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Up to 90% of amputees experience sensations in their phantom limb, often including
strong, persistent phantom limb pain (PLP). Standard treatments do not provide relief for
the majority of people who experience PLP, but virtual reality (VR) has shown promise.
This study provides additional evidence that game-like training with low-cost immersive
VR activities can reduce PLP in lower-limb amputees. The user of our system views a
real-time rendering of two intact legs in a head-mounted display while playing a set of
custom games. The movements of both virtual extremities are controlled by measurements from inertial sensors mounted on the intact and residual limbs. Two individuals
with unilateral transtibial amputation underwent multiple sessions of the VR treatment
over several weeks. Both participants experienced a significant reduction of pain immediately after each VR session, and their pre-session pain levels also decreased greatly
over the course of the study. Although preliminary, these data support the idea that
VR interventions like ours may be an effective low-cost treatment of PLP in lower-limb
amputees.
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INTRODUCTION
Individuals who undergo amputation commonly experience the sensation that the missing extremity
is still present, a phenomenon known as a “phantom limb” (PL) (1). A significant proportion of
individuals who experience a PL—from 65 to 70% in many studies—also experience persistent and
debilitating pain in the missing limb, a condition known as phantom limb pain (PLP) (2, 3). PLP
typically appears immediately after or within 1 week of amputation, but in rare cases it has been
reported to begin months or years after amputation (1). Its frequency and characteristics vary across
individuals. PLP can be sporadic or steady, and it can be experienced as burning, tingling, throbbing,
cramping, squeezing, shocking, or shooting (4). Furthermore, some individuals may also report
foreshortening of the PL, a phenomenon known as “telescoping,” which is associated with an increase
in PLP (5, 6).
Although the cause of PLP is unclear, a number of hypotheses regarding the etiology of the
disorder have been advanced. Some accounts attribute the deficit to peripheral nervous system
disorders such as neuromas (5, 7). The transection of the nerve with the limb amputation and the
consequent development of neuromas can induce ectopic discharges and the sensation of pain.
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The fact that anesthetic blockade of the nerve reduces pain in
some amputees (8) indicates that this explanation accounts for
PLP in some instances. However, not all individuals experience a
reduction in PLP from the use of anesthetic at the residual limb
(9). This observation, in addition to the occurrence of PLP in
individuals with congenital absence of an extremity (10, 11),
suggests that the disorder arises from more central alterations.
It has been proposed that the amputation of a limb may induce
a “cortical remapping” at the level of somatatosensory and motor
cortices. Animal studies have shown that amputation of a limb
induces neighboring areas to invade the cortical regions that
represent the amputated body part (5, 12, 13). This interpretation
has been supported with behavioral and neuroimaging evidence
in humans, which showed that tactile stimulation of the face
(represented cortically in close proximity to the hand area), but
not of other parts of the body, is perceived as stimulation of the
PL and induces an activation of the hand area (14). This cortical
remapping of somatosensory as well as motor cortex has been
proposed as one of the possible mechanisms responsible for
PLP (15, 16). Flor and colleagues (17, 18) showed that PLP, but
not PL phenomena per se, correlated with the level of cortical
remapping. A possible mechanism for this cortical remapping
is the “noise” produced by neuromas or the loss of C-fibers after
amputation (5).
An alternative account links the cortical remapping interpretation with the observation that individuals who experience
PLP often noted pain before the amputation (19). This theory
proposes the existence of some memory for pain mechanisms (5).
The long-lasting activation of nociceptors prior to amputation of
the limb may induce alterations at the level of primary sensory
cortex (5) or at multiple sites in the “pain matrix” (4). With limb
amputation and consequent cortical remapping, expansion of the
neighboring areas into the cortical area of the amputated limb
might induce reactivation of the memory for pain that is coded
in these regions and elicit the experience of PLP (5). While this
interpretation can account for PLP in some individuals who
experience chronic pain (19), it cannot explain PLP in individuals
with amputation from trauma.
Yet another account attributes PLP to a disruption of the
primary sensory–motor representation of the missing extremity,
a phenomenon sometimes called “maladaptive plasticity” (5, 20).
This interpretation rests on the fact that the ability to generate
