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Purpose: We describe two case studies that use embodiment in virtual reality as a treatment
for chronic low back pain. The purpose of this case series was to determine the feasibility of
a novel virtual reality-based digital therapeutic for the treatment of chronic pain.

Patients and Methods: Two patients with chronic low back pain received seven sessions,
two sessions per week, of a novel digital therapeutic that combines virtual embodiment with
graded motor imagery to deliver functional rehabilitation exercises using an off-the-shelf
virtual reality system. Pain intensity was measured using a visual analog scale before and
after each session to get an indication whether individual sessions of virtual embodiment
training decrease pain intensity. Pain catastrophizing scale was assessed before the first
session and after the seventh session to determine the extent to which virtual embodiment
training can improve psychological symptoms of chronic low back pain.

Results: In both patients, pain intensity was improved after individual sessions of virtual
embodiment training as measured by a paired #-test: (Patient A: t = 2.890, P < 0.05) and
(Patient B: t = 5.346, P < 0.005). This indicates that individual sessions of virtual embodi-
ment training decrease pain intensity. In both patients, improvements were observed in three
subscales of the pain catastrophizing scale (rumination, magnification, and helplessness).
This indicates that virtual embodiment training may have benefits for chronic pain symptoms
such as pain intensity, pain-related mobility impairment, and disability.

Conclusion: This case series provides evidence that embodiment in virtual reality improves
symptoms of persistent chronic low back pain. We propose a mechanism by which virtual
embodiment may improve chronic pain symptoms by recontextualizing sensory feedback
from the body as patients engage in functional rehabilitation exercises while in virtual
reality.

Keywords: centralized pain, digital therapeutics, visual analog scale, pain catastrophizing

scale, sensorimotor

Introduction

Chronic pain is a global healthcare burden with as much as of 11% of the US
population suffering from pain lasting six months or longer' and upwards of 20%
in Europe.®* Chronic pain can lead to depression, anxiety, sleep disturbances, and
impairment in cognitive tasks.” Persistent pain poses a substantial societal burden
due to impairment of personal wellbeing, lost productivity, and high economic
encumbrance of prescription opioid use, abuse, and dependence. It has been
reported that health care costs of opioid abuse are as high as $55 billion annually
in the United States and are expected to grow in the coming years.® Opioids are one
of the most common treatment strategies for chronic pain, yet have the potential for
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abuse, dependence, misuse, and accidental overdose.” In
2017, US Health and Human Services declared the opioid
epidemic a public health emergency due to opioid misuse
affecting more than 2 million people and causing more
than 47,000 deaths annually.® There is an imperative need
for alternative, non-invasive, non-addictive methods for
treating chronic pain.

Rapid advances in technologies such as virtual reality
(VR) have shown promise for treating a variety of diseases
and disorders such as chronic pain. Several recent review
publications and meta-analyses have demonstrated the uti-
lity and benefits of virtual reality therapies in treating both
acute and chronic pain.”'! Established research supports
VR as a treatment strategy for burn pain, acute pain, and

12717 It has been suggested

experimentally induced pain.
that the mechanism of action of virtual reality is to influ-
ence activation in the anterior cingulate cortex (ACC) and
periaqueductal gray (PAG).'"® Although the precise
mechanism of chronic pain remains elusive, Zhou'® pos-
ited that long-term potentiation (LTP) occurs in the ACC
in response to an injury. There is evidence to suggest that
the ACC responds to pain with specific rate, spatial, and
temporal firing specific to the anticipation of pain.”® The
ACC sends projections PAG, which is the primary control
center for descending pain modulation. LTP in the ACC
likely shifts tolerable pain thresholds such that people
perceive heightened pain severity (hyperalgesia) and
increase the anticipation of a painful state.”'

Two primary approaches afford analgesic benefits of
VR: 9,17,22
Distraction therapy temporarily takes attention away

distraction therapy and immersiveness.
from pain while patients are engaged in the VR experi-
ence. In immersive VR, the user can interact with an
artificial environment to treat chronic pain. One form of
immersive VR is virtual embodiment. Virtual embodiment
refers to the sense of owning a virtual body, from a first-
person perspective, feeling the agent of the sensory feed-
back related to the actions of the virtual body.”® Through
activation of somatosensory and premotor circuitry asso-
ciated with the body parts that are embodied,** the use of
virtual embodiment as an immersive VR technique has
been shown to influence pain-free range of motion in
patients with unilateral chronic shoulder pain.*’

The following describes a case series to assess the feasi-
bility of embodiment in VR to exert an effect on the intensity
and catastrophizing of chronic low back pain. In these case
studies, patients completed seven sessions of a novel virtual
rehabilitation (Virtual

reality  functional program

Embodiment Training™ (KVET™), Karuna Labs, Inc, San
Francisco, CA). Patients successfully completed all planned
sessions of KVET™ without adverse events. Both patients
showed improvements on self-rated pain intensity from
individual sessions of KVET™ and improvements on pain
catastrophizing after seven sessions.

