require a pleth-
ora of body sensors which can hinder their use in non-
supervised environments such as home settings. Most
importantly, all currently existing systems are employed
in a supervised healthcare environment—usually within
a clinic or research lab setting. Several socioeconomic
and logistical barriers may prevent routine clinical imple-
mentation of these systems. Users also may not be able to
use them on demand for symptom management as many
prefer [unpublished author observations], due to organi-
zational/institutional limitations such as regular business
hours. Due to these barriers, the feasibility and effective-
ness of a self-guided, on-demand, mixed reality MT sys-
tem have not been previously studied.

In order to address these obstacles in existing virtual
systems, the authors have developed a Mixed Reality-
based framework for MAnaging Phantom Pain (Mr.
MAPP) [28], which generates a real-time 3D model of
the phantom limb by capturing and mirroring intact
limb data with off-the-shelf cameras. Mr. MAPP uses an
HMD, does not require body sensors, and allows phan-
tom limb interaction with virtual objects, thereby pro-
viding an unencumbered experience with a high sense of
embodiment within a home setting. Furthermore, unlike
prior published work, in this study, the mixed reality MT
system was also designed for home deployment and for
use in an unsupervised, informal environment. These
novel features to a previously existing framework pro-
vide the basis for a unique approach to PLP treatment,
warranting a pilot study and feasibility evaluation. The
knowledge accumulated from this trial and manuscript
further informs the field of pain management and reha-
bilitation on PLP interventions and could guide future
investigation into these methods and systems.
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The primary goals of this clinical pilot study were to
evaluate the feasibility and preliminary outcomes of a
home-based virtual mirror therapy program delivered
with the Mr. MAPP system in a sample of patients
with lower limb amputation. We evaluated the follow-
ing: (a) ability to recruit patients meeting study crite-
ria in our healthcare facility, (b) ability to deliver the
novel intervention at participants’ homes, (c) appro-
priateness of assessment and outcome measures, and
(d) barriers faced by participants in receiving the
intervention.

Methods

Mr. MAPP system overview

The Mr. MAPP framework is designed to create a vis-
ual cue by generating a corresponding phantom limb
in real time. It utilizes Microsoft’s Kinect V2 RGB-D
cameras to capture the 3D avatar of the person, a lap-
top computer for running the games, and an Oculus
Rift for visualizing the virtual environment (Fig. 1).
The Kinect SDK uses a medial axis of symmetry to
mirror the intact limb and Mr. MAPP uses the gener-
ated data to obtain a 3D point cloud, which allows for
environmental interaction with the virtual limb. Mr.
MAPP also utilizes a variety of post-processing adjust-
ments to maintain an accurate lower limb illusion [29,
30]. A detailed summary of Mr. MAPP’s design and
features has been previously published [29].
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Clinical pilot study

Setting, participants, and study criteria

The study was approved by our Institutional Review
Board. Ten veterans who were established patients in the
amputee clinic in our facility were targeted for recruit-
ment in this study. Inclusion criteria include men and
women, over the age of 18, with lower limb amputa-
tions (greater than 3 months post-surgery) who reported
phantom limb pain of any duration or severity. Exclu-
sion criteria include patients with open wounds or active
infection in residual or contralateral limbs, history of sei-
zures, visual or cognitive impairment that interferes with
the ability to participate in a computerized exercise pro-
gram, any active cardiac condition or an active medical
issue that poses a contraindication to exercise therapy,
lives more than 60 miles away from the Dallas Veterans
Affairs (VA) Medical Center, and history of motion sick-
ness induced by HMDs or immersive environment. Any
patient experiencing motion sickness induced by HMDs
during the therapy session was able to opt out of the
study.

Established patients with lower limb amputations in
our physical medicine and rehabilitation (PM&R) clinics
were screened for inclusion in the study. Health Insur-
ance Portability and Accountability Act (HIPAA) waivers
were obtained for screening. Eligible participants were
identified and underwent clinical evaluation by a physia-
trist to confirm that they met the study criteria. After this
evaluation, eligible patients were invited to participate,

Fig. 1 Pipeline of the Mr. MAPP framework [28]
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and those who provided written informed consent were
enrolled into the study.

Study protocol and intervention

After consent was obtained, study participants were
instructed on using the Mr. MAPP system in a single ses-
sion. This consisted of completion of the baseline out-
come instrument questionnaires, familiarization with
Mr. MAPP, and formal instruction about the virtual MT
exercise protocol. This one-time training session was
conducted in the PM&R clinic and lasted approximately
1 h. Given that the key attributes of Mr. MAPP were its
portability and ability to be used with minimal ongoing
supervision, all participants were instructed in detail
on how to use the system. Regardless of familiarity with
technology prior to the session, all participants demon-
strated an understanding of the Mr. MAPP system and
were given an opportunity to ask any questions or clarify
instructions. All the participants verbally confirmed that
they understood how to use the software at the end of the
session and were given the research team’s contact infor-
mation for any later questions during the month.