motor commands remains intact after the amputation. Indeed,
studies have documented preserved activation of motor areas in
individuals who experience a PL (21), as though the limb were
still present (22). The motor commands sent to an amputated
limb, however, fail to generate the visual, auditory, proprioceptive,
and tactile afferent signals that the brain expects (1, 23). The lack
of correspondence between action plans and sensory feedback
from action is hypothesized to introduce imprecision, or “noise,”
in the representation of the extremity, and this imprecision may
manifest as pain. A variant of this account has been suggested by
recent evidence from Makin and colleagues [e.g., Ref. (24, 25)]
that the integrity of hand cortical representations (and disconnection of these intact representations from sensory input) is
associated with PL or PLP phenomenon. Finally, mood, anxiety,
and other psychological factors also play a role in PLP (5, 7).
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These varied explanations for PLP are not mutually exclusive
and may together account for the observed differences in PLP
across individuals (6). The variability in PLP etiology and
characteristics may also explain why certain individuals respond
more or less well to particular treatments (26). Indeed, several
different therapies have demonstrated benefit in some individuals, but none have been widely effective. PLP therapies vary from
pharmacological options such as anesthetics (26), antidepressants
(7, 26), and botulism toxin injections (7) to interventional treatments such as spinal cord stimulation (27), surgery (26), nerve
block (26), neuromodulation (27), sensory discrimination (28),
mental imagery (29), mirror therapy (26, 30), and virtual reality
(VR) (12) treatments.
A number of these PLP therapies, including sensory discrimination, mental imagery, mirror therapy, and VR, attempt
to normalize the cortical representation of the missing limb and
improve the correspondence between actual and predicted sensory
feedback. For instance, the use of anesthetic on the residual limb
seems to be effective at reducing PLP when the injection induces
a cortical reorganization (9). Sensory discrimination therapy uses
tactile perception tasks presented at the residual limb to provide
inputs from the amputated area and may reverse the cortical
reorganization that is generating the pain (28, 31). The mirror box
technique has also proven to be successful in reducing pain for
some individuals (32, 33). In this intervention, a mirror is placed
at the subject’s midline, and the subject watches the normal limb
in the mirror while attempting to move both limbs in synchrony
(34). Seeing the missing limb increases the individual’s sense of
control of the PL and may reduce pain (6, 35). A limitation of the
mirror box technique is the poor verisimilitude of the sensory
feedback provided from the missing limb. The participant may
have the visual illusion that the phantom extremity is moving,
but the apparatus is crude and the illusion often not compelling.
Patients cannot independently control the mirrored extremity, so
only symmetric actions can be modeled.
Some of these limitations can be overcome using VR because
this technology can provide visual input that is more varied and
realistic than that provided by a mirror (36–38). Indeed, OrtizCatalan et al. (36) recently reported the experiences of a single
subject with chronic upper-limb phantom pain who had failed
mirror therapy. They employed a VR system to create an image
of the missing hand on a computer monitor and used surface
EMG data from the residual limb to enable the subject to control
the hand and perform a series of reaching movements. The use
of this system reduced the subject’s pain (36). Similar beneficial
effects have also been obtained in larger samples of PLP patients
(12, 37–39), reinforcing the potential utility of VR in PLP treatment. Mercier and Sirigu (38) reported an average pain reduction
of 38% in eight individuals with upper-limb amputation who
were trained to use the residual limb to match the movements
of a virtual limb created from a mirror image of the intact limb.
Similarly, Perry et al. (39) showed an average pain reduction of
40% in five upper-limb amputees who were trained with 20 sessions of active and passive imitation of an avatar’s movements.
Using motion-tracking of the residual limb to create and control
a virtual limb, Cole et al. (40) showed a beneficial effect after a
single session of VR treatment in 10 of 14 individuals with PLP;
2
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VR system, participants were asked to rate the Quest for Fire and
Chess games on the System Usability Scale (41) after the final VR
treatment.
All experimental procedures were approved by the University
of Pennsylvania Institutional Review Board under protocol
#823287. During recruitment, participants were told they could
withdraw from the study at any point without providing an
explanation and without any consequences. Enlisted participants
gave informed consent and were compensated.

