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Abstract
Study design Cross-sectional study.

Background Movement-evoked pain may serve as a protective response influenced by visual-proprioceptive cues
signaling potentially threatening movements. This study aimed to assess the impact of manipulating visual-propri-
oceptive feedback using virtual reality (VR) during lumbar flexion on movement-evoked pain thresholds. Addition-
ally, we explored whether individuals with elevated pain, kinesiophobia, and catastrophizing were more susceptible
to visual-proprioceptive manipulation.

Methods Fifty participants with non-specific chronic low back pain (cLBP) were included. We assessed lumbar
flexion-evoked pain thresholds alongside pain levels, pain interference, kinesiophobia, and catastrophizing. Partici-
pants performed lumbar flexion movements in three conditions: (1) without VR (control, F), (2) with a virtual illusion
shortening the perceived arm length by 20% (understated condition, F—), and (3) with a virtual illusion elongating
arm length by 20% (overstated condition, F +). Range of motion (ROM) was measured using an electro-goniometer.
One-way ANOVA with Bonferroni post-hoc tests examined differences among conditions, and three two-sample
t-tests explored whether individuals with higher pain, kinesiophobia, and catastrophizing were more affected

by visual-proprioceptive manipulation.

Results Understating the flexion task (F—) led to a 5% increase in movement compared to the control (P=0.04;
95% CI [0.6%, 10.7%]) and a 7% increase compared to the overstated condition (F+) (P <0.001; 95% CI [2.6%, 11.6%)).
Additionally, individuals with higher pain levels and pain interference, exhibited a more pronounced response

to the understated condition (F—).

Conclusions Manipulating visual-proprioceptive feedback through VR significantly influenced pain thresholds
during lumbar flexion in cLBP patients. The understated condition (F—) extended pain-free movement, delaying
pain onset. Furthermore, pain intensity and interference modulated susceptibility to visual feedback manipula-
tion. These findings enhance our understanding of how visual-proprioceptive feedback influences pain perception
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and movement patterns in cLBP. They suggest new avenues for pain assessment, therapeutic interventions, and clini-
cal strategies, particularly for individuals with high pain levels, interference, kinesiophobia, and catastrophizing.

Trial registration This study was retrospectively registered in the ClinicalTrials.gov with identifier NCT06750887

Keywords Chronic low back pain, Virtual reality, Movement evoked-pain, Illusions, Visual-proprioceptive cues,

Modulation, Multisensory processing

Introduction

One of the leading causes of disability worldwide, sur-
passing conditions including heart disease, severe
depression, and diabetes, is low back pain (LBP) [1].
LBP is a prevalent musculoskeletal disorder that affects
around 90% of individuals at least once in their lifetimes
[2]. Cases categorized as non-specific LBP lack a clearly
identifiable origin and represent the majority of instances
encountered in primary care [3]. The non-specific nature
of this condition stems from the intricate nature of LBP.
Multifactorial elements contribute to both the pain expe-
rience and the resulting disability. These factors encom-
pass biophysical characteristics, psychological aspects
such as kinesiophobia and catastrophizing, and social
determinants, as well as lifestyle factors, occupational
elements, and comorbidities [3, 4].

Biomechanical and postural abnormalities have been
consistently correlated with non-specific LBP [2]. Indeed,
literature reviews highlight the association between
increased exposure to forward lumbar flexion and fre-
quent lifting and the occurrence of LBP. Studies suggest
that a workplace environment characterized by elevated
forward lumbar flexion, lifting frequencies surpassing
25 lifts per day, and regular lifting of loads exceeding 25
kg is linked to an augmented risk of LBP [5, 6]. Moreo-
ver, individuals with LBP exhibit significantly reduced
low back flexion compared to their healthy counterparts
[7]. Finally, a meta-analysis investigated the coefficient
of variance among patients with and without LBP dur-
ing lumbar flexion, extension, rotation, and inclination
movements and concluded that lumbar flexion was the
most affected movement in the presence of LBP [8].