The in-home virtual MT protocol was designed to
emphasize patient convenience and minimize the need
for supervised therapy. Regarding the implementa-
tion of these exercises in the software, Mr. MAPP was
designed with the intention of registering large move-
ments that were able to fit within the frame of the
Kinect camera. Each exercise session consisted of three
different exergames designed specifically for individu-
als with lower limb amputation and targeted three spe-
cific movements: (1) knee flexion and extension (Bubble
Burst game) [28], (2) ankle dorsiflexion and plantar-
flexion (Pedal game), and (3) tandem bilateral lower
extremity movement (Piano game) [29]. The exergames
were standardized to keep the intervention consistent
from participant to participant. The exercises/move-
ments in the three exergames were designed by physi-
cal medicine and rehabilitation physicians and physical
therapists’ input and were intended to target large lower
extremity movements of hip flexion, knee extension,
and ankle dorsi- and plantarflexion, which could be
captured well by the camera and provided a satisfactory
visual image of such movements in the amputated limb.
Participants were instructed to play 2 exergame sessions
daily for 1 month. Video demonstrations for reference
were available as needed [31, 32].

The research team provided each participant with the
Mr. MAPP system (including a laptop and camera) and
assisted with home setup through an in-person visit
(Supplemental material). The participant then used the
system to perform their daily home exercises for 1 month
to evaluate the sustainability of exercise behavior. At the
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end of this period, the system was returned. We decided
on 1 month as the length of intervention for pragmatic
reasons. We strove to attain a balance between giving
each participant adequate time to become accustomed to
the system and use it for its intended therapeutic purpose
and taking into consideration the availability of a limited
number of Mr. MAPP systems that could be simultane-
ously deployed for use by participants. Narrative ad hoc
reports of participants’ experience with in-home and on-
demand use were also collected to inform future clinical
implementation of this system, a major goal of this pilot
study. Throughout the course of the study, we kept an
informal record of the difficulties that arose specifically
as a result of the system needing to be used in the sub-
ject’s home.

Feasibility outcome measures

To assess recruitment ability, we calculated the percent-
age of all potentially eligible amputees (i.e., who reported
suboptimal management of their PLP) that we were able
to successfully recruit. To evaluate intervention deliver-
ability, we calculated the retention among study par-
ticipants. To assess outcome measure appropriateness,
we assessed patients’ qualitative feedback on perceived
intervention usefulness for their PLP, which would be
compared to clinical measures. Finally, we documented
the barriers and challenges faced by participants while
using the in-home system. This data was collected
through a user survey at the end of the 1-month inter-
vention, which included questions regarding user inter-
face experience with the software, overall satisfaction,
review of ad hoc narrative reports, and an open-ended
inquiry for any suggestions. Feedback from user surveys,
other communications, and informal narrative reports
were used to inform future modifications of this system
including a specific focus towards in-home on-demand
and sustainable use.

In-game data

Session time, duration, and gaming score were auto-
matically recorded into a “digital diary” Session time
and duration served to assess the level of engagement
and were used to verify the data in the participants’ self-
reported exercise diary. The following attributes in the
digital diary were analyzed: attendance patterns, per-
formance improvement over time, and effect of session
duration on the performance. Attendance patterns were
also used to assess intervention feasibility by tracking
adherence. In-game data also provided valuable insight
into the effectiveness of an at-home system, primarily
regarding the potential variability of real users in using
the system as directed.
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Table 1 Demographics, amputation history, and study participation status

Participant Age range Sex (male/female) Race/ethnicity Type of amputation Time since Study status
amputation
(days)

1 56-60 Male White Left below knee 1241 Failed to follow-up

2 50-55 Male White Left below knee 4678 Completed

3 70-75 Male White Right below knee 434 Participant declined

4 70-75 Male Black Right above knee 308 Completed

5 60-65 Male Black Left above knee 1297 Completed

6 60-65 Male Black Left below knee 1410 Completed

7 60-65 Female Black Left above knee 427 Pain due to prosthetic

Clinical outcome measures

At the baseline and 1-month visits, study participants
completed the McGill Pain Questionnaire (MPQ) and
Patient-Specific Functional Scale (PSFS). The MPQ
consists of three sections assessing pain characteriza-
tion, change, and severity [33]. The PSFS quantifies
activity limitation and measures functional outcome

for patients with physical disabilities [34]. In this ques-
tionnaire, the participant is asked to identify up to
three important activities they have difficulty perform-
ing due to their PLP and rate their level of difficulty.
Change in their functional ability in these 3 self-identi-
fied activities was evaluated at each visit. Additionally,
the participants were instructed to keep an exercise
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diary to track duration of their exercise sessions and to
rate their average pain weekly on a Numerical Rating
Scale (NRS) from 0 to 10.

Participants received weekly telephone support and
online ad hoc technical support as needed. Adverse event
data were also collected, and clinicians were informed
for any clinical intervention as needed during this pilot
study. Clinical study data were collected and managed
using REDCap hosted at the local VAMC.

