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Abstract 

Introduction

Shoulder pain is a common reason for physiotherapy consultations, and the high 

prevalence of rotator cuff-related shoulder pain (RCRSP) calls for novel approaches. 

Immersive virtual reality (IVR) offers an innovative treatment option to reduce pain, 

improve mobility and function in RCRSP. This study aims to compare the effectiveness 

of combining IVR with standard treatment versus standard treatment alone on clinical 

variables, clinimetric measures, and biomarkers in individuals with chronic RCRSP.

Materials and methods

A single-blind, multicentre randomized clinical trial will be conducted. Participants will 

be randomly assigned to two groups: the control group will undergo a three-month 

exercise program, while the intervention group will receive an IVR program for the 

first month, followed by the same exercise program for the control group during sec-

ond and third months. Clinical, clinimetric, and biomarker variables will be assessed 

at baseline and at follow-ups at 1, 2, and 3 months.

Results

This study will shed light on the effectiveness of the combined program of immersive 

virtual reality with exercise and exercise program alone in chronic RCRSP patients. 
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Measurements of clinical, clinimetric, and biomarker variables will help to explore how these 

interventions may influence this clinical population within a comprehensive perspective.

Conclusions

This study protocol outlines a novel approach to managing chronic rotator cuff-related 

shoulder pain by integrating IVR with exercise-based physiotherapy. The results will 

provide valuable insights into the additive effects of IVR on variables such as pain, 

function, psychosocial factors and biological markers, potentially informing future 

rehabilitation strategies and enhancing patient outcomes in musculoskeletal care.

Introduction

Shoulder pain is one of the main reasons for consultation in physiotherapy [1], and 
rotator cuff-related shoulder pain (RCRSP) reflects 50%–85% of diagnoses for shoul-
der pain [2]. The high prevalence of RCRSP [3] requires research on new treatment 
approaches that can improve clinical results of usual physiotherapy care. That is 
why the treatment modality that is most effective in RCRSP is still under debate 
with conflicting findings and large heterogeneity [4]. Within the options available, 
exercise-based physiotherapy as first-line conservative treatment has been strongly 
recommended to reduce pain and improve mobility and function in RCRSP [5–7]. 
However, uncertainties exist regarding the mechanisms of action [8,9], modalities 
[10–12] and dosage [13,14] of exercise in RCRSP pose a challenge for clinical man-
agement. Nevertheless, poor adherence to therapeutic exercise programs has been 
identified as a major barrier in the management of RCRSP [15]. Enjoying exercise 
has been shown to be a significant facilitator in adherence to exercise in RCRSP [16].

To overcome such barriers and enhance clinical outcomes, the use of immersive 
virtual reality (IVR) has been proposed as a novel strategy for the management of 
patients with chronic pain, disability and loss of quality of life [17]. IVR has shown 
significant positive effects on pain relief, disability, range of motion (ROM), fear of 
movement, negative affect, fatigue and anxiety in people suffering from chronic pain 
[18–21]. Nonetheless, available evidence of IVR in RCRSP is scarce, yet prelim-
inary studies have highlighted the potential of this intervention for reducing pain, 
increasing ROM [22] and enhancing engagement in exercise rehabilitation programs 
for shoulder pain [23]. Indeed, individuals with shoulder pain that followed a 3-week 
programme of gamified IVR-based exercise, added to a home exercise programme, 
increased shoulder ROM and reduced pain scores [24].

Additionally, IVR is seen as a novel tool to provide motivation and improve patient 
adherence to rehabilitation protocols, which is crucial for the necessary implementa-
tion of long-term treatment and the achievement of positive results [25]. It has been 
remarked that IVR technology is rapidly evolving, which has an impact on the quality of 
the user experience, but also on safety and feasibility, for shoulder rehabilitation [26]. 
Brady et al. (2023) reported that physiotherapists considered that IVR provides new 
venues for shoulder rehabilitation and may offer new opportunities for the management 
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tion of the study.
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of fear of movement, as it can provide an engaging platform to enhance motivation to exercise [23]. Likewise, this therapeutic 
strategy can be adapted according to the individual patient’s needs, understood as their levels of functionality, social context or 
age, since these can influence adaptability to technology and, therefore, adherence to treatment and the results of IVR [27].

Recently, IVR has proven to be a high-quality treatment option with reduced costs in chronic low back pain [28], which 
highlights its potential to provide an accessible and effective alternative, reducing the economic burden for both health 
systems and the patients themselves. These insights suggest that IVR-based exercise therapy can offer an innovative 
approach to manage patients with RCRSP, improving subjects’ pain experience, functionality and quality of life [29].