The central nervous system plays a pivotal role in influ-
encing the systems that underlie pain processing in cases
of chronic LBP (cLBP) and there is a profound intercon-
nection between them [9]. How we feel during movement
is shaped by a combination of internal (interoceptive) and
external (exteroceptive) sensory information [10]. Intero-
ceptive information encompasses proprioceptive and
nociceptive signals originating from the muscles, joints,
skin, and arteries. On the other hand, exteroceptive
information involves sensory cues about the movement
environment, including visual input [10]. Proprioception
abnormalities and a lack of feedback response from the
back muscles are frequently associated with cLBP, which

impairs the sense individuals have of the position of their
own body and movement. Thus, proprioceptive signals
pertaining to the lumbar region are less accurate [2, 11,
12].

Individuals with non-specific cLBP often exhibit a pro-
tective response known as movement-evoked pain [13].
This response can be influenced by visual-proprioceptive
cues, which encompass both interoceptive and extero-
ceptive sensory information. This suggests that patients
may perceive their back movement as potentially threat-
ening, thereby eliciting pre-emptive pain [14]. This
type of response, while possibly triggered by nocicep-
tive input, is increasingly understood as having a strong
nociplastic component, reflecting altered central pain
processing and sensorimotor integration, rather than
ongoing tissue damage [15, 16]. To explore the impact of
visual-proprioceptive cues on movement-evoked pain,
virtual reality (VR) offers a useful platform for modulat-
ing pain thresholds during motion by manipulating vis-
ual feedback. Evidence for this has been published in the
work of Harvie et al. (2015) [14], conducted in patients
with non-specific cervical pain. These authors showed
that manipulation of visual input in a VR environment
could either increase or decrease the amount of pain-free
movement experienced by users. They noted that when
VR overstated the extent of the real neck rotation per-
formed, pain manifested at a rotation 7% lower than that
observed in situations with real or precise visual feed-
back. Conversely, when VR underestated the actual rota-
tion performed, pain occurred at a 6% higher rotation
than instances with real or precise visual feedback [14].

Therefore, this significant finding implies a possi-
ble association between visual-proprioceptive cues and
movement-evoked pain. Additionally, Kragting et al.
(2023) [13] investigated the repercussions of manipulat-
ing visual feedback within a VR setting on cervical pain-
free ROM in patients with and without kinesiophobia.
Similarly, their results indicated that the visual sense of
the extent of rotation could affect cervical pain-free ROM
and that people with a higher level of kinesiophobia
seemed to be especially susceptible to this effect. Impor-
tantly, both the aforementioned studies [13, 14] explored
cervical pain, yet they did not focus on the most preva-
lent back pain condition according to the National Insti-
tutes of Health: LBP [17]. To the best of our knowledge,
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no publications in the academic literature have yet exam-
ined how VR-induced illusory motions might alter visual-
proprioceptive information or modulate lumbar flexion
pain thresholds in people with cLBP. Therefore, the main
goal of this current study was to determine if manipulat-
ing visual-proprioceptive feedback using VR during lum-
bar flexion influences the point at which patients start
to feel pain, also known as the movement-evoked pain
threshold.

Our initial hypothesis posited that the use of VR could
unveil a delay in pain onset when visual-proprioceptive
information understates real-world lumbar flexion. Thus,
our second hypothesis was that individuals who experi-
enced higher levels of pain, greater interference of pain
with daily functioning, elevated kinesiophobia, increased
disability, and heightened catastrophizing would exhibit
a heightened susceptibility to the effects of manipulating
visual-proprioceptive feedback.

Materials and methods

Study design

This was a double-blind, within-subject cross-sectional
study employing a randomised order of conditions and
repeated measures in individuals with cLBP. Following
the foundational tenets outlined in the Helsinki Declara-
tion, ethical clearance for this study was obtained from
the Ethics Committee at the CEU Cardenal Herrera Uni-
versity in Valencia, Spain and the Arnau de Vilanova Hos-
pital in Valencia, Spain (CEEI21/203 and CEIm:30/2021,
respectively). Before joining the study, each participant
received a detailed information letter and provided their
written consent. The collected data were handled confi-
dentially, adhering to the prevailing regulations on per-
sonal data protection. The STROBE reporting guidelines
for cross-sectional observational studies was followed.
This study was retrospectively registered in the Clinical-
Trials.gov with identifier NCT06750887.