Results

Ten participants were targeted in this clinical pilot
study. However, due to restrictions imposed at the
onset of the COVID-19 public health emergency
(PHE), recruitment was temporarily halted at 7 partic-
ipants. One participant already enrolled at the time of
the PHE underwent her intervention as scheduled but
completed her follow-up assessments virtually. Out of
the 7 patients who consented to participate, 4 patients
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completed the entire study. Participants were mostly
male (86%), the mean age was 64, and most were black
(57%). Most had transtibial amputations (57%) that
were nearly 1400 days old on average. Complete par-
ticipant data is available in Table 1.

Feasibility outcome data

Recruitment ability

Of the 9 patients approached at the facility’s PM&R
Amputee clinic, 7 consented to be enrolled in the study
(recruitment rate of 78%). No participants met the exclu-
sion criteria of motion sickness.

Intervention deliverability

Four of seven participants fully completed the study
(retention rate of 57%). Three patients withdrew from the
study, with one citing lack of time, one finding no suit-
able location for Mr. MAPP, and one citing prosthesis
pain. None withdrew due to therapy intolerance, adverse
events, or dissatisfaction with Mr. MAPP.
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Outcome measure appropriateness

All 4 participants who completed the study reported sat-
isfaction with the system and temporary relief of pain fol-
lowing therapy sessions with Mr. MAPP. One participant
also reported benefit by using the system during episodes
of phantom pain. No other participant self-initiated ther-
apy sessions to relieve their pain.

Barriers

No participant reported adverse events with exercises
or the use of Mr. MAPP. Three participants required an
additional home visit to assist with optimizing system
setup, particularly with issues of camera positioning and
Oculus sensor displacement. Informal feedback revealed
the need for scheduled check-ins from clinic personnel
during early in-home use, including potentially virtual
check-ins. All participants were satisfied with the ease of
use and expressed the desire to retain the system longer
if possible.
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In-game data

Attendance pattern

Half of our sample (2/4) had perfect adherence to the
program. Participants #4 and #6 performed their exer-
cise therapy sessions daily for 1 month, with #4 having
a consistent start time while #6 having a varied sched-
ule (Figs. 2 and 3). In contrast, digital diaries from par-
ticipants #2 and #5 revealed sporadic participation in
their sessions.

Performance

Each participant’s game performance changes were
variable, but a regression line based on all records
for each game was drawn, illustrating a general trend
towards improvement across all participants (Figs. 4
and 5). In the Piano game (Fig. 4), a positive correla-
tion trend is observed in participant #4 but the trend
was not observed in participant #6. In the Pedal game,
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a slight positive correlation was noted in all partici-
pants (Fig. 5). For the Bubble Burst game, the trend is
neutral over time.

Session duration on performance

No clear correlation was noted in the relationship
between performance and session duration (Figs. 6 and
7). The Bubble Burst game generally took 2-3 min to
complete, while the Pedal game typically took under 40
s. The Piano game was not included in this analysis since
it had a fixed duration of 2 min. Additionally, there were
several instances of participants receiving a score of 0
despite significant play time and game launches.

Clinical outcome data
Among the 4 participants who completed the 1-month
clinical trial, no clear trend was noted in pain intensity

as rated on the weekly NRS in the exercise diary (Table 2)
or in pain changes in any of the 3 sections of the MPQ
(Table 3).

Participants exercised for an average duration rang-
ing from 15.4 min per week (participant #4) to 42.9 min
per week (participant #5), with pain scores that ranged at
the low end between 0 and 1 for participant #5 and at the
high end between 6 and 7 for participant #4.

PSFS data were available for only 3 participants
(Table 4) because participant #2 was unable to identify
functional activities they wanted to address. Each par-
ticipant chose 2—-3 activity-related goals. Participants #4
and #6 showed improvement in PSFS scores (#4: 6.33 to
7.67 and #6: 1 to 3.33), while participant #5 demonstrated
a decrease in score (7.5 to 6.5). There was an apparent
difference between overall baseline and 1-month PSFS
scores (4.625 and 5.75, respectively).
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Discussion

The results of this study suggest that it is feasible to
implement Mr. MAPP, a virtual MT intervention, to treat
PLP in patients with lower limb amputation in a home
environment. In addition, most reported satisfaction
with the system, and a few reported temporary relief of
symptoms with the use of Mr. MAPP. To the best of our
knowledge, no other published reports on virtual MT
systems used to treat PLP have implemented the system
as a primarily in-home intervention [35-39].

Analysis of Mr. MAPP’s digital diary revealed that the
improvements in performance primarily emerged from
increases in repetition. This suggests that the gamified
exercise therapy delivered with Mr. MAPP is challeng-
ing and can motivate the participants to improve their
exercising behavior over time. While the sustainability of
this behavior longer than the 1-month period evaluated
in this study is unclear, the gamified experience may have

the potential to increase patient engagement in self-man-
agement of in-home rehabilitative exercises.

