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Abstract

Objectives

Chronic pain, such as low-back pain, can be a highly disabling condition degrading people’s
quality of life (QoL). Not every patient responds to pharmacological therapies, thus alterna-
tive treatments have to be developed. The chronicity of pain can lead to a somatic dysper-
ception, meaning a mismatch between patients’ own body perception and its actual physical
state. Since clinical evaluation of pain relies on patients’ subjective reports, a body image
disruption can be associated with an incorrect pain rating inducing incorrect treatment and a
possible risk of drug abuse. Our aim was to reduce chronic low-back pain through a multi-
modal neurorehabilitative strategy using innovative technologies to help patients regain a
correct body image.

Methods

Twenty patients with chronic low-back pain were included. Before and after treatment,
patients underwent: a neurological exam; a neuro-psychological evaluation testing cognitive
functions (memory, attention, executive functions) and personality traits, QoL and mood;
pain ratings; sensorimotor functional abilities’ testing. Patients underwent a 6 week-neuror-
ehabilitative treatment (total 12 sessions) using virtual reality (VRRS system, Khymeia,
Italy). Treatment consisted on teaching patients to execute correct movements with the
painful body parts to regain a correct body image, based on the augmented multisensory
feedback (auditory, visual) provided by the VRRS.

Results

Our data showed significant reductions in all pain rating scale scores (p<0.05); significant
improvements of QoL in the domains of physical functioning, physical role functioning,
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bodily pain, vitality, and social role functioning; improvements in cognitive functions
(p<0.05); improvements in functional scales (p<0.05) and mood (p = 0.04).

Conclusion

This non-pharmacological approach was able to act on the multi-dimensional aspects of
pain and improved patients’ QoL, pain intensity, mood and patient’s functional abilities.

Introduction

Chronic pain is defined as an unpleasant sensory and emotional experience associated with
actual or potential tissue damage, or described in terms of such damage that has been lasting
for at least twelve weeks [1]. Chronic pain, such as low back pain, is a highly disabling condi-
tion severely degrading people’s quality of life [2,3]. Epidemiological studies have found that
10.1% to 55.2% of people in various countries have chronic pain [4], which is now acknowl-
edged as a condition in its own right [1]. Many patients do not respond to pharmacological
treatment, inducing the clinical condition of chronic pain. Besides the unpleasant feeling,
chronic pain may also affect cognitive and emotional functioning. Indeed, many studies dem-
onstrated depressive symptoms and deficits in attention, verbal memory and executive func-
tions within this syndrome [5]. It should also be said that altered personality profiles such as
hysteria, hypochondria, depression or anxiety have been often reported following clinical mea-
surements of personality traits in people with this condition [6-9]. All these notions lead to the
conclusion that chronic pain, which refers to a multimodal experience, may contribute to dis-
ability, anxiety, depression, sleep disturbances, poor quality of life (QoL), and elevated health-
care costs [10-12].

It has also been demonstrated that chronic pain can lead to a somatic disperception, mean-
ing a substantial mismatch between the sensation of the affected body part and its actual physi-
cal state [13-15]. Distortion of body image is widespread in painful disorders. It has been
especially demonstrated in phantom limb pain, chronic low-back pain and Complex Regional
Pain Syndrome (CRPS) [14-17]. In these studies, patients were found to have a distorted body
image or, in some cases, a disruption of their self-perception. Since the clinical rating of pain
relies on patients’ subjective reports, a distorted body image could lead to an incorrect pain
rating, which could in turn lead to an incorrect pain treatment and to the risk of drug overuse.

Distortion of body image has been demonstrated in a majority of patients presenting with
CRPS and low-back pain. Férderreuther and colleagues [15] studied a population of 114
patients with CRPS and reported that 54.4% of them felt their hand as “foreign” or “strange”
and 48% of patients had impairments of identification of fingers of the affected hand. In
chronic low-back pain, five out of six patients studied by Moseley et al. [16] could not delineate
the full extent of their trunk, mentioning: “I can’t find it”. These reports are essentially built on
patients’ own feeling about their painful body part. The definition of more objective outputs
would be useful to better assess body image distortion.