Participants

Fifty participants with cLBP were recruited by the Ortho-
pedic Surgery Service and the Physical Medicine and
Rehabilitation Service at the Arnau de Vilanova Hospital
(Valencia, Spain) between November 2022 and October
2023. Initial screening was conducted by orthopaedic
surgeons and physical medicine and rehabilitation phy-
sicians in these services. This study included partici-
pants of both sexes who were aged between 18 and 65
years and diagnosed with non-specific cLBP according
to the European COST B13 guidelines [18]. In addition,
only participants who reported pain specifically dur-
ing active lumbar flexion were included. Finally, eligible
participants were required to have reported an average
pain score equal to or greater than 3 on the Numerical
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Rating Scale (NRS; 0: no pain; 10: worst pain imagina-
ble) [19] in the 6 months prior. CLBP is defined as per-
sistent pain lasting for more than 6 months according to
the IMMPACT (Initiative on Methods, Measurement,
and Pain Assessment in Clinical Trials, 2010) recom-
mendations. This criterion was applied to minimize the
likelihood of pain reduction resulting from the natural
evolution of the pathology [20]. Patients with infections,
spinal tumors, systemic diseases, fractures, cauda equina
syndrome, fibromyalgia, lower extremity musculoskeletal
injuries, or previous spinal surgery were excluded.

Experimental procedure

Participants provided their informed consent and com-
pleted a digital questionnaire (Qualtrics, Provo, UT)
7 days before undergoing the VR procedure. The ques-
tionnaire gathered personal information and data related
to lumbar pain including age, sex, pain intensity and
duration, the impact of pain on daily life, disability, kine-
siophobia, and catastrophizing. Subsequently, the partici-
pants visited the physiotherapy department at the Arnau
de Vilanova Hospital. A researcher conducted anthropo-
metric measurements of the patients immediately before
the VR procedure.

Participants used a VR headset (HTC Vive Pro, China)
and wore trackers on their hands, waists, and feet
throughout the VR experiment (see Fig. 1). This config-
uration was designed to establish a precisely calibrated
avatar within the virtual environment so as to faith-
fully replicate the actual movements of the patients and
thereby create an authentic and immersive encounter
from a first-person perspective. Inside the VR, the partic-
ipants looked at themselves in a mirror to improve their
sense of embodiment. Of note, before performing the
VR tasks, the patients underwent a tutorial to familiarize
themselves with the core aspects of the VR environment.
Finally, integrated speakers delivered pre-recorded audio
files giving standardized instructions for performing the
assigned tasks.

Participants were directed to execute lumbar flexions in
a virtual gymnasium, without bending their knees, until
the point of pain onset. The verbal instructions given
during the assessment were as follows: “Now I'm going
to ask you to stand upright, with your feet slightly apart,
about hip-width. It is very important that you DO NOT
BEND your knees during the entire task. The task will con-
sist of bending your body forward, trying to touch the foot-
prints you see in front of your feet, but always WITHOUT
PAIN. That is, you should bend forward as long as you feel
no pain. The moment you start to feel back pain, you must
stop for 1 s, and then return to the initial standing posi-
tion with your back straight. You will rest for 1 s and then
repeat the movement two more times” The goal was for
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Fig. 1 The virtual reality set up and virtual environment

Fig. 2 Lumbar flexion (handprints): the left image shows the view

of the researcher and right image shows the view of the participant
within the virtual reality space

them to reach virtual handprints strategically placed in
front of their feet. As the participants descended towards
the floor and the handprints, the latter expanded in size
and transitioned to a deeper shade of blue (see Fig. 2).
This flexion task was repeated 3 times under 3 differ-
ent conditions in a randomized order, meaning that the
patients performed a total of 9 lumbar flexions.

The three conditions were: (1) lumbar flexion per-
formed without the use of VR [control condition, (F)]; (2)
lumbar flexion performed with a VR illusion induced by
shortening the perceived length of the arms of the par-
ticipants by 20% relative to the real length, thereby creat-
ing a feeling that they were moving less compared to the
control condition [understated visual feedback (F —)]; (3)
lumbar flexion performed with a virtual illusion induced
by elongating the perceived real length of their arms by
20%, in so creating a feeling that they were moving more
compared to control condition [overstated visual feed-
back (F +)].

We utilized the outcomes of a preliminary study to
identify the virtual deception ratios that participants
were most likely to perceive as ‘non-manipulated, thereby
minimizing the likelihood they would detect the decep-
tion (see Appendix A1 for more information on the pilot
study). Thus, the following numbers were selected for
each of the two VR conditions: 0.8 (— 20% of the real arm
length) for F— and 1.2 (+ 20% of the real arm length) for
F+.