The digital diary found varying levels of engagement in
our sample, as demonstrated by inconsistent game activ-
ity by some participants. Technical factors and unique
challenges faced as a result of in-home use of the system
may have contributed to these findings. For instance,
accommodating the camera position to a participant’s
home may result in a suboptimal setup, leading to
reduced quality of experience. Operating the gaming lap-
top may also pose challenges if participants did not have
assistance. Because the device was typically 2 m away
from the therapy area, participants would have to doff
and re-don the HMD goggles to independently operate
the laptop. Additionally, the digital diary detected occa-
sional issues with 0-scored gaming sessions. Two possible
reasons for this include (a) changes in Kinect, Oculus, or
player orientation after initial home setup, which could
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cause misaligned or undeveloped virtual phantom limb
and limit player interaction with the virtual environment,
and (b) instability of the teleportation procedure respon-
sible for centering the player before each game. While
participants can typically self-adjust to correct the issue,
this discrepancy cannot be corrected if the misplace-
ment is in the vertical axis. Additionally, the 0-score data
anomalies may have contributed to the lack of correlation
between game performance and session duration. Opti-
mizing all of these technical and environmental consid-
erations is paramount to maximize patient engagement
and quality of experience for participants, especially for
fully powered in-home clinical trials with Mr. MAPP in
the future.

Additionally, review of digital diary records suggest
that participants who completed the study were able
to adhere to their recommended prescription. While
occasional discrepancies were noted between digital
and paper diaries, it likely may be due to recall error.

Therefore, integration of manual diary entries into the
digital interface may minimize potential inconsistencies.

Although our study participants did not show clear
trends in pain improvement assessed on the MPQ and
the NRS, this feasibility study was not powered to deter-
mine efficacy. Nevertheless, all 4 participants reported
temporary improvements in pain after therapy sessions.
Additionally, one participant reported benefit in using
the system to self-initiate treatment during episodes
of PLP. To our knowledge, no prior virtual MT therapy
studies have assessed the utility of ad hoc self-initiated
treatment sessions in the long-term management of PLP,
possibly due to its episodic nature. Given this instance
of successful self-directed treatment, further research is
necessary to explore the potential utility and accessibility
of this therapy modality, as it may serve as a safe and fea-
sible option for patients.

Analysis of PSES scores indicated significant func-
tional gains over 1 month with the use of the Mr. MAPP
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Table 2 Exercise diary data

Exercise diary data

Pain
score
(0-10)

Participant Week Average minutes
exercised (per

week)

Average minutes
exercised (total)

2 Week 1
Week 2
Week 3
Week 4
4 Week 1
Week 2
Week 3
Week 4
5 Week 1
Week 2
Week 3
Week 4
6 Week 1
Week 2
Week 3
Week 4

25.7
171
15.7
14.3
21.6
12.7
13.7
13.7
471 429
386 1
40.7 1
45

40.5
279
23

22.7

18.2

NN D~ O

o

285

- NN W

system, suggesting that by alleviating pain-related inter-
ference with functioning there is an opportunity to
improve in physical functioning in patients with PLP.
As we design the future clinical trial with Mr. MAPP, we
plan to study pain interference with function by using
the Brief Pain Inventory (BPI) scale, as recommended
by a recent VA Chronic Musculoskeletal Pain Research
Work Group [40].

Evaluation of innovative, non-pharmacological treat-
ment options for chronic pain conditions is one of the

Table 3 McGill Pain Questionnaire data
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VA'’s core priorities as outlined in a recent State of the Art
Conference [41]. Improving the quality of life and func-
tion in this patient population without the additional
requirement of trained healthcare personnel and with a
minimal additional cost of care can provide significant
value. Furthermore, Mr. MAPP-facilitated home exercise
therapy can potentially mitigate the increased utilization
of rehabilitation services that is often observed in this
population.

Future fully powered, comparative trials between this
system and standard-of-care approaches (including MT,
pharmacological and physical therapy interventions) are
planned, which may help more definitively demonstrate
the efficacy of this system in terms of pain and functional
improvement. These trials should include a comparison
group of individuals who are participating in traditional
physical therapy with MT to better assess head-to-head
effectiveness with the current standard of care for those
with PLP. Additionally, we plan to evaluate the outcomes
in self-directed treatment sessions as well as the potential
benefits of longer trial durations. Studying better transi-
tions and hand-offs between clinic/hospital-based treat-
ment to in-home management may also help inform the
practical implementation of such interventions. The next
steps would also include a thorough evaluation into both
the direct and indirect costs of the Mr. MAPP system and
its subsequent commercial applications. Finally, follow-
ing these trials, we plan to develop a Mr. MAPP module
for upper limb loss as well.