Materials and Methods

This study was approved by an Institutional Review Board
(Advarra) and all study procedures were conducted in
with the
Declaration of Helsinki. Two patients were recruited

accordance principles expressed in the
from local Occupational Health and Pain Clinics that
were diagnosed with chronic pain disorders of the lower
back with a continual duration of at least six months.
Patient A was a 37-year-old male who had been diagnosed
with patellofemoral pain syndrome and experienced
chronic low back pain for more than seven years. While
the specific diagnosis of the chronic low back pain was
undetermined, patellofemoral pain syndrome has been
shown to correlate with low back pain.®?’ Patient
B was a 64-year-old male who had experienced chronic
low back pain for twenty years. The initial cause of back
pain was a workplace injury. Since the injury, Patient
B received four back surgeries, including a spinal fusion
of L5-S1, a pain pump implant, and a spinal cord stimu-
lator implant. The back surgeries were not effective result-
ing in a diagnosis of failed back surgery syndrome.
Despite multiple interventions, the back pain persisted.
Both patients provided informed consent for the case
details to be published and then were screened for exclu-
sion criteria. Although VR has a demonstrated history of
safety, it carries the potential for adverse effects. One risk
is “simulator sickness,” which may involve nausea or
dizziness similar to seasickness and can occur when an
individual is disoriented by immersive VR. Other, less
common side effects include disturbance to balance, eye-
strain, blurred vision, fatigue, drowsiness, disorientation,
lack of
Questionnaire was administered to both patients. The

and coordination.  Simulator  Sickness
Simulator Sickness Questionnaire helps to identify the
risk of nausea and dizziness in VR.*® Neither patient was
identified as at risk for simulator sickness.

Patients received seven sessions of KVET™. KVET™
sessions were administered on an HTC Vive (HTC
Corporation, Bellevue, WA) VR Head-Mounted Display
(110° field of view, 1080 x 1200 pixels/eye, 90 Hz refresh)

along with the Vive hand controllers and trackers to provide
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an immersive VR experience. The Vive Tracker can be used
to track limb and trunk position and motion while in a VR
experience. This setup is paired with a gaming computer with
the power to run a VR experience at a high frame rate to
mitigate the risk of motion sickness. KVET™ consist of
30-45-minute sessions of exercises in an embodied VR
experience. Virtual embodiment is the first-person perception
of sensory feedback related to the actions of a virtual entity, or
avatar (See Figure 1). Exercises are designed based on the
principles of graded motor imagery (GMI). GMI is
a biopsychosocial approach to physical therapy that uses
imagery, rehearsal, and simulation to re-learn associations to
pain and to improve function. GMI was developed as
a gradual reintroduction of motor behavior for individuals
with chronic pain and has been demonstrated to be an effec-
tive approach to treating Complex Regional Pain Syndrome.*’