To ensure that participants were unaware of the
changes in the two illusory VR conditions, a two-min-
ute rest period was allowed between the 3 repeats of
each condition. In addition, we measured task difficulty
throughout this rest interval to see how conscious the
patients were of changes in gain between the 2 scenarios.
The VR procedure was administered by the same expe-
rienced researcher in all cases. Furthermore, both the
patients and the researcher were unaware of the order
in which each condition was treated. Finally, to assess
whether the participants had remained unaware of the
gain alterations, at the end of the experiment they were
asked if they had observed any variations between the
different flexions. The entire experimental process is
shown in a video in Appendix B1.

Outcome measures

1. Maximum pain-free lumbar ROM wasdefined as
the range of flexion from the starting position to
the point at which the participant first perceived a
noticeable increase in their typical symptoms. In
most cases, participants reported only mild discom-
fort at rest, and the pain-free threshold was identified
as the transition point from discomfort to active pain
during movement. It was measured using a 3-Space
Fastrack motion electro-goniometer linked to a Win-
dows 10 computer (Microsoft Corporation, Red-
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mond, WA, USA). This analysis system has demon-
strated excellent reliability and has been validated for
the measurement of lumbar mobility in patients with
LBP [21, 22]. To track lumbar spine movement, two
motion sensors were affixed to the spinous processes
of T12 and S1 [22]. The same researcher installed all
of the sensors and used manual palpation to identify
the bone landmarks. The 3-Space Fastrack quantified
the total ROM in degrees for each repetition. The
average ROM for each gain condition (F +and F-)
was subsequently computed from three repetitions
(absolute data). To account for individual variations
in overall lumbar ROM, data from F— and F+ were
converted to a percentage (relative data) of the mean
flexion range from the control condition.

2. The Brief Pain Inventory (BPI) is a pain assessment
tool designed to measure pain intensity and interfer-
ence with daily functioning in patients with LBP. Pre-
vious studies have demonstrated both the high reli-
ability (Cronbach’s alpha =0.95) and validity of the
BPI across cultures and languages [23, 24]. Patients
were asked to rate how their pain had interfered with
7 life domains (general activity, mood, walking abil-
ity, normal work, relationships with others, sleep,
and enjoyment of life) in the week prior. Moreover,
they also indicated the level of pain they experienced
using a Likert-style scale with values ranging from
0 (no pain) to 10 (worst imaginable pain). Higher
scores indicated higher pain intensity or interference.

3. To assess kinesiophobia, we employed the reliable
and validated version of the Tampa Scale for Kine-
siophobia (TSK) [25]. This scale comprises 17 dis-
tinct statements, each rated on a 4-point scale (1
=totally disagree to 4= totally agree). The total score
ranges from 17 to 68, with a score exceeding 37 being
regarded as indicative of kinesiophobia [26]. Its appli-
cation in cLBP studies is well-established, given the
substantial association between kinesiophobia and
the onset of cLBP [27].

4. To evaluate catastrophizing in LBP, we employed the
validated version of the Pain Catastrophizing Scale
(PCS). This scale, known for its internal consist-
ency, test—retest reliability, and sensitivity to change,
comprises 13 items rated on a 5-point scale from 0
(never) to 4 (always). It assesses three components
of catastrophizing: rumination, magnification, and
helplessness [28]. The total score ranges from 0 to 52,
with a score of 30 or more being indicative of high
catastrophizing [29].

5. To evaluate the awareness of the participants regard-
ing the gain changes in the two illusory VR condi-
tions, we performed a comparative analysis of the
perceived task difficulty of the patients under the
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F— and F+ conditions, measured on a scale from 0
to 10, where 0 represented ‘very easy’ and 10 denoted
‘extremely difficult’

6. Motion sickness, a common side effect of VR and a
potential impediment to its implementation, was
explored by conducting a direct interview at the con-
clusion of the experiments.

Statistical analyses

An external researcher, who was not involved in the
procedures and who was blinded to the intervention,
determined the requisite sample size using G*Power 3
software [30]. A priori analysis for effect and sample size
was executed at an o level of 0.05 with a desired power
of 95%. The effect size, estimated using the np”*parameter
derived from related studies on analogous dependent
variables (visual-proprioceptive feedback during cervical
rotation while using VR) [14], projected that a minimum
sample size of 36 participants would be necessary. To
allow for potential losses of 30%, we set the final desired
sample size at 47 participants.