Sensorimotor cortical reorganization has been demonstrated in chronic pain due to deaf-
ferentation [18], but also in chronic low-back pain [13] and CRPS [19]. Flor and colleagues
showed an enhanced reactivity and a somatotopic reorganization of the somatosensory cortex
in patients with chronic low back pain, hypothesizing an important role in the persistence of
the painful experience [13]. Indeed, this cortical reorganization reversed with clinical improve-
ment of painful sensations [20].
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Several non-pharmacological approaches can be administered to reduce chronic low-back
pain, such as massage, exercise, spinal manipulation, cognitive-behavioral therapy, acupunc-
ture, yoga or functional restoration. These cognitive-behavioral, sensory or motor strategies
aim particularly at reducing pain through cortical plasticity due to sensorimotor or cognitive
stimulation. Most of these approaches aim to teach patients the best techniques to lead them to
a self-management of their pain experience, through a manipulation of their thoughts, their
feelings and their behavior. Such techniques have been demonstrated as moderately effective
to reduce chronic low-back pain [21].

Virtual reality (VR) is a technological rehabilitation tool that allows the user to experience
the interaction with a computer-generated environment [22]. It may provide some advantages
over conventional care: it allows the simulation of realistic environments and real-life exer-
cises; the activities can be personalized to meet the specific needs of the patient; patients feel
more motivated by this kind of virtual environment [22-24]. In the rehabilitative context,
motivation is an important factor influencing the performance outcome [25]. VR constitutes
an enriched environment with augmented multiple sensory feedbacks (auditory, visual, tac-
tile). Whit the usage of an enriched environment together with a moving avatar, VR rehabilita-
tion engages several cortical and subcortical neuronal circuits that potentiate patient’s learning
and recovery [26-28].

Thus, VR may be considered a good candidate to help patients in improving their own
movements and body position perception [29] in order to regain a correct central nervous sys-
tem body image. VR enriched environment has already shown some efficiency in reducing
chronic pain either during the VR exercises [30] or after 3 to 10 days of rehabilitation [31].
These preliminary results provide evidence for safety and possible efficacy of this treatment.
However, so far, no studies have investigated the effects of VR in longer periods.

In this proof-of-concept study, we treated chronic low back pain with a non-immersive vir-
tual reality training starting from the working hypothesis that this treatment might contribute
to restore a correct body image, improve QoL (primary outcome measure), reduce pain sensa-
tions, act positively on mood, and recover sensorimotor abilities.

Materials and methods
Participants

The study was conducted in the Neurorehabilitation and Functional Recovery Department of
the San Raffaele Hospital (Milan, Italy). In this single-armed study, 20 patients (11 female,
mean age 47.5 £ 15.3 y.0., age range [19-72]) presenting with chronic low back pain were
included (mean pain duration 35.0 + 42.4 months, range [3-144], see Table 1 for patients’
description). Inclusion criteria were: (1) age between 18 and 75 years, and (2) history of
chronic pain > 12 weeks. Exclusion criteria were: (1) systemic metabolic disorder, (2) neuro-
logical or muscular degenerative disorder, (3) systemic infection, (4) cardiopulmonary or pul-
monary disorder with contraindication to physical exercise, (5) recent spinal surgery (<12
months), (6) spinal pathologies such as stenosis or spondylolisthesis or fracture, (7) acute
radiculopathy or compromised nerve root, (8) pregnancy.

Most of the patients were referred to the Neurorehabilitation and Functional Recovery
Department by the Neurosurgery and Gamma Knife Radiosurgery Department of the San Raf-
faele Hospital. All the patients had made a neurological visit and none of them had any indica-
tion for surgery. Patients had negative electromyographic evaluations for acute pathology. The
study was approved by the local Ethics Committee of the San Raffaele Hospital (Milan, Italy)
and all participants signed an informed consent according to the Declaration of Helsinki
before entering the survey.
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Table 1. Description of the sample.