furthermore, average pain reduction was 64%. These data suggest
that VR systems that allow participants to directly control the
virtual limb have significant potential to reduce PLP (40).
In the present study, we describe our preliminary findings in
the treatment of PLP using a low-cost VR system that provides an
immersive and responsive virtual representation of the intact and
missing lower extremities that the user can control through natural motion of his or her intact and residual limbs. Two individuals
who experienced PLP after leg amputation participated in a series
of VR treatment sessions wherein they played custom games that
require the use of both legs. The data suggest that this approach
has substantial potential as a treatment for PLP.

VR Hardware and Software

As our aim was to develop an affordable VR treatment for
individuals who experience PLP, we used low-cost, high-quality
components that are commercially available. First, the VR environment was presented using an Oculus Rift DK2 headset, a
head-mounted display that provides three-dimensional graphical
output. This headset adjusts the user’s view to match the orientation of his or her head in real time, providing an immersive and
compelling view of the virtual environment. Second, we rigged a
generic humanoid avatar (a robot) to allow the user to control the
rotation of the hip and knee joints of both legs in a seated position. See Figure 1 for a screenshot of the user’s view in the Quest
for Fire game. The avatar’s legs were controlled using four ninedegree-of-freedom inertial measurement units (IMUs) that were
each mounted on a board and attached to the tops of the user’s
thighs and the fronts of the anterior shins (directly below the knee
joint) using stretchable fabric bands, as shown in Figure 2. To
estimate the orientation of each of the four moving leg segments,
Arduino microcontrollers were used to send readings from the
IMUs to the computer, using a program written in the Arduino
Programming language. A script written in Unity was then used
to filter the readings from all four IMUs. The user could precisely
control hip flexion/extension, hip adduction/abduction, and knee
flexion/extension of each leg independently. Many events in each
game caused sounds to help the user understand game contingencies and further increase the immersiveness of the system. These
sounds were presented through the laptop speakers.

MATERIALS AND METHODS
Case Studies

Subject 1 was a late-middle-aged, hypertensive, diabetic person
who underwent a right transtibial amputation for peripheral vascular disease 11 months before treatment. Subject 1 had a painful,
non-healing foot wound for 6 months prior to amputation. After
amputation, the pain persisted in the PL without change in character or severity. In the pretesting session, Subject 1 reported pain
that varied in intensity from 2 to 10 and averaged 6 out of 10. All
such ratings were gathered using a visual analog scale from 0 (no
pain) to 10 (maximum level of pain). There were no factors that
consistently altered the intensity of the pain. Subject 1 had tried
numerous medication regimens without benefit. This participant
could flex and extend his/her residual limb at the knee and did
not experience telescoping of the PL. Subject 1 participated in
only two sessions because of a newly diagnosed serious medical
condition.
Subject 2 was a middle-aged person with peripheral vascular
disease who underwent left transtibial amputation because of
gangrene in the left foot. At the time of surgery, Subject 2 noted
severe burning/aching pain in the left foot. That pain persisted in
the PL that developed after the amputation. Subject 2 reported a
clear sense of persistence of the lower leg and foot and felt that
s/he could flex and extend the phantom foot but not wiggle its
toes. After failing multiple therapies, including gabapentin, narcotics, tricyclics, and nerve blocks, Subject 2 was enrolled in our
research project 7 months after the amputation. In the pretesting
session, this participant reported a pain range from 4 to 10 out of
10, with an average of 7 out of 10. Subject 2 took part in four VR
sessions over the course of approximately 6 weeks.

Games

During the VR treatment, participants could play four games:
Quest for Fire, Web Browser, Chess, and Checkers (see Figure 1).
Loosely based on the Nintendo game Sokoban that was released
in 1982 by Thinking Rabbit, Quest for Fire presents the player
with a VR labyrinth environment. The avatar sits on a mobile
chair and maneuvers around the virtual environment by moving
their virtual legs (see Figure 1). The goal of each level is to reach
the fiery portal at the end of the labyrinth by pushing crates into
pits so that they no longer impede one’s path. This game has 17
levels that increase in complexity. Sounds effects were provided
for crates sliding across the floor, crates falling into pits, the
motion of the user’s chair, and the user entering a portal. In the
Web Browser virtual environment, the user is presented with a
virtual keyboard and a computer screen showing content from
the Internet. Leg motions enable the user to navigate the Internet
by moving the cursor and typing on a virtual keyboard. Click
sounds were provided when participants clicked the VR keyboard
or VR computer screen. In Chess and Checkers, the participant

Procedure

The format of each session was identical: after the VR apparatus
was set up, the participant rated current pain on the same 0 to
10 scale and then trained with our VR system for approximately
1 h. The participants sat in their own wheelchair throughout
the session. Treatment always started with at least 20 min of the
most active game (Quest for Fire, described below), as it required
vigorous use of the amputated limb. For the remaining time, the
participant was free to choose which games to play. At the end
of the hour, the participant was asked to rate the present severity
of pain on the same 0 to 10 scale. To assess the design of the
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Figure 2 | Subject 2 using the virtual reality system.
Figure 1 | Participants’ view of the (A) Quest for Fire, (B) Web browser,
and (C) Chess games. The Checkers game looks very similar to Chess.