The multifaceted nature of RCRSP necessitates a multidimensional assessment approach integrating clinical, clinimet-
ric, and biomarker measures to capture its complex pathophysiology. Clinically, objective measures including pain inten-
sity, ROM, and strength remain fundamental for evaluating functional impairment, though their limitations in correlating 
with structural pathology underscore the need for complementary outcomes [30]. Psychosocial factors, assessed through 
clinimetric tools and questionnaires, are critical determinants of chronicity, with low self-efficacy independently predicting 
persistent pain and disability [31,32]. In this regard, biomarkers might reveal patophysiological insights in shoulder pain. For 
instance, it has been noted that some inflammatory mediators in the subacromial bursa, including C-reactive protein (CRP), 
correlate directly with pain intensity or tendon degeneration [33,34], independently of psychosocial factors [35]. Similarly, 
calcitonin gene-related peptide (CGRP) has been shown to potentially contribute to peripheral sensitization and neurogenic 
inflammation in chronic pain [33,36], being a neuromodulator in pain processing [37]. Collectively, the integration of clinical, 
psychosocial, and biomarker domains offers a comprehensive framework for elucidating the biopsychosocial mechanisms 
underlying RCRSP and for evaluating the efficacy of therapeutic interventions beyond symptomatic relief alone.

To date, no study has compared the effectiveness of the combination of IVR with standard treatment versus standard 
treatment alone on clinical, clinimetric and biomarker variables in subjects with chronic rotator cuff-related shoulder pain. 
For this reason, an international multicentre randomized clinical trial could provide a solid starting point for the improve-
ment of rehabilitation strategies and the implementation of new technologies in pain management. Therefore, the purpose 
of this study is to compare the effectiveness of combining IVR with standard care versus standard care alone on clinical, 
clinimetric and biomarker variables in individuals with chronic rotator cuff–related shoulder pain. Main outcome was pain 
intensity, and secondary outcomes included shoulder external rotation isometric strength, hand grip strength, active shoul-
der range of motion, C-reactive protein (CRP), Calcitonin Gene-Related Peptide (CGRP), shoulder disability, quality of 
life, fear of movement, pain-related avoidance behaviours, pain hypervigilance, pain self-efficacy, pain-related motor and 
functional deficits, implicit motor imagery performance and sleep quality.

Materials and methods

Study setting

The proposed study is a single blind randomized controlled clinical trial (RCT) with two parallel groups (allocation ratio 
1:1). This protocol adheres to the CONSORT (Consolidated Standards of Reporting Trials) guidelines for the publication 
of clinical trials and will follow the TIDieR (Template for Intervention Description and Replication) checklist, the CERT 
(Consensus on Exercise Reporting Template) checklist and the SPIRIT (Standard Protocol Item: Recommendations for 
Interventional Trials) checklist to ensure comprehensive reporting of the interventions. The SPIRIT schedule of enrollment, 
interventions, and assessments are included in Fig 1. The study has been pre-registered at ClinicalTrials.gov under the 
identifier NCT06795464 and has been approved by the Ethical Research Committee of the Universidad Francisco de Vito-
ria with the code 10/2025, and by the Ethical Research Committee of the Universidad Finis Terrae with the code 25–028.

Eligibility criteria

Participants will be recruited from two academic institutions: Universidad Francisco de Vitoria (Madrid, Spain) and Uni-
versidad Finis Terrae (Santiago de Chile, Chile). These sites were selected based on their accessibility to the target 
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population and their capacity to support clinical research activities. Recruitment will be conducted through institutional 
mailing lists and printed posters placed in commonly frequented areas within the university campuses.

All recruitment materials will include a brief description of the study, inclusion and exclusion criteria, and contact infor-
mation for the research team. Interested individuals will be invited to contact the investigators directly to receive detailed 
information and undergo eligibility screening.

Fig 1.  SPIRIT 2025 diagram of the schedule of enrolment, interventions, and assessments.

https://doi.org/10.1371/journal.pone.0341215.g001

https://doi.org/10.1371/journal.pone.0341215.g001
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Participants

Patients with a clinical diagnosis of rotator cuff-related shoulder pain, according to the criteria established by experts for 
the diagnosis of this entity [38], will be included in the study.