Patients Age Gender Pain duration
LBP-1 57 F 48
LBP-2 53 M 24
LBP-3 71 M 19
LBP-4 50 F 8
LBP-5 58 M 120
LBP-6 42 F 3
LBP-7 19 M 16
LBP-8 64 M 144
LBP-9 45 F 48
LBP-10 45 F 4
LBP-11 48 M 120
LBP-12 42 M 5
LBP-13 26 F 5
LBP-14 55 F 4
LBP-15 69 F 17
LBP-16 28 F 24
LBP-17 72 F 24
LBP-18 44 F 12
LBP-19 30 M 24
LBP-20 32 M 30

LBP: low-back pain. F: female, M: male. Age is expressed in years, and pain duration is expressed in months.

https://doi.org/10.1371/journal.pone.0216858.t001

Evaluations

Before and after treatment, subjects underwent a comprehensive neuropsychological assess-
ment and a physical therapy examination.

In the neuropsychological assessment, the following tests for different cognitive domains
and questionnaires for daily living activities were administered: (1) Activities of Daily Living
(ADL) [32], (2) Instrumental Activities of Daily Living (IADL) [33], (3) Mini Mental State
Examination (MMSE) [34], (4) Attentive and Raven Matrices [35], (5) Token test [36], (6)
Semantic fluency [37], (7) Phonemic fluency [37], (8) naming [38], (9) word picture matching
test [39], (10) Digit span test [40], (11) Digit Span Backward [41], (12) Corsi block-tapping test
[42], (13) Rey Complex Figure Test [43], (14) Trail making test [44], (15) Stroop test [45], (16)
Wisconsin Card Sorting test [46], (17) personality (Minnesota multiphasic personality inven-
tory test 2 (MMPI-2, only in pre)) [47], (18) depression (Beck Depression Inventory-II) [48],
(19) quality of life (SF36—Short Form Health Survey) [49]. This is a measure of health status
contemplating eight sections: “vitality”, “physical functioning”, “bodily pain”, “general health
perceptions”, “physical role functioning”, “emotional role functioning”, “social role function-
ing”, “mental health”[49,50].

In the physical therapy exam, the functional and pain assessment included: (1) an 11-point
numeric rating scale (NRS) [51], (2) the McGill Pain Questionnaire (MPQ) [52], (3) the Brief
Pain Inventoy (short form) (BPI) [53], and (5) the Roland and Morris Disability Questionnaire
(RMDQ) [54]. Kinematic data were also measured using the Polhemus G4 tracking system
and consisted in measuring the maximal and the average trunk’s range of motion during ten
consecutive rotations, flexions, extensions and lateral flexions [55,56]. Maximal and Average
Rotation reflect the range of motion during ten trunk’s rotations, expressed in degree. We also
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defined a Repetition Index, which is an index of proprioception ranging from 0 to 1, where 1
corresponds to the maximal accuracy in performing the same range of motion during ten
trunk rotations. Participants wore 2 sensors: sensor 1 was positioned on the manubrium of the
sternum and sensor 2 was positioned on the anterior superior iliac spine. The Euler Angles
were measured by the differential orientation of the two sensors (relative movement of sensor
1 compared to the movement of sensor 2).

The Repetition Index was calculated as follows:

o Right rotation: IR+ = avg(Mn+)/max(Mn+)
o Left rotation: IR- = avg(Mn-)/min(Mn-),

Mn+ is defined as the Maximum Value of the all Positive Values of -n repetitions of the
movement (right rotation) and Mn- is defined as the Minimum Value of all Negative Values of
-n repetitions of the movement (left rotation).

Then, the total Repetition Index (IR) consisted on the average of IR+ and IR-.

After treatment, patients were also asked to report their Global Impression of Change
(GIC) on a 7-point categorical scale [57].

Treatments

Patients underwent 12 rehabilitative sessions of 1 hour each, over a period of 4 to 6 weeks.
Treatments consisted in virtual reality-based sensorimotor rehabilitation provided by the Vir-
tual Reality Rehabilitation System (VRRS) of the Khymeia group (Noventa Padovana, Italy).
The technological equipment included a computer workstation connected to a 6 degrees of
freedom (DOF) motion-tracking system (Polhemus G4, Vermont, US), a high-resolution LCD
displaying the virtual scenarios on a large screen and a software processing the motion data.
These data are issued by the receiver of the end-effector placed on the sternum or the hips.