KVET™ consists of five exercises delivered through
the HTC Vive VR system. Exercises are based on princi-
ples of GMI and include motor imagery, graded exposure,
and corrective exercises. The motor imagery exercise was
a virtual sit-to-stand exercise that required coordination
between the trunk and lower limbs. Patients first observed
a virtual avatar performing the sit to stand task while the
patient maintained a stationary position. The patient was
instructed to visualize themselves performing the task
while observing the virtual avatar. Following the visuali-
zation portion, a chair is placed behind the patient and they
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are prompted to perform the sit-to-stand movement. The
graded exposure exercises consisted of a soccer exercise,
a target shooting exercise, and a dish stacking exercise. In
the soccer exercise, a soccer ball spawned at predictable
locations to the left, in front, and to the right of the virtual
avatar. Patients used the HTC Vive hand controllers to
embody virtual hands as they attempted to catch or deflect
the soccer ball as it was kicked towards a soccer goal. The
soccer exercise required coordinated lumbar rotation and
flexion to successfully complete the task. Points were
awarded for catching or deflecting the soccer ball. In the
target shooting exercise, patients used the HTC Vive hand
controllers to control a virtual turret gun that shot arrows
at targets, requiring patients to combine lumbar rotation
and lumbar extension to aim the arrow at and shoot targets.
Points were awarded for successfully hitting the targets
with the arrows. The dish stacking exercise was
a simulated activity of daily living and took place in
a virtual kitchen. Patients stacked dishes on predetermined
places on a virtual counter using the HTC Vive hand
controllers to grasp plates and stack them on the counter
using lumbar rotation. The corrective exercise was
a virtual ball rolling task where patients embodied
a virtual floating platform that tilted in response to patients
performing lumbopelvic anterior, posterior, and lateral
pelvic tilt. An HTC Vive tracker was secured to patient’s
lower back to track pelvic tilt motion.
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Figure | An example of KVET™ low back exercises. The patient sees the virtual avatar in the first person (front facing forward). A model avatar demonstrates proper
lumbar spine exercises which include lumbar flexion, extension, and left and right lateral extension. The avatar to the left produces mirror images of movements performed

by the embodied avatar.
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Each session, KVET™ began with the motor imagery
exercise and progressed to the graded exposure exercises
followed by the corrective exercise. Each exercise
increased in duration as patients became more successful
at completing the tasks. Initial sessions were twenty min-
utes in duration spread out roughly evenly in duration
between each exercise. By session seven, total duration
was approximately forty-five minutes of KVET™ spread

evenly between the five exercises.

Results

Self-perceived pain intensity was evaluated before and
after each session of KVET™ using a visual analog scale
for pain (VAS). Participants were asked to denote pain
using a 10 cm line with the left end representing no pain
and the right
Participants would then check off the region of the line

indicating the worst possible pain.

they believed accurately represented their current pain.
The distance between the left most part of the 10 cm line
and the participants check mark was then measured using
a standard ruler. This instrument is standard for tracking
pain.>® A paired r-test revealed a significant improvement
in pain intensity after single sessions of KVET™ for
Patient A (t = 2.890, P < 0.05) and for Patient B (t =
5.346, P < 0.005). Pain intensity improved, as measured by
a reduction in VAS, in six of seven sessions for Patient
A and all seven sessions for Patient B (Figure 2). These
results indicate that single sessions of KVET™ are sig-
nificant in reducing self-perceived intensity of pain.

To measure catastrophizing, the pain catastrophizing
scale (PCS) was administered before the first session of
KVET™ and after the last session. A high level of pain
catastrophizing, an excessive negative attending toward
pain, has been shown to contribute to the chronicity of
low back pain.*' The PCS quantifies the negative cognitive
and emotional responses to pain. The PCS has three sub-
scales: rumination, magnification, and helplessness. Both
Patient A and Patient B improved in all three subscales of
PCS (Table 1).

Discussion
Chronic pain is a life-altering condition resulting in sig-
nificant reduction in quality of life.***> Sufferers are often
prescribed analgesics, physical therapy, or interventional
procedures. These approaches often have incomplete or
temporary effects. Opioids are often prescribed but have
high potential for abuse, dependence, and overdose, mak-
ineffective

ing them a potentially and dangerous
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Figure 2 Visual analog scale (VAS) before and after KVET™ for patient A (top) and
patient B (bottom).

option.”** Chronic pain sufferers remain with few effica-
cious and safe therapeutic options. These case studies
provide evidence that virtual embodiment may be
a viable treatment strategy.

Chronic pain is often difficult to treat because it is
a complex phenomenon that may result from negative neu-
roplastic mechanisms within the central nervous system that
alter the perception of sensory information from the
body.'”*37 In patients with a centralized chronic pain
mechanism, renormalizing or retraining appropriate sensory

processing may improve the symptoms of chronic pain.*®

Table | Pain Catastrophizing Scale for Subscales Rumination,
Magnification, Helplessness, and Total Before the First Session
of KVET (Pre) and After the Seventh Session of KVET (Post)

Subscale Pre Post Pre Post
(Patient (Patient (Patient | (Patient
A) A) B) B)