To evaluate our main hypothesis, which postulates that
visual feedback manipulation (by either overstating or
understating real lumbar flexion) might impact move-
ment-evoked pain, we studied pain-free ROM in each
of the three conditions. Shapiro—Wilk tests were used
to assess compliance with the assumption of normality
for each dependent variable and indicated that the data
was parametric for all the variables being investigated.
Therefore, we performed a one-way ANOVA followed by
adjusted Bonferroni post-hoc tests for the three experi-
mental conditions (F —, F and F+) to examine within-
group differences (setting the significance level to p<
0.05). Effect sizes were estimated using np? and were
interpreted according to Cohen’s guidelines for small,
moderate, and large effect sizes (np*= 0.01, 0.06, or 0.14,
respectively) [31].

When our main hypothesis was fulfilled (i.e., the onset
of movement pain was delayed in the F— condition)
and the data was normally distributed, we applied two-
sample ¢-tests to investigate whether the effect of visual
feedback manipulation in F — varied between individuals
with different levels of pain, as well as to assess whether it
interfered with daily functioning, kinesiophobia, and cat-
astrophizing. Thus, we compared patients categorized as
‘VR responders, whose %ROM was above the mean, with
those designated as “VR non-responders, whose %ROM
fell below the mean, in the F — condition for the depend-
ent variable of pain and its interference.

Additionally, we also compared participants classified
as exhibiting kinesiophobia based on their TSK scores
(TSK > 37), with those classified as without kinesiophobia



Jordan-Lépez et al. Journal of NeuroEngineering and Rehabilitation

(TSK <37) and those classified as high catastrophiz-
ing (PCS >30) and low catastrophizing (PCS <30). The
effect sizes were gauged using the Cohen d measure, with
interpretations categorized as small, moderate, and large
effect sizes having sores of d= 0.2, 0.5, or 0.8, respectively
[31].

Finally, because of the parametric nature of the data,
a two-sample ¢-test was used to assess the task difficulty
perceived by patients under the F— and F+ conditions.
The statistical analysis was carried out using SPSS soft-
ware (version 27.0 for Mac OS; IBM Corp., Armonk, NY,
USA), applying a 95% confidence interval (CI) and a sig-
nificance level of p< 0.05 for all the analyses. The study
data are presented as means and standard deviations
(SD).

Results

Fifty patients with cLBP willingly took part in this study.
An overview of the participant characteristics is provided
in Table 1.

The one-way ANOVA test, followed by adjusted Bon-
ferroni post-hoc tests, revealed significant differences
(p< 0.001) among the three experimental conditions (F
—, F+4, and F) with a moderate effect size (np*>= 0.11).
Pairwise comparisons using Bonferroni post-hoc analy-
sis indicated significant differences between F— (105%;
+2.1) and both F (100%; +0) and F + (98%; *2.3). Specifi-
cally, when visual feedback understated true lumbar flex-
ion (F — condition), pain-free range of motion increased
by 5% compared to the control condition (p =0.04, 95%
CI[0.6%, 10.7%]), and by 7% compared to the overstated
condition (F +) (p <0.001, 95% CI [2.6%, 11.6%]). No sig-
nificant difference was found between the control and
overstated conditions (p= 1.00; 95% CI [— 4.1%, 7.6%)]).

Table 1 The global characteristics of the participants in this

study

N (women/men) 50 (28/22)
Age (years) 52(x13)
Height (cm) 169 (£ 9)
Weight (kg) 75 (£ 15)
Employment status (working/not working) 13/37
Duration of pain (in months) 11 (£5)
BMI (kg/m?) 259 (£4.1)
Pain (BPI_Intensity) 52(*1.8)
Pain interference (BPI_Interference) 46 (£23)
Kinesiophobia (TSK) 312 (+6.1)
Catastrophizing (PCS) 349 (£ 10.6)

The values are presented as the means +standard deviations. N number, BM/
body mass index, BPI_Intensity Brief Pain Inventory_Intensity, BPI_Interference
Brief Pain Inventory_Interference, TSK Tampa Scale for Kinesiophobia, PCS Pain
Catastrophizing Scale
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Therefore, the overall effect of visual-proprioceptive
manipulation in this study was a 7% difference in pain-
free lumbar flexion between the understated and over-
stated conditions (Fig. 3).