The VRRS allows the participant to perform the requested motor tasks, while the movement
of the system’s end-effector is simultaneously represented in a virtual scenario. In this scenario,
an avatar reproduces online the performance of the patient who also gets an immediate visual
and acoustic feedback on his/her performance. Indeed, for each exercise, the patient has to
reach a certain result. The performance of the patient is immediately codified in terms of
score, color code and acoustic feedback so that the patient always has a knowledge of perfor-
mance and result. The aim of the exercises was to regain a correct body image by improving
the control of single movements of the trunk. Patients underwent a series of exercises consist-
ing mainly in trunk rotation, flexion and extension realized in various positions (standing, sit-
ting, and kneeling) as displayed in Fig 1.

Statistical analyses

Power size calculation was done on primary outcome: QoL, measured with the SF36—Short
Form Health Survey. Considering a SF36 post-treatment change of 7.7 points and a standard
deviation of 10.7[58], a 5% type I error (o = 0.05), 80% power (B = 0.2) and 15% of dropout
rate, a sample size of 20 participants has been established (calculation was made with PS Power
and Sample Size Calculation software). Pre and post values of all the pain ratings, neuropsy-
chological and functional assessments were compared using either Student’s t-test for paired
values or Wilcoxon test, depending on the normality of data distribution, as evaluated by the
Shapiro-Wilk test. Correlations between improvements in pain and/or neuropsychological
and functional scores (measured as differences between pre and post values) were tested using
Pearson and Spearman correlations, depending on the data distribution.
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Fig 1. VR-based rehabilitation. Figure displays example zs of exercises performed by the participants using the virtual reality system. Subjects wore
sensors on hips and/or sternum and were asked to perform movements in front of the computer where an avatar and virtual objects reproduced online
the virtual movements.

https://doi.org/10.1371/journal.pone.0216858.9001

Data were considered significant when p<0.05. The commercially available software IBM
SPSS Statistics v.23 (IBM Corp.) was used for all statistical tests.

Results

Every patient completed the sessions of virtual reality rehabilitation without side effects and
with a good compliance (no dropouts during treatment). Seven out of the twenty patients
refused to take part to some of the post-treatment neuropsychological evaluation. Thus, analy-
ses of neuropsychological data are presented with n = 13 (except for QoL, BDI and MMP], for
which n = 20).

Global improvement and pain ratings

Eighteen out of the twenty patients reported an improvement on the NRS pain scale (Table 2).
Indeed, Wilcoxon test showed a significant improvement in NRS pain rating after treatment
(p<0.001) overstepping also the Minimal Clinically Important Difference (MCID) set at 2.4
points in chronic low-back pain [59]. This improvement in NRS pain score correlated with the
improvement reported by the patients on the GIC scale (Spearman R = -0.638, p = 0.002).
Indeed, 16 patients reported improvement on the GIC scale (from slight to extreme improve-
ments) and 3 patients reported an impression of no change. Significant improvements at the
McGill Pain Questionnaire were also observed for the total pain score (Pain Rating Index-
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Table 2. Pain evaluations.

Tests
NRS pain

McGill Pain Questionnaire

Brief Pain Inventory

Pre Post P value

7.5 (5.0 to 8.38) 3.0 (1.63 to 6.5) <0.001*
PRI-TOT 31.85+12.17 23.35+16.70 0.001 *
NwWC 12.6 + 4.56 9.05 + 6.07 0.001 *
Interference score 59.36 + 20.45 34.70 £ 29.94 < 0.001*
Worst pain 66.02 £ 19.12 46.58 = 31.0 0.002 *
Average pain 55 (35 to 70) 35 (15 to 50) < 0.001*
Least pain 30 (10 to 55) 5 (0 to 40) 0.077

Data are expressed in mean + standard deviations or medians and (in parenthesis) first and third quartiles, depending on data normality. NRS: 11-point numeric rating
scale; McGill Pain Questionnaire: PRI-TOT: Pain Rating Index-Total; NWC: Number of Words Chosen.