2’s post-session pain ratings diminished by an average of 93.7%.
All but one of the six recorded post-session pain scores were at
the minimum value of 0 out of 10, indicating no pain at all.
Furthermore, both participants showed a reduction in pretreatment pain severity in subsequent sessions and a progressive
decrease of PLP across sessions. This trend was evident for both
participants: Subject 1’s pain ratings decreased by 22% from the
beginning of session 1 to the beginning of session 2, whereas
Subject 2’s pain ratings showed a decrease of 67% from the beginning of session 1 to the beginning of session 4.
Qualitative feedback given during the experiment was also
informative. Both subjects were highly enthusiastic about the
system and were eager to continue the study, but they could not
continue for health (Subject 1) and personal (Subject 2) reasons.
Finally, it should be noted that Subject 2 reported that his overall
level of activity improved dramatically over the course of the
experiment. For example, after two sessions Subject 2 walked to the
local grocery store using a lower-limb prosthesis for the first time.

plays against a standard chess or checkers algorithm by identifying a piece to move using the virtual legs and then directing the
virtual legs to the location to which he or she wants to move the
piece. Click sounds were provided when participants clicked on a
piece, along with sounds indicating the piece’s movement. Playing
the games required the user to lift the legs by rotating at the hips,
flex the knees, and execute different coordinated movements;
therefore, participants were instructed to take breaks whenever
they needed. Neither participant interrupted a session as a result
of physical or mental fatigue.

RESULTS
As shown in Figure 3, both subjects exhibited a substantial
decline in pain immediately after each VR treatment session.
Subject 1’s post-session (versus pre-session) pain intensity ratings
diminished by 100% in both session 1 and session 2, while Subject
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Figure 3 | Pain intensity ratings from pretesting and at the beginning and end of each session (S). Gray squares indicate Subject 1’s ratings, and black circles
indicate Subject 2’s ratings.

Data from the System Usability Scale (41) demonstrated
generally favorable ratings for usability of the system. Subject
2 scored the Quest for Fire and Chess games 70 and 83 out of
100, respectively; Subject 1 scored the same activities 40 and 78,
respectively. Three of these four ratings are within the acceptable
range (above 50 out of 100). Informal comments from Subject
1 indicated that the low rating for Quest for Fire reflected the
frustration s/he encountered when learning to make the avatar
move around the labyrinth.
Information regarding the sense of agency of the VR limb, the
point during the session at which participants noted a reduction
in PLP, and the possible association between level of fatigue and
PLP was not obtained.

contributed to our promising results. Subject engagement may
have been a limiting factor in the success of other VR systems
developed to alleviate PLP, which in turn may be attributable
to the repetitive and simple nature of the tasks implemented in
some investigations. For example, Perry et al. (39) asked subject
to pronate or supinate the wrist, and other investigators employed
a simple reach and grasp task (40, 42–44) or press and release of
a foot pedal (40). Other studies that have used more entertaining
VR activities, like arranging a puzzle (45) or racing games (36, 46),
have offered only a single game during the training. Our subjects
were afforded a suite of games, were permitted to allocate most of
their time according to their interests, and reported the tasks to be
interesting and fun. Current research with our system is exploring
the potential contributions of factors such as engagement, sense
of agency, and level of effort to any observed treatment effects.
By using IMUs attached to the individual’s thighs and shins,
our VR system allowed subjects to perform bilateral and unsynchronized leg movements, thereby providing subjects with the
experience of being in full control of the virtual PL. This setup
contrasts with many studies in which the visual image of the
intact limb was transposed into the space of the phantom to create
the virtual limb; such systems permit only bilateral synchronized
movements [(38, 39, 45), but see Ref (40). for a counter-example].
As argued by Perry et al. (47), VR approaches that provide more
lifelike feedback may be substantially more effective because they
enable more diverse limb movements and provide richer sensory
cues.
Importantly, our system uses the Oculus Rift headset to generate high-quality immersive VR. Many previous studies were carried out in non-immersive settings, with the virtual or augmented
environment presented as a two-dimensional image on a computer
monitor (36, 39, 46) or as a mirror reflection (38, 42, 44, 45).