Limitations
This was a clinical feasibility and pilot evaluation of a
small sample of patients with PLP, meaning this study

McGill Pain Questionnaire

Participant Visit Section 1: Section 2: Section 3: How strong is your pain?
What does How does
your pain feel your pain Current pain  Pain at Pain at Pain of worst  Pain of worst  Pain of worst
like? (0-78) change with  strength its worst its least toothache headache stomach-ache
time? (1-5) (1-5) (1-5) (1-5) (1-5) (1-5)
2 Baseline 41 2 2 5 1 5 5 3
T month 40 2 2 3 1 3 4 4
4 Baseline 45 2 2 5 1 5 2
T month 67 2 1 5 2 5 2
5 Baseline 40 3 1 2 2 4 4 4
T month 38 3 1 2 1 4 4 2
6 Baseline 61 1 2 4 1 5 5 4
T month 58 2 1 5 1 5 4 4

Possible responses and key for “How does your pain change with time”:
= continuous and steady
2 = rhythmic period intermittent

3 = brief momentary transient
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Table 4 Patient-Specific Functional Scale data
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Patient-Specific Functional Scale (PSFS)

Participant Baseline 1 month Goals
Goal 1 Goal 2 Goal 3 Goal 1 Goal 2 Goal 3
4 7 6 6 8 7 8 1) Be able to stay standing while cooking
2) Ability to clean the house comfortably
3) Walking with crutches with more stability
5 6 9 - 7 6 - 1) Being able to play around with grandkids
2) Getting in and out of the shower
6 1 1 1 3 4 3 1) Walking is easier without PLP
2) Standing for long periods
3) Staying asleep without PLP disturbance
Range: 0-10

0 = unable to perform activity

10 = able to perform activity at the same level as before injury or problem
-=no goal set

Note: Participant #2 did not complete PSFS

was not powered to measure clinical efficacy. While
some minor trends in clinical improvement in pain and
functional outcomes were observed, caution should be
exercised to avoid over-interpreting these outcomes.
Due to the lack of a control group, we cannot defini-
tively attribute the cause of the observed outcomes to
the system. Several factors that may influence outcomes
were not controlled for in this study, including duration
and characteristic of PLP, etiology and level of amputa-
tion, and minutes of exercise. Although participants did
show increased engagement over time and increasing
motivation to perform prescribed therapy was an objec-
tive of the intervention, motivation was not directly
evaluated in this study. Additionally, pre-defined out-
comes were not used to determine if feasibility criteria
were met, which will be addressed in future studies.
Despite these limitations, this clinical feasibility pilot
study did demonstrate that exercises performed using
virtual MT with the Mr. MAPP system are clinically fea-
sible and show potential in its ability to improve pain
and physical functioning outcomes for patients with
limb loss and PLP.

Conclusions

Using Mr. MAPP, a novel and gamified virtual mirror
therapy system to perform in-home exercises by commu-
nity-dwelling patients with limb loss and phantom limb
pain, is feasible and has shown the potential to improve
pain and pain-related functional outcomes in patients.
Further research including a fully powered prospective
study with appropriate control is needed to better evalu-
ate its efficacy in improving outcomes compared to tradi-
tional approaches.

Abbreviations

PLP: Phantom limb pain; MT: Mirror therapy; HMD: Head-mounted display;
Mr. MAPP: Mixed reality system for Managing Phantom Pain; 3D: 3 dimen-
sion; RGB-D: Red-green-blue-depth; SDK: Software development kit; VA:
Veterans Affairs; PM&R: Physical medicine and rehabilitation; HIPAA: Health
Insurance Portability and Accountability Act; MPQ: McGill Pain Questionnaire;
PSFS: Patient-Specific Functional Scale; NRS: Numerical Rating Scale; REDCap:
Research electronic data capture; COVID-19: Coronavirus disease-19; PHE:
Public health emergency; BPI: Brief Pain Inventory.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540814-022-01187-w.

[ Additional file 1. In-home Setup. }

Acknowledgements

We thank the contributions of Drupad Annapureddy, Mitchell Kroll, and Sagnik
Dakshit towards this project. We thank Dallas VA Research Corporation for their
support.

Authors’ contributions

All authors read and approved the final manuscript. TA: Substantially contrib-
uted to the conception and design of the work; the acquisition, analysis, and
interpretation of data; the creation of new software used in the work; have
drafted the work and substantively revised it; and approved the submitted
version and agree both to be personally accountable for their contributions
and to ensure that questions related to the accuracy or integrity of any part
of the work. KB: Substantially contributed to the conception and design of
the work; the acquisition, analysis, and interpretation of data; the creation of
new software used in the work; have drafted the work and assisted in revis-
ing it; and approved the submitted version and agree both to be personally
accountable for their contributions and to ensure that questions related to
the accuracy or integrity of any part of the work. GR: Substantially contrib-
uted to the conception and design of the work; the acquisition, analysis, and
interpretation of data; the creation of new software used in the work; have
drafted the work and assisted in revising it; and approved the submitted ver-
sion and agree both to be personally accountable for their contributions and
to ensure that questions related to the accuracy or integrity of any part of the
work. YYC: Substantially contributed to the design of the work; the acquisi-
tion, analysis, and interpretation of data; the creation of new software used
in the work; have drafted the work and assisted in revising it; and approved


https://doi.org/10.1186/s40814-022-01187-w
https://doi.org/10.1186/s40814-022-01187-w

Annaswamy et al. Pilot and Feasibility Studies (2022) 8:232

the submitted version and agree both to be personally accountable for

their contributions and to ensure that questions related to the accuracy or
integrity of any part of the work. TP: Substantially contributed to the acquisi-
tion, analysis, and interpretation of data; have drafted the work and assisted
in revising it; and approved the submitted version and agree both to be
personally accountable for their contributions and to ensure that questions
related to the accuracy or integrity of any part of the work. BP: Substantially
contributed to the conception and design of the work; the acquisition, analy-
sis, and interpretation of data; the creation of new software used in the work;
have drafted the work and assisted in revising it; and approved the submitted
version and agree both to be personally accountable for their contributions
and to ensure that questions related to the accuracy or integrity of any part
of the work.