Afterwards, we conducted a two-sample ¢-test to assess
potential variations in pain intensity and its interference
between individuals categorized as “VR responder’s and
‘VR non-responder’s and to assess potential variations
between patients with and without kinesiophobia and
catastrophizing tendencies in the F— condition dur-
ing which patient movement was increased. Significant
differences were noted both in pain intensity and pain
interference scores, both with a moderate effect size. Par-
ticipants with higher levels of pain and increased pain
interference in their daily lives (VR responder’s) exhib-
ited a more favorable response to the F— condition com-
pared to the ‘VR non-responder’s (Table 2). However, no
significant differences were observed in pain-free ROM
responses to the F — condition between participants with
and without high levels of kinesiophobia or catastrophiz-
ing (Table 3).

The repeated measures ¢-test comparing the perceived
difficulty levels of the task in each condition (F —vs. F+)
showed no significant differences between the two con-
ditions (p= 0.55). Moreover, none of the participants
reported having been aware of any changes in the gain
between conditions or having experienced any nausea or
dizziness at any time during the experiment.

Discussion

To the best of our knowledge, no studies have yet been
published in the academic literature to describe how
VR-induced illusory motions might alter visual-propri-
oceptive information and modulate lumbar flexion pain
thresholds in people with cLBP. Thus, we investigated
how altering visual-proprioceptive feedback during
lumbar flexion influenced the threshold of movement-
evoked pain. We hypothesised that pain would begin
with less movement when the visual feedback overstated
true flexion (i.e., reduced pain-free range of motion), and

Effect of Visual Feedback on Pain-Free ROM
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Table 2 Differences between VR responder’s (%ROM above the mean) and VR non-responder’s (%ROM below mean) in the F —

condition in terms of pain

‘VR responder’s N= 21 ‘VR non-responder’s  p Mean difference (95% ClI) Cohen’s d
N=25
Mean (+SD) Mean (+SD)
Pain intensity (BPI_ 59(x19 48 (£ 1.6) 0.05* —-1[-21;002] 0.6
Intensity)
Pain interference 55(x24) 471 (£2.1) 0.04* —141[-27.0.1] 0.6

(BPI_Interference)

Values are expressed as the mean +standard deviation (SD). N number, BPI_Intensity Brief Pain Inventory_Intensity, BPI_Interference Brief Pain Inventory_Interference.

*p <0.05

Table 3 Differences between patients with and without kinesiophobia and with high and low catastrophizing in the F — condition (%

ROM)
With kinesiophobia (TSK Without kinesiophobia p Mean difference (95% Cl) Cohen'sd
>37)N=21 (TSK<37)N=25
Mean (+SD) Mean (+SD)

F —(% ROM) 111 (+12.0) 104 (£ 15.3) 0.22 -6.8[-17.8;4.2] 05
With catastrophizing Without catastrophizing p Mean difference (95% Cl) Cohen’s d
(PCS >30)N=21 (PCS<30)N=25
Mean (+SD) Mean (£ SD)

F —(% ROM) 112 (£ 16) 104 (£ 14.4) 0.15 —-8[-19;3.1] 05

Values are expressed as the mean +standard deviation (SD). N number, TSK Tampa Scale for Kinesiophobia, PCS Pain Catastrophizing Scale, F — understated condition,

% ROM percentage range of movement (flexion).
*p <0.05

that pain would be delayed when visual feedback under-
stated actual flexion (i.e., increased pain-free range of
motion). Our hypothesis was supported. In the F— con-
dition, patients were able to bend further before feeling
pain, on average, 5% more than in the control condition
and 7% more the F+4 condition. This suggests that what
people see about their movement can significantly change
when they feel pain, even if the actual physical movement
remains the same. Furthermore, elevated pain levels and
its interference in their daily lives influenced the suscep-
tibility of patients with cLBP to the effect of visual feed-
back manipulation.

These findings align with the results documented by
Harvie et al. (2015) [14], who found similar effects using
cervical rotation. Together, these studies suggest that vis-
ual-proprioceptive mismatches may affect pain thresh-
olds, supporting models of pain as a perceptual construct
influenced by sensory integration and threat-related cues.