*: significant differences between pre and post values.

https://doi.org/10.1371/journal.pone.0216858.t002

Total, PRI-TOT, p = 0.001) and the number of words used to described the pain (Number of
Words Chosen, NWC, p = 0.001). The Brief Pain Inventory also reported significant improve-
ments at the mean interference score (p<0.001), and at the worst and average pain scores
(respectively, p = 0.002 and p<0.001), while no difference was observed for the least pain score
(p = 0.077).

QoL, mood, neuropsychological evaluation and psychological profile

Results are displayed in Table 3. The statistical analyses of the SF-36 revealed significant
improvements in 5 out of the 8 the subscale scores. Indeed, significant improvements were
observed in: (1) “physical functioning” (p = 0.018), “physical role functioning” (p = 0.04), (3)
“bodily pain” (p = 0.029), (4) “vitality” (p = 0.015), and (5) “social role functioning”

(p = 0.028). There was also a trend for an improvement in “emotional role functioning”

(p = 0.062). There were significant correlations between the improvements in quality of life
and improvements in pain scores. In particular, improvements in “physical functioning” cor-
related significantly with improvements in: (1) NRS scores (R = -0.521, p = 0.047), (2) McGill
pain score PRI-TOT (R = -0.550, p = 0.034), and (3) BPI average pain (R =-0.673, p = 0.008)
and worst pain (R = -0.563, p = 0.036). Improvements in “physical role functioning” correlated
with improvements in: (1) McGill number of words chosen (NWC, R = -0.545, p = 0.036), and
(2) BPI worst pain (R = -0.544, p = 0.044). Improvements in “vitality” correlated with BPI aver-
age pain improvements (R = -0.627, p = 0.016). Improvements in “social role functioning” cor-
related with: GIC scores (R = 0.599, p = 0.018), (2) improvements in NRS scores (R = -0.545,

p = 0.036), (3) McGill PRI-TOT (R = -0.575, p = 0.025), and (4) BPI interference score (R =
-0.650, p = 0.012).

Lastly, a significant post-treatment improvement of the Beck Depression Inventory-II
scores was found (p = 0.04).

Neuropsychological evaluations did not show clinically significant abnormalities in
patients’ cognitive functions. The statistical analyses revealed some significant improvements
after treatment at the following tests (see Table 4): naming (p = 0.038), digit span (p = 0.013),
Rey list immediate and late recall (respectively p = 0.024 and p = 0.008) and Stroop test with
improvements in time (p = 0.004) and number of errors (p = 0.046). Moreover, there was a sig-
nificant correlation between the improvement at the digit span scores and improvements in
pain sensations (McGill, NWC, R = 0.591, p = 0.033).

The descriptive analysis of the psychological profile of patients (MMPI-2) showed that
63.2% of patients presented with scores above normal for hypochondriasis. Scores above
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Table 3. Evaluation of mood and quality of life.

Tests

BDI

SF-36 PF
PR
BP
GH
VT
SR
ER
MH

Pre Post P value

13.5 (9.0 to 19.0) 3.5 (2.25 to 17.75) 0.037*
49.67 £20.83 63.67 £20.04 0.018 ¢
0.0 (0.0 to 25.0) 0.0 (0.0 to 75.0) 0.040 *
28.53 £ 18.16 42.27 + 22.38 0.029 *
50.67 +21.44 50.50 + 25.76 0.966
40.67 £ 15.45 51.0 £ 18.92 0.015*
4497 £24.43 57.33 £31.27 0.044
0.0 (0.0 to 33.33) 33.30 (0.0 to 100) 0.062
57.87 £ 14.57 63.73 £22.80 0.183

Data are expressed in mean + standard deviations or medians and (in parenthesis) first and third quartiles, depending on data normality. BDI: Beck Depression

Inventory. SF-36: Short Form Health Survey. Results are exposed according to the 8 subscales: PF: Physical Functioning; PR: Physical Role Functioning; BP: Bodily Pain;
GH: General Health; VT: Vitality; SR: Social Role functioning; ER: Emotional Role functioning; MH: Mental Health.

* shows significant differences between pre and post values.

https://doi.org/10.1371/journal.pone.0216858.t003

normal were also observed for lie (42.1%), health concern (36.8%), hysteria (31.6%), addictions
acknowledgement scale (26.3%) and depression (26.3%). Detailed results of psychological pro-
file are displayed in Fig 2.