Authors’ information
TP and YYC are currently in training.

Funding
This study did not receive any funding.

Availability of data and materials
The datasets used and/or analyzed in the current study are available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study received local institutional review board approval and all human
participants provided their consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Physical Medicine & Rehabilitation, Penn State Health Milton
S. Hershey Medical Center, Hershey, PA, USA. “Penn State Health Rehabilitation
Hospital, Hummelstown, PA, USA. 3Simbe Robotics, South San Francisco, CA,
USA. “Physical Medicine & Rehabilitation Service, VA North Texas Health Care
System, Dallas, USA. >Department of Computer Science, UT Dallas, Dallas, TX,
USA. °UT Southwestern Medical School, Dallas, TX, USA.

Received: 17 August 2021 Accepted: 13 October 2022
Published online: 22 October 2022

References

1. Kim SY, Kim YY. Mirror therapy for phantom limb pain. Korean J Pain.
2012,25(4):272-4. https://doi.org/10.3344/kjp.2012.25.4.272.

2. Ribbers G, MulderT, Rijken R. The phantom phenomenon: a critical
review. Int J Rehabil Res. 1989;12(2):175-86.

3. Murray CD, Pettifer S, Howard T, et al. Virtual solutions to phantom
problems: using immersive virtual reality to treat phantom limb pain. In:
Amputation, prosthesis use, and phantom limb pain: an interdisciplinary
perspective. New York: Springer Nature; 2010. p. 175-96.

4. Sherman RA, Sherman CJ, Parker L. Chronic phantom and stump pain
among American veterans: results of a survey. Pain. 1984;18(1):83-95.
https://doi.org/10.1016/0304-3959(84)90128-3.

5. Ephraim PL, Wegener ST, MacKenzie EJ, et al. Phantom pain, residual limb
pain, and back pain in amputees: results of a national survey. Arch Phys Med
Rehabil. 2005;86(10):1910-9. https://doi.org/10.1016/j.apmr.2005.03.031.

6. Hill A. Phantom limb pain: a review of the literature on attributes and
potential mechanisms. J Pain Symptom Manage. 1999;17(2):125-42.
https://doi.org/10.1016/50885-3924(98)00136-5.

7. Owings MF, Kozak LJ. Ambulatory and inpatient procedures in the United
States, 1996. Vital Health Stat 13. 1998;(139):1-119. PMID: 9866429.

8.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

Page 13 of 14

Foell J, Bekrater-Bodmann R, Flor H, et al. Phantom limb pain after

lower limb trauma: origins and treatments. Int J Low Extrem Wounds.
2011;10(4):224-35. https://doi.org/10.1177/1534734611428730.

Flor H. Phantom-limb pain: characteristics, causes, and treatment. Lan-
cet Neurol. 2002;1(3):182-9. https://doi.org/10.1016/51474-4422(02)
00074-1.

Giummarra MJ, Gibson SJ, Georgiou-Karistianis N, et al. Central mecha-
nisms in phantom limb perception: the past, present and future. Brain Res
Rev. 2007;54(1):219-32. https://doi.org/10.1016/j.brainresrev.2007.01.009.

. Subedi B, Grossberg GT. Phantom limb pain: mechanisms and treatment

approaches. Pain Res Treat. 2011;2011. https://doi.org/10.1155/2011/
864605.

Aternali A, Katz J. Recent advances in understanding and managing
phantom limb pain. F1000Res. 2019;8:10.12688/f1000research.19355.1.
Aiyer R, Barkin RL, Bhatia A, et al. A systematic review on the treat-

ment of phantom limb pain with spinal cord stimulation. Pain Manag.
2017;7(1):59-69. https://doi.org/10.2217/pmt-2016-0041.

Alviar MJM, Hale T, Lim-Dungca M. Pharmacologic interventions for treat-
ing phantom limb pain. Cochrane Database Syst Rev. 2016;(10). https://
doi.org/10.1002/14651858.CD006380.pub3.

Johnson MI, Mulvey MR, Bagnall AM. Transcutaneous electrical nerve
stimulation (TENS) for phantom pain and stump pain following amputa-
tion in adults. Cochrane Database Syst Rev. 2015;(8). https://doi.org/10.
1002/14651858.CD007264.pub3.