Inclusion criteria.  (1) Participants between 18 and 70 years old. (2) Shoulder pain of at least three months of 
duration, with a pain intensity ≥3 on the Numeric Pain Rating Scale (NPRS). (3) Presence of pain during shoulder 
movement. (3) Clinical diagnosis rotator cuff-related shoulder pain.

Exclusion criteria.  The inclusion criteria include the following: shoulder pain related to the cervical spine, according to 
the criteria established by experts for the diagnosis of this entity [39]. Presence of pain in the elbow and/or wrist and hand. 
Clinical diagnosis of frozen shoulder. Clinical diagnosis of shoulder instability. Cognitive deficits. Physiotherapy treatments 
concomitant to the realization of the study. Traumatic history at the onset of shoulder pain. Previous fractures in the 
affected shoulder. Previous surgeries in the affected shoulder. Use of analgesic or anti-inflammatory medications within 24 
hours prior to participation in the study and at any time during the study. Diagnosis of rheumatic or neurological diseases. 
Photosensitive epilepsy, severe dizziness, or uncontrolled vestibular disorders, which may prevent or pose a risk during 
participation in the intervention. Pregnancy or breastfeeding.

All participants who fulfil the eligibility criteria and consent to take part in the study will be required to sign a written 
informed consent form.

Subsequently, sociodemographic information and baseline clinical, clinimetric and biomarker variables will be gathered. 
Data collection will take place in a designated room within the universities’ physiotherapy laboratories.

Interventions

Control group.  Participants assigned to the control group will receive the standard treatment for RCRSP. This will 
involve standardized therapeutic exercises, performed for 25 minutes, three times per week, over a 12-week period. The 
intensity of the exercises will be tailored to each participant, using the Rating of Perceived Exertion (RPE) scale, aiming 
for intensities between 5 and 8 on a 0–10 scale. The exercises and progressions used will be the ones described in the 
PASE trial [40], yet the program will be adapted to divide the exercises into 3 days. Therefore, 3 exercises will be carried 
out during the first session of the week, 3 exercises during the second session and 4 exercises during the final session 
(S3 File).

Experimental group.  Participants in the experimental group will follow a treatment program that combines the 
standard treatment with an IVR intervention program. For the first 4 weeks, participants will undergo IVR treatment, and in 
the following 8 weeks, they will follow the same treatment as the control group.

Participants will complete up to 12 sessions of IVR, using a head-mounted display (HMD) of Meta Quest III and a hand 
tracking system (Meta VR, Facebook, California) to interact with the therapeutic software “Dynamics PainRehab” (Dynam-
ics VR Rehab, Seville, Spain). The Meta Quest III HMD was selected due to its commercial availability, widespread use, 
minimal visual latency, and ease of use for participants. The “Shoulder PainRehab” app will be used, which features 
multisensory inputs (visual and auditory), high-quality graphics, and head and hand tracking, allowing for an immersive 
experience. Additionally, the IVR program will incorporate embodiment strategies via full-body virtual avatars, which have 
been associated with greater hypoalgesic and sensorimotor effects during IVR interventions (Fig 2).

Participants will receive an IVR session three times a week for 20 minutes within the virtual environment, completing 
the necessary 12 training sessions. They will be supervised by an experienced physiotherapist. Prior to the start of the 
IVR program, all participants will play a familiarization game with the IVR system during 2 sessions, regardless of their 
clinical assessment findings, to become accustomed to using the VR system.

The behavioral IVR program consists of three weekly sessions, progressing through six levels of difficulty. The program 
begins with 50% of the shoulder’s range of motion (ROM), with difficulty increasing by 10% increments in maximum ROM, 
reaching 100% by the final stages. The interventions will be delivered individually to each participant. If the participant 
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experiences adverse effects such as severe cybersickness, dizziness, musculoskeletal injury, or persistent increase in 
pain exceeding 7/10 for more than two consecutive sessions the intervention will be discontinued.

Intervention adherence.  Adherence to intervention in both groups will be measured by quantifying the number of 
sessions completed by each subject.

Results

According to the recommendations of the Initiative on Methods, Measurement, and Pain Assessment in Clinical Trials 
(IMMPACT), this study will incorporate multiple measures to evaluate changes in pain intensity, health-related quality of 
life and functioning, as well as global ratings of improvement [41]. Similarly, the assessment of domains will follow expert 
consensus from the OMERACT Shoulder Working Group, aligned with the Core Domain Set for Shoulder Disorders [42].