Participation, function and proprioception

Results are exposed in Table 5. The statistical analyses of RMDQ and kinematics data revealed
a significant improvement in participation (RMDQ, p<0.001), trunk functionality (Maximal
range of motion — Rotation, p = 0.002; Average range of motion — Rotation, p = 0.008), and
proprioception (Repetition Index — Rotation, p = 0.024). The scale RMDQ reached also a clini-
cal relevance of change, improving more than its MCID set at 5 points in chronic low-back
pain [59].

The improvements in participation (RMDQ) correlated with the improvements reported
by the patients on the GIC scale (Pearson R = 0.592, p = 0.006), NRS (Pearson R = 0.598,
p = 0.006), MPQ PRI-TOT (Pearson R = 0.711, p<0.001) and MPQ NWC (Pearson R = 0.629,
p = 0.003).

Discussion

In this proof-of-concept study, we were able to show that VR-based rehabilitation could have
significant impact on chronic low-back pain. Indeed, after six weeks of treatment, significant
decreases were observed for all pain scores, some of which overstepping the MCID reported in
the literature. This decreased pain sensation was also accompanied by improvements in QoL,
in some cognitive functions and sensorimotor output. Although such results need to be repro-
duced in a larger, controlled, randomized study, we believe these data bring evidence on the
fact that virtual reality can be efficient in helping chronic low-back pain patients in regaining
better motor function together with a reduced pain sensation and improvement in their qual-
ity of life.

Our treatment was based on the hypothesis that helping patients to regain a correct body
perception would help them improve their functional abilities, improve their QoL and reduce
pain sensations. The fact that patients improved significantly in movement reproducibility and
amplitude with training seems to indicate that VR-based rehabilitation produced significant
proprioceptive and functional improvements. Previous studies also showed that VR could
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Table 4. Neuropsychological evaluations.

Tests Pre Post P value
ADL 6.00 (6.0 to 6.0) 6.00 (6.0 to 6.0) 0.317
IADL 8.0 (8.0 to 8.0) 8.0 (8.0 to 8.0) 0.317
MMSE 29.00 (28.5 to 30.0) 30.0 (28.5 to 30.0) 0.864
Token test 34.5 (32.5to 35) 34.0 (32.0 to 35.5) 0.918
Semantic fluency 48.0 £ 11.11 49.25 £ 5.38 0.712
Phonemic fluency 33.75 £ 9.39 28.75 + 6.08 0.138
Naming 47.0 (46.0 to 48.0) * 48.0 (47.0 to 48.0)* 0.038 *
Word picture matching test 46.75 + 0.96 47.75+0.5 1.00
Digit span test 6.0 (5.0t0 6.0) * 6.0 (5.5t07.0) * 0.013*
Digit span backward 4.0 (3.0 t0 5.0) 4 (4.0 to 5.0) 0.153
Corsi block-tapping test 5.0 (4.5 to 6.0) 6.0 (5.0 to 6.5) 0.190
Rey List Test Immediate 42.75+4.79 % 54.75+9.71* 0.024 *
Deferred 10.0 £ 0.82 10.25+1.71 0.508
Recognition 14.5 (14.0 to 15.0) 15.0 (13.5 to 15.0) 0.860
Rey Figure Late Recall 11.0 (7.0 to 14.5) * 14.5 (10.5 to 18.0) * 0.008 *
Raven’s Progressive Matrices 29.75 £ 3.10 30.50 + 5.20 0.399
Attentional Matrices 53.50 + 5.32 54.25 + 3.40 0.301
Trail making test A 37.75 £ 6.65 42.50 + 6.14 0.605
B 106.0 + 35.19 95.25 + 30.55 0.220
B-A 58.0 (48.5 to 115.0) 55.0 (38.5 to 74.5) 0.239
Stroop test Time 21.88£6.73* 16.25 £ 4.63 * 0.004 *
Errors 0.0 (0.0to 1.0) * 0,0 (0.0 t0 0.0) * 0.046 *
Wisconsin Card Sorting test Total 70.25 £ 61.16 63.0 £ 47.90 0.346
Preservative errors 18.75 +17.15 14.25 + 9.54 0.259
Non preservative errors 19.50 + 17.02 19.0 + 18.53 0.702
Failures 2.25+2.63 2.75 £ 1.50 0.309
Rey figure copy 34.25 +0.96 33.75+0.96 0.307

Table displays pre and post values expressed in mean + standard deviations or in medians and (in parenthesis) first and third quartiles, according to data normality.