Ramachandran VS, Rogers-Ramachandran D. Synaesthesia in phantom
limbs induced with mirrors. Proc Biol Sci. 1996;263(1369):377-86. https://
doi.org/10.1098/rspb.1996.0058.

MacLachlan M, McDonald D, Waloch J. Mirror treatment of lower limb
phantom pain: a case study. Disabil Rehabil. 2004;26(14-15):901-4.
https://doi.org/10.1080/09638280410001708913.

Ramachandran VS, Hirstein W. The perception of phantom limbs. The D.
O. Hebb lecture. Brain. 1998;121(Pt 9):1603-30. https://doi.org/10.1093/
brain/121.9.1603.

Ramachandran VS, Rogers-Ramachandran D, Cobb S. Touching the phantom
limb. Nature. 1995;377(6549):489-90. https://doi.org/10.1038/377489a0.
McCabe C. Mirror visual feedback therapy. A practical approach. J Hand
Ther. 2011;24(2):170-8; quiz 179. https://doi.org/10.1016/}jht.2010.08.003.
Murray CD. The social meanings of prosthesis use. J Health Psychol.
2005;10(3):425-41. https://doi.org/10.1177/1359105305051431.

Diers M, Kamping S, Kirsch P, et al. lllusion-related brain activations: a new
virtual reality mirror box system for use during functional magnetic reso-
nance imaging. Brain Res. 2015;1594:173-82. https://doi.org/10.1016/j.
brainres.2014.11.001.

Cole J. Virtual and augmented reality, phantom experience, and prosthet-
ics. In: Gallagher P, Desmond D, MacLachlan M, editors. Psychoprosthetics.
London: Springer London; 2008. p. 141-53.

Cole J, Crowle S, Austwick G, et al. Exploratory findings with virtual reality
for phantom limb pain; from stump motion to agency and analgesia.
Disabil Rehabil. 2009;31(10):846-54. https://doi.org/10.1080/0963828080
2355197.

InT, Lee K, Song C. Virtual reality reflection therapy improves balance and
gait in patients with chronic stroke: randomized controlled trials. Med Sci
Monit. 2016;22:4046-53. https://doi.org/10.12659/MSM.898157.

Kilteni K, Groten R, Slater M. The sense of embodiment in virtual reality.
Presence Teleoper Virtual Environ. 2012;21(4):373-87. https://doi.org/10.
1162/PRES_a_00124.

Carrino F, Rizzotti D, Gheorghe C, Kabasu Bakajika P, Francescotti-Paquier
F, Mugellini E. Augmented reality treatment for phantom limb pain. In:
Shumaker R, Lackey S, editors. Virtual, augmented and mixed reality.
Applications of Virtual and Augmented Reality. VAMR 2014. Lecture Notes
in Computer Science, vol. 8526. Cham: Springer; 2014. https://doi.org/10.
1007/978-3-319-07464-1_23.

Bahirat K, Annaswamy T, Prabhakaran B. MrMAPP: Mixed Reality for
MAnaging Phantom Pain. In: Proceedings of the 25th ACM International
Conference on Multimedia (MM 2017). Mountain View: Association of
Computing Machinery; 2017. p. 1558-66.

Bahirat K, Chung Y-Y, Annaswamy T, et al. Using Mr. MAPP for lower

limb phantom pain management. In: Proceedings of the 27th ACM
International Conference on Multimedia (Mm "19). Nice: Association for
Computing Machinery; 2019. p. 1071-5.


https://doi.org/10.3344/kjp.2012.25.4.272
https://doi.org/10.1016/0304-3959(84)90128-3
https://doi.org/10.1016/j.apmr.2005.03.031
https://doi.org/10.1016/s0885-3924(98)00136-5
https://doi.org/10.1177/1534734611428730
https://doi.org/10.1016/s1474-4422(02)00074-1
https://doi.org/10.1016/s1474-4422(02)00074-1
https://doi.org/10.1016/j.brainresrev.2007.01.009
https://doi.org/10.1155/2011/864605
https://doi.org/10.1155/2011/864605
https://doi.org/10.2217/pmt-2016-0041
https://doi.org/10.1002/14651858.CD006380.pub3
https://doi.org/10.1002/14651858.CD006380.pub3
https://doi.org/10.1002/14651858.CD007264.pub3
https://doi.org/10.1002/14651858.CD007264.pub3
https://doi.org/10.1098/rspb.1996.0058
https://doi.org/10.1098/rspb.1996.0058
https://doi.org/10.1080/09638280410001708913
https://doi.org/10.1093/brain/121.9.1603
https://doi.org/10.1093/brain/121.9.1603
https://doi.org/10.1038/377489a0
https://doi.org/10.1016/j.jht.2010.08.003
https://doi.org/10.1177/1359105305051431
https://doi.org/10.1016/j.brainres.2014.11.001
https://doi.org/10.1016/j.brainres.2014.11.001
https://doi.org/10.1080/09638280802355197
https://doi.org/10.1080/09638280802355197
https://doi.org/10.12659/MSM.898157
https://doi.org/10.1162/PRES_a_00124
https://doi.org/10.1162/PRES_a_00124
https://doi.org/10.1007/978-3-319-07464-1_23
https://doi.org/10.1007/978-3-319-07464-1_23

Annaswamy et al. Pilot and Feasibility Studies (2022) 8:232 Page 14 of 14

30. Azimi, M. Skeletal joint smoothing white paper. 2012. Available from:
http://msdn.microsoft.com/en-us/library/jj131429.aspx.