DISCUSSION
Preliminary data from the two participants suggests that our
VR system may be a useful therapy for PLP. Indeed, both individuals reported a sizable decrease in PLP immediately after each
1-h-long VR session and a progressive reduction of pretest pain
across sessions. As noted in the Section “Introduction,” prior
work has demonstrated that VR may be of benefit in the treatment of PLP (38–40). Although the data must be interpreted with
caution given the small sample size in our study, as well as in other
investigations (36, 37), we note that the pain reduction achieved
within a session was larger in our subjects than that reported in
some previous studies (12, 40, 42), as both individuals were pain
free after most VR sessions. Our subjects also did not report an
increase in pain during the training, as had been observed in
some previous research (38).
Although formal data are lacking, we believe that the variety
and quality of the activities offered to the participants may have
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Although several recent studies have also employed immersive
VR (36, 42–44), the environment presented in these studies was
typically simple, such as a basic 3D world where a single unique
object was presented. The rich virtual environments employed in
our research may facilitate treatment benefit by increasing motivation and/or providing more lifelike visual cues.
Finally, our system is relatively easy to use. VR systems that
employ myoelectric recording from the residual limb to create the
VR limb (36, 46, 48) have used up to eight electrodes, which take
time and skill to place. The use of simple inertial sensors represents a practical advantage and reduces the need for supervision;
our system requires only a few minutes to set up and does not
require technological expertise to operate. We believe it would
be feasible to create a version that could be used at home without
assistance, opening the door for a low-cost, convenient, effective
PLP management strategy.
Although our investigation was not designed to explore the
pathophysiology of PLP, we believe our data are in general agreement with the hypothesis that PLP is due to the incongruence or
lack of correspondence between predicted and actual sensory and
motor feedback regarding the extremity (5, 20). Following this
line of reasoning, if loss of sensory feedback causes a degradation
of sensory–motor representations relevant to the missing extre
mity, interventions that provide feedback relevant to the planned
action of the missing extremity should reduce pain (15, 16).
A major limitation of our study is the small sample size. Still,
it is encouraging that both participants responded strongly and
reliably to our treatment. A further limitation of the present study
is that our VR system provides visual and audio feedback, but not
haptic (touch) feedback. As previous works suggest that haptic
feedback increases the likelihood of improvement in PLP in some
individuals (42–44), we intend to include haptic feedback in a
future version of our system. An additional potential limitation
is the fact that the avatar had robot-like rather than lifelike legs;
although it is often assumed that “realism” enhances the effects of
VR, it is noteworthy that our system achieved strong effects leg
depictions that were responsive but not lifelike. A final limitation
is that one of our subjects rated one game (Quest for Fire) as low
in usability.

Our VR system continues to evolve; we have made several
changes to the Quest for Fire software to improve its ease of use.
Additionally, we have developed a version of the hardware that
incorporates electromagnetic motion tracking rather than IMUbased tracking of leg position; this modification will address the
fact that the IMU signals tended to drift during vigorous motion,
contributing to participant frustration. We have also improved
both visual and auditory feedback; for example, the new version
of the system offers a more realistic reproduction of the limbs.
Finally, we have upgraded the VR hardware with a new Oculus
Rift that features built-in head position tracking and headphones,
both of which increase the immersiveness of the VR environment.
The upgraded system is currently being tested in a larger cohort
of subjects who experience PLP.
To conclude, our VR system provided participants with an
immersive VR experience while they played a variety of entertaining games using both legs. This system has shown clear potential
for the treatment of PLP, achieving a substantial reduction in PLP
in two individuals over only two to four sessions. Because of its
low cost and ease of use, this system is a potential prototype for
home-based treatment of PLP. Finally, the positive results in the
treatment of PLP reported here and in previous studies support
the view that VR may be a useful treatment for different forms
of chronic pain or other acquired brain disorders, such as stroke
(49) or spinal cord injury (50).
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