ADL: Activities of Daily Living; IADL: Instrumental Activities of Daily Living; MMSE: Mini Mental State Examination. P values of Wilcoxon analyses are displayed.

* represents significant differences between pre and post data.

https://doi.org/10.1371/journal.pone.0216858

1004

improve movement and body position perception [28]. In chronic neuropathic pain, a VR-

based treatment could induce analgesia in association with an improved embodiment sensa-

tion [60].

Although further studies will need to investigate the corticospinal mechanisms induced by
VR-based rehabilitation, we could hypothesize that such effects might have been due to corti-
cospinal reorganization. Indeed, VR training has influences on various cortical and subcortical

neuronal circuits, particularly related to learning. First, in some simple motor rehabilitation

exercises, the motor copy strategies use mirror neurons system to improve learning [26].

Moreover, thanks to the online and final feedbacks given to the subject during VR training,
the participant has a developed knowledge of results and the knowledge of her/his perfor-
mance, which constitutes the basis for reinforcement learning where the cortico-basal ganglia
circuits play a central role [27]. Lastly, the presence of virtual teachers and guidance engage

another type of learning: the supervised learning where the cerebellum plays a central role

[28]. A small open-label study based on the same hypothesis already reported improvement in

pain sensation in patients suffering from complex regional pain syndrome [61]. The authors
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showed that 5 sessions of virtual reality mirror visual feedback therapy was able to produce
>50% reduction in pain intensity. Moreover, neuroplastic changes due to VR training has
been recently demonstrated in patients presenting with chronic neglect [60]. In these patients,
five weeks of VR-based training improved their performance in the Posner’s cuing task. These
improvements were accompanied by increased BOLD signal changes in the Dorsolateral Pre-
frontal Cortex, the Anterior Cingulate Cortex and the bilateral Temporal Cortex, which are
areas related to the top-down component of the attention task. Virtual reality has also been
used to induce “full body illusions” during which visuo-tactile conflicts can induce one subject

to feel the ownership for a virtual body [62,63]. Such approach has been used to reduce chronic
pain sensation in a heterogeneous group of chronic pain patients experiencing full body illu-
sions [64]. The authors hypothesized that a visual analgesic effect might have been caused by

Table 5. Physical therapy evaluations.

Tests Pre Post P value

RMDQ 14.07 + 4.59 8.28 + 6.49 < 0.001 *

Kinematic Data Maximal Rotation 52.92 £22.26 69.39 + 17.43 0.002 *
Average Rotation 33.55+£20.32 53.20 £20.94 0.008 *
Repetition Index 0.59 +0.15 0.74 + 0.17 0.024 *

Table shows pre and post average values (+ standard deviations) for participation (RMDQ), function (Maximal and Average Rotation) and proprioception (Repetition
Index). RMDQ: Roland and Morris Disability Questionnaire.
* represents significant differences between pre and post data (t-test).

https://doi.org/10.1371/journal.pone.0216858.t005
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viewing the body, although other mechanisms might have been involved as well since there
was a significant correlation between the pain reduction and the synchrony of stimulations.

Other non-pharmacological therapies have been shown to improve chronic pain. In their
review, Chou and Huffman found good evidence that psychological interventions (cognitive-
behavioral therapy and progressive relaxation), exercise, interdisciplinary rehabilitation, func-
tional restoration and spinal manipulation were effective for chronic low-back pain. These
interventions were associated with moderate effects such as 10 to 20 points difference on a
100-point visual analogue pain scale or 2 to 4 points on the RMDQ [21]. Interestingly, our
approach reduced the median NRS score of 4.5 points and reduced the average RMDQ score
of 6 points (both results overstepping the MCID). These results underline the potential robust
effect of this VR-based treatment for chronic low back pain.