31. Prabhakaran, B. Mr. MAPP for upper limb. 2018. Available from: https://
utdallas.box.com/s/keyt3g2wu4hfoppdlexkolmnjoo9t8bx. Cited 2021
January 4.

32. Prabhakaran, B. Mr. MAPP for lower limb. 2019. Available from: https://utdal
las.box.com/s/2tbpu3ayv3aorowjiz4s5tdukrfd87. Cited 2021 January 4.

33. Melzack R. The McGill Pain Questionnaire: major properties and scor-
ing methods. Pain. 1975;1(3):277-99. https://doi.org/10.1016/0304-
3959(75)90044-5.

34. Stratford P, Gill C, Westaway M, et al. Assessing disability and change on
individual patients: a report of a patient specific measure. Physiother Can.
1995;47(4):258-63. https://doi.org/10.3138/ptc.47.4.258.

35. Brutsch K, Schuler T, Koenig A, et al. Influence of virtual reality soccer game
on walking performance in robotic assisted gait training for children. J
NeuroEng Rehabil. 2010;7(1):15. https://doi.org/10.1186/1743-0003-7-15.

36. ChenY, Lehrer N, Sundaram H, et al. Adaptive mixed reality stroke reha-
bilitation: system architecture and evaluation metrics. In: Proceedings of
the first annual ACM SIGMM conference on Multimedia systems. Phoenix:
Association for Computing Machinery; 2010. p. 293-304.

37. Duff M, ChenY, Attygalle S, et al. An adaptive mixed reality training
system for stroke rehabilitation. IEEE Trans Neural Syst Rehabil Eng.
2010;18(5):531-41. https://doi.org/10.1109/TNSRE.2010.205506 1.

38. Ortiz-Catalan M, Gudmundsdottir RA, Kristoffersen MB, et al. Phantom
motor execution facilitated by machine learning and augmented
reality as treatment for phantom limb pain: a single group, clinical
trial in patients with chronic intractable phantom limb pain. Lancet.
2016,388(10062):2885-94. https://doi.org/10.1016/50140-6736(16)31598-7.

39. Vieira J, Sousa M, Arsénio A, et al. Augmented reality for rehabilitation
using multimodal feedback. In: Proceedings of the 3rd 2015 Workshop
on ICTs for improving Patients Rehabilitation Research Techniques; 2015.

40. Kroenke K, Krebs EE, Turk D, et al. Core outcome measures for chronic
musculoskeletal pain research: recommendations from a Veterans Health
Administration Work Group. Pain Med. 2019;20(8):1500-8. https://doi.org/
10.1093/pm/pny279.

41. Becker WC, DeBar LL, Heapy AA, et al. A research agenda for advancing
non-pharmacological management of chronic musculoskeletal pain:
findings from a VHA State-of-the-art Conference. J Gen Intern Med.
2018;33(Suppl 1):11-5. https://doi.org/10.1007/511606-018-4345-6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



http://msdn.microsoft.com/en-us/library/jj131429.aspx
https://utdallas.box.com/s/keyt3g2wu4hf9ppdlexko1mnjoo9t8bx
https://utdallas.box.com/s/keyt3g2wu4hf9ppdlexko1mnjoo9t8bx
https://utdallas.box.com/s/2tbpu3ayv3aorowj1iz4s5tdu1krfd87
https://utdallas.box.com/s/2tbpu3ayv3aorowj1iz4s5tdu1krfd87
https://doi.org/10.1016/0304-3959(75)90044-5
https://doi.org/10.1016/0304-3959(75)90044-5
https://doi.org/10.3138/ptc.47.4.258
https://doi.org/10.1186/1743-0003-7-15
https://doi.org/10.1109/TNSRE.2010.2055061
https://doi.org/10.1016/s0140-6736(16)31598-7
https://doi.org/10.1093/pm/pny279
https://doi.org/10.1093/pm/pny279
https://doi.org/10.1007/s11606-018-4345-6

	Clinical feasibility and preliminary outcomes of a novel mixed reality system to manage phantom pain: a pilot study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 
	Trial registration: 

	Key messages regarding feasibility
	Background
	Methods
	Mr. MAPP system overview
	Clinical pilot study
	Setting, participants, and study criteria
	Study protocol and intervention
	Feasibility outcome measures
	In-game data
	Clinical outcome measures


	Results
	Feasibility outcome data
	Recruitment ability
	Intervention deliverability
	Outcome measure appropriateness
	Barriers

	In-game data
	Attendance pattern
	Performance
	Session duration on performance

	Clinical outcome data

	Discussion
	Limitations

	Conclusions
	Acknowledgements
	References