Rumination 7 5 Il 9

Magnification | 3 | 7 3

Helplessness | 9 6 16 10

Total Score 19 12 34 22

Abbreviations: ACC, anterior cingulate cortex; KVET™, Karuna Virtual
Embodiment Training; PAG, periaqueductal gray; PCS, pain catastrophizing scale;
VAS, visual analog scale; VR, virtual reality.
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One of the most effective treatment strategies for chronic
pain is psychobehavioral therapy to help patient's cognitive,
behavioral, and emotional processes that provoke and rein-
force centralized pain symptoms.***! One of the mechan-
isms by which VR may be used as a tool to treat chronic pain
is the recontextualization of the association between sensor-
imotor processing of motor behavior.**** In virtual embodi-
ment, the visual feedback of movement does not come from
the patient’s own body but from their virtual avatar.
Modifications can be made to the movement of the virtual
avatar to alter the visual feedback that a patient receives. For
example, visual feedback can be augmented, such as over-
stating or understating the movement of the virtual avatar. If
the virtual avatar produces more movement than the patient
who is embodied in it, then the patient may perceive that they
can move more than they can without inducing a flareup of
pain symptoms.

We hypothesize that augmentation of movement in
virtual embodiment is the mechanisms that is driving the
improvements in self-rated pain intensity and pain cata-
strophizing. While additional studies would be needed to
confirm our hypothesis, previous studies provide evidence
that visual feedback augmentation and movement influ-
ence pain perception. It has been shown that augmenting
visual feedback of a virtual avatar can induce compensa-
tion in the movement of an upper extremity limb and
induce subconscious motor adaptation.** This suggests
that visual feedback of an embodied virtual avatar can
influence both physiology and motor behavior even when
participants are unaware that movement of the virtual
avatar is understated or overstated relative to the partici-
pant’s own physical movement. Furthermore, greater
movement in immersive VR correlates with improved
ratings on pain intensity.*> Conversely, Gordon et al
found that the type of movement of a virtual avatar does
not influence pain perception, however, in that study, par-
ticipants maintained a stationary arm position while obser-
ving a virtual arm moving in VR.*¢ It is possible that the
lack of physical movement in arm position influenced the
sense of immersion or presence in VR. Collectively, these
studies suggest that movement combined with immersive
VR can influence pain perception. It should be noted that
the above studies demonstrated effects on pain perception
in a single trial laboratory setting. In the present study, we
demonstrate that repeated sessions in immersive VR
improve self-rated pain intensity in chronic pain, adding
additional evidence that virtual embodiment can be used as
a treatment for chronic pain in real-world conditions.

This study demonstrates that immersive VR may have
benefits on pain intensity and catastrophizing in chronic
low back pain patients, complimenting previous studies
that demonstrated benefits of virtual embodiment on
chronic neuropathic pain and chronic arm pain,
respectively.*”*® It has been suggested that improvements
in pain catastrophizing has benefits for chronic pain symp-
toms such as pain intensity, pain-related mobility impair-
and disability.* We that the

improvements in pain intensity and pain catastrophizing

ment, hypothesize
are due to recontextualizing the sensory feedback from the
lumbar spine while engaged in functional rehabilitation
exercised in virtual embodiment.

Due to the limited number of patients in these case
studies, we are not able to draw population-level conclusions
of the effect that virtual embodiment may have on chronic
pain patients. We confirmed that virtual embodiment is safe,
well tolerated, and improves symptoms related to chronic
pain on the individual level. Patients also reported that they
perceived a benefit from exercises delivered within virtual
embodiment. A better powered study in the future is neces-
sary to confirm effects on the population level as well as to
determine the durability of virtual embodiment training on
symptoms of chronic pain. Additional studies are also needed
to determine if different symptoms of chronic pain are influ-
enced by different modalities of GMI and immersive VR.
These case studies provide a promising proof-of-concept that
virtual embodiment is safe, well tolerated, and improved
symptoms in individual chronic low back pain patients.

Conclusion

The case series described here provide evidence that vir-
tual embodiment can be used to improve pain symptoms in
chronic low back pain patients. Individual sessions of
virtual embodiment were sufficient in decreasing self-
perceived pain intensity and improvements in pain cata-
strophizing were observed after seven sessions of virtual
embodiment training. There are several limitations to this
case series. As with all case studies, it is difficult to
generalize these results to other chronic pain patients or
other chronic pain conditions. However, given the promise
of virtual embodiment on improvement on symptoms of
chronic pain, additional studies can determine the extent to
which immersive VR can alleviate pain and improve func-
tion and whether alternate mechanisms beyond visual
augmentation can provide similar results or additional
benefits.
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