Cognitive-behavioral treatments for chronic pain aim to reduce feelings of helplessness and
uncontrollability and instate behaviors that limit the impact of pain on QoL. Cognitive-behav-
ioral approaches also focus on extinguishing pain behaviors and acquiring healthy ones. Such
treatments can modulate brain activity related to pain. Indeed, it has been shown that exposure
therapy can alter brain processes related to stimuli that are relevant for the disorder. Sensory
approaches can also modulate cortical organization. This has been shown in phantom limb
pain which was decreased by somatosensory training acuity. Motor strategies, such as mirror
therapy and virtual limbs for neuropathic pain might correct cortical body maps to remove the
incongruence between motor commands and sensory feedback (for review see [65]).

The chronic pain state can trigger a cascade of changes in psychological processes [66] that
seem to qualify, according to our results, for a treatment with VR. Indeed, previous studies
demonstrated that chronic pain can affect various cognitive functions, such as attention, verbal
memory and executive functions [5]. In line with these reports, our results showed significant
improvements in short- and long-term verbal memory, attention, language and long-term
visuospatial memory after treatment, with significant correlations between cognitive improve-
ments and reduction of pain sensation. There was no significant improvement in other mea-
surements of attention (matrices, TMT) or short-term visuospatial memory, working
memory, problem solving and other executive functions. One can hypothesize that the dura-
tion of treatment might have been too short and that longer treatments might have had
broader cognitive effects. Further studies should be dedicated to the investigation of the rela-
tionships between VR training, pain sensation, cortical reorganization and cognitive functions.
Our results demonstrated that this VR-based treatment was able to act on the multidimen-
sional aspects of pain, improving pain sensations, cognitive functions, together with functional
and proprioceptive aspects. The combination of all these multidimensional aspects might have
been responsible for the improvements in various subdomains of QoL, such as physical func-
tioning and physical role functioning, vitality, social role functioning.

In line with previous reports, our patients presented with abnormal levels of hypochondria,
depression, hysteria and health concerns, as shown by the MMPI analyses [6-9]. The MMPI
has been used to classify psychological traits of patients with chronic pain. These personality
traits of hypochondria, depression and hysteria have been shown to play a role in the chronici-
zation of pain [67] and may increase the affective dimension of pain [68]. Although previous
studies reported increased anxiety in chronic pain patients [6,7], our MMPI measurements
revealed abnormal anxiety traits in only 11% of our population. More investigations on anxiety
and chronic pain are thus needed to better investigate the relationship between both factors.
Indeed, further studies should investigate how personality profile might influence non-phar-
macological treatments of chronic pain in order to provide patients with better personalized
treatments.
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Chronic pain has become a major health concern worldwide. Pharmaceutical companies
are currently addressing the crisis of prescription drug abuse or misuse through the develop-
ment of abuse-deterrent formulations of opioid analgesics, addiction treatments, medication
to treat opioids overdoses, and non-opioid drugs [69]. The development of alternative, non-
pharmacological treatments is essential to offer patients the best personalized care and to
reduce the risk of drug misuse. Non-pharmacological treatments could also present the advan-
tage of a good compliance amongst patients. In particular, VR training has been reported as a
pleasant treatment [24]. Our results confirm this statement as all of our patients underwent
the full training without dropouts.

Our results open thus new study perspective and further randomized studies are necessary
to define: (1) treatment effectiveness; (2) the best treatment duration; (3) in which manner
might these improvements affect patients’ motor and functional activities; (4) how such VR
treatments can reduce analgesic drug intake; (5) what are the benefits of this kind of treatment
with respect to the traditional ones. We acknowledge the absence of a control group in this
study, the heterogeneity in patients’ profile, as well as an absence of correction for multiple
hypothesis testing.

Our study showed that a virtual reality-based motor training was able to reduce chronic
pain and act on the multidimensional aspects of pain, such as pain sensation itself, quality of
life, sensory and motor sensations as well as cognitive functions. These data serve as a proof-
of-concept study that should lead to larger, controlled, randomized clinical trials to better
investigate the potential of virtual reality to act on body perception to treat chronic pain.
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