Although the percentage changes in pain-free ROM
between conditions were relatively small (approximately
5-7%), these differences were statistically significant
and were achieved through purely perceptual manipula-
tions. This highlights the sensitivity of pain thresholds
to non-nociceptive factors such as visual feedback and

encourages future investigation into whether such effects
could be amplified or sustained over time when applied
as part of a structured clinical intervention protocol.

Our results are consistent with the theory that pain
represents the experience of the brain of a perceived
danger to bodily tissues, an idea also backed by previ-
ous research [32, 33]. This is also consistent with studies
demonstrating an association between pain intensity and
stimuli that imply a threat to tissues [14, 34]. Therefore, a
sensory modality like vision can impact the perception,
behavioral responses, or neural processing of a stimu-
lus presented by another sensory modality such as pain.
Indeed, neuroimaging studies have shown increased con-
nectivity between visual and sensorimotor areas in indi-
viduals with cLBP, suggesting cross-modal interactions
[35]. Additionally, experimental findings indicate that
visual cues associated with tissue threat, such as red light,
can amplify pain perception and expectations indepen-
dently of nociceptive input [36].

Our results suggest that the observed effects vary
according to patient symptomatology, specifically pain
intensity, its interference with daily functioning, kinesio-
phobia, and catastrophizing. Patients with higher base-
line pain and greater interference in daily life were more
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responsive to visual feedback manipulation. During the
tasks in the F — condition, participants exhibited greater
lumbar flexion and delayed pain onset. This may reflect a
learned association between movement and pain, modifi-
able via visual cues [13, 14]. While the underlying mecha-
nisms require further investigation, existing evidence
suggests that individuals with lower pain and minimal
interference may more easily disassociate movement
from pain. In contrast, those experiencing higher pain
levels and disruption to daily life may reinforce maladap-
tive protective responses. This is consistent with prior
research showing that high pain expectations influence
perceptual and autonomic responses [39]. These findings
support the notion that pain experience, functional inter-
ference, and pain—-movement associations interact in
complex ways, and highlight the need for future studies
to explore whether patients with greater symptom bur-
den are more susceptible to the effects of visual feedback
manipulation.

Of note, Kragting et al. [13] investigated the effect of
visual feedback manipulation in 75 patients with non-
specific neck pain, including 37 individuals with kinesio-
phobia (TSK >37)—the same cut-off used in our study.
Using a 0.7 gain (understated condition) for cervical
rotation, they found that patients with fear of move-
ment exhibited a significantly greater pain-free range
than those without. These results align with our findings
and can be interpreted within the framework of asso-
ciative learning, whereby individuals with kinesiophobia
may struggle to disassociate non-nociceptive visual cues
from pain experiences. In our sample, a similar trend
was observed, with the 9 patients scoring above 37 on
the TSK showing a 7% increase in lumbar flexion under
the F— condition compared to those without kinesio-
phobia. However, this difference did not reach statistical
significance, likely due to the smaller subgroup size. In
summary, although both studies investigated the impact
of visual feedback on movement-evoked pain and dem-
onstrated similar outcomes in the understated condi-
tion, they differed in terms of gain conditions and the
movements studied. Coupled with the limited number of
patients with kinesiophobia included in our study, the lat-
ter may have contributed to the disparities in the results
from patients that fear movement.

Focusing on catastrophizing, it was notable that
patients exhibiting catastrophizing tendencies showed an
average 8% increase in lumbar flexion under the F— con-
dition compared to participants without such tendencies.
However, these differences were not significant. Never-
theless, it is important to note that this observation was
based on a small subset in our study consisting of only 9
out of 50 patients whose PCS score surpassed a threshold
of 30, which could also represent a potential limitation of
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our work. Therefore, more studies with a balanced repre-
sentation of participants in each group are warranted to
investigate these trends further to elucidate the potential
impact of kinesiophobia and catastrophizing on move-
ment-evoked pain through VR, thereby ensuring more
robust and generalizable findings.

Importantly, no differences in task difficulty were
observed between conditions (F —and F+). Participants
were unaware of gain manipulations. Moreover, even
though motion sickness is a frequent negative effect of
VR [40], its potential as a barrier to the implementation
of VR was not observed in our procedure with 50 patients
with cLBP. This absence of symptoms may be attributed
to the specific patient population (LBP) or the innovative
design of our virtual environment.

This study has certain limitations. First, a potential
selection bias may have arisen, as patients were recruited
from Orthopaedic Surgery and Physical Medicine and
Rehabilitation consultations, possibly skewing the sam-
ple toward less severe or treatment-resistant cases. As
a result, the heterogeneity of the study population may
limit the generalisability of the findings, particularly to
individuals with more acute, subacute, or highly disabling
chronic LBP. Furthermore, this study was constrained
by the fact we considered a relatively small sample size
of patients with elevated levels of kinesiophobia and
catastrophizing. Another limitation relates to the clini-
cal heterogeneity inherent to non-specific cLBP. Despite
applying strict inclusion criteria and selecting only
patients who reported pain during lumbar flexion, under-
lying pain mechanisms likely varied (e.g., discogenic vs.
motor control-related origins). As discogenic pain is
common in the general population [41], its presence can-
not be entirely ruled out. This variability may affect the
generalisability of our results and should be addressed in
future studies aiming to stratify patients by pain mecha-
nisms. Nonetheless, all participants underwent all three
experimental conditions, allowing for within-subject
comparisons and reducing inter-individual variability.
Finally, although participants were selected based on an
average NPRS score >3 in the past 6 months, this crite-
rion may be affected by recall bias. However, all partici-
pants also reported pain during active lumbar flexion at
the time of evaluation, ensuring clinical relevance of the
sample.

The implications of our findings extend beyond lum-
bar pain, contributing to a broader understanding of
pain perception. They emphasise the complex inter-
action between nociceptive and non-nociceptive fac-
tors, challenging traditional models centred solely on
tissue damage. This study highlights the critical role
of visual-proprioceptive cues in shaping movement-
evoked pain, underscoring the importance of sensory
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information processing. Accordingly, our methodology
not only advances knowledge of pain mechanisms but
also informs innovative strategies for pain assessment
and intervention.

Although our study specifically focused on the manip-
ulation of visual-proprioceptive feedback, VR may
also exert analgesic effects through mechanisms such
as attentional distraction, increased engagement, and
reduced threat perception during movement. Previous
research has shown that VR can reduce pain intensity
during range of motion exercises, particularly in clinical
populations such as patient’s with burns [42]. It is there-
fore possible that VR distraction contributed to an overall
reduction in pain across conditions in our study, with-
out differentially affecting the F— and F+ conditions.
Furthermore, future studies may benefit from assessing
patient’s sense of presence within the virtual environ-
ment, their enjoyment of the tasks, and the subjective
experience of pain under different VR scenarios, to better
understand the broader potential of VR analgesia.

In addition, the use of VR to manipulate visual-propri-
oceptive feedback offers a promising avenue for assess-
ing pain responses to non-nociceptive sensory cues. This
approach may allow clinicians to evaluate how sensory
integration processes contribute to pain perception, par-
ticularly in movement-evoked contexts. For instance,
VR environments could be designed to gradually expose
patients with fear-avoidance behaviour to trunk flexion
tasks in which visual feedback is subtly altered to reduce
perceived threat. Such an approach could enable patients
to engage in movements they would otherwise avoid,
thereby offering a controlled and personalised method to
assess pain-related beliefs and behavioural responses.

In conclusion, VR manipulation of visual-propriocep-
tive information can serve as a modulator of pain thresh-
olds during lumbar flexion in individuals with cLBP.
Specifically, under the F — condition, patients with cLBP
exhibited an increase in movement before they encoun-
tered pain, thereby delaying pain onset. Moreover, our
results highlight the considerable influence of pain inten-
sity and its impact on the quality of life in determining
the susceptibility of individuals with cLBP to the effects
of visual feedback manipulation (F —). Greater pain lev-
els and increased pain interference were associated with
heightened susceptibility to visual feedback manipula-
tion. These findings contribute to our understanding of
the complex relationship between visual-propioceptive
feedback, pain perception, and movement patterns in
cLBP. From a clinical perspective, this approach may
support graded exposure strategies in patients with fear-
avoidance behaviours, allowing them to perform trunk
flexion movements in VR scenarios where visual feed-
back is adjusted to reduce perceived threat. Over time,
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such exposure could help to reconsolidate maladaptive
pain memories and facilitate safer, pain-free movement,
an essential aim in modern pain rehabilitation. Future
research should explore the application of F — conditions
not only to expand pain-free range of motion, but also
to reshape learned associations between movement and
pain.
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