Clinical and clinimetric outcomes will be assessed at baseline and at follow-ups at 1-, 2- and 3-months following treat-
ment initiation. Biomarkers will be measured at baseline and at 1- and 3-months follow-ups (Figs 1 and 3).

To ensure consistency and minimize measurement bias across sites, all outcome assessors have undergone standard-
ized inter-rater reliability training. Specifically, the principal investigator personally conducted on-site training sessions in 
both Spain and Chile prior to the start of data collection. In this respect, assessors were trained using identical materials 
and procedures, including operational definitions, scoring guidelines, and case simulations.

Primary outcome

Pain intensity: it will be assessed using the 11-point Numeric Pain Rating Scale (NPRS), ranging from 0 (no pain) to 10 
(worst imaginable pain). The NPRS has demonstrated good to excellent test-retest reliability (Intraclass Correlation Coef-
ficient [ICC] = 0.63–0.92) [43,44]. Pain intensity will be evaluated during the most painful reported movement. Therefore, 
primary outcome is pain intensity change from baseline.

Secondary outcomes

Clinical variables.  Shoulder external rotation isometric strength: it will be measured using the MicroFET 2 MT Digital 
Handheld Dynamometer (Hoggan Health Industries, West Draper, UT). Handheld dynamometry has shown good to 
excellent intra-rater reliability for shoulder isometric strength assessment (ICC = 0.87–0.99) [45,46].

Hand grip strength: it will be assessed by using the Jamar hand dynamometer (Sammons Preston Rolyan, Bolingbrook, 
IL), which has demonstrated good to excellent intra-rater reliability for isometric grip strength (ICC = 0.85–0.98) [47].

Fig 2.  Immersive virtual reality multisensory environment with integrated full-body virtual avatar. Dynamics PainRehab® (Dynamics VR Rehab, 
Seville, Spain). All images have been reproduced with the permission of the respective company, and all rights to these images are owned by the 
respective rights holders.

https://doi.org/10.1371/journal.pone.0341215.g002

https://doi.org/10.1371/journal.pone.0341215.g002
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Active shoulder range of motion: it will be assessed using a smartphone inclinometer application (Plaincode Software 
Solutions, Gunzenhausen, Germany) in flexion, abduction, external rotation at 0º and 90º of abduction, and internal rota-
tion at 90º of abduction. This method has demonstrated excellent inter-rater reliability and validity in symptomatic popula-
tions (ICC > 0.80) [48].

Biomarkers.  Venous blood samples will be drawn from the antecubital vein, centrifuged, aliquoted, and stored at 
–80°C until analysis. These procedures will be carried out at the Exercise Physiology Research Laboratory of the UFV 
by external laboratory nurses from Eurofins Megalab, who will be responsible for both sample collection and biomarker 
analysis. The biomarkers to be analyzed include:

•	 C-reactive protein (CRP), an oxidative stress and inflammation marker.

•	 Calcitonin Gene-Related Peptide (CGRP), a neuropeptide involved in the modulation of nociceptive signalling and that 
has been shown to represent a neurobiological marker of chronic pain and inflammation [37].

Biomarkers measurements will only be made on the Spanish arm of the study, and not in the Chilean arm. This decision 
was driven by logistical and budgetary constraints. In this respect, biomarker-related analyses will be explicitly stratified, 
and results will be presented separately for the Spanish sample.

Clinimetrics.  Shoulder disability: it will be assessed using the Spanish version of the Shoulder Pain and Disability 
Index (SPADI), a 13-item self-report questionnaire originally developed to evaluate shoulder pain and disability [49]. The 
SPADI has demonstrated adequate discriminative capacity across varying clinical conditions (Roy et al., 2009). The cross-
culturally adapted Spanish version retains 13 items assessing pain and functional impairment and has been validated for 
use in both clinical and research settings [50].

Quality of life: it will be measured using the SF-12 (Short Form Health Survey), which evaluates eight dimensions of 
health-related quality of life. The SF-12 has demonstrated good reliability and validity across various populations [51].

Fig 3.  Study timeline.

https://doi.org/10.1371/journal.pone.0341215.g003

https://doi.org/10.1371/journal.pone.0341215.g003
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Fear of movement: it will be evaluated using the Tampa Scale for Kinesiophobia (TSK), which has demonstrated high 
reliability and internal consistency (ICC = 0.76–0.90) [52].

Pain-related avoidance behaviours: daily activity avoidance will be assessed using the Photographic Series of Daily 
Activities for Shoulder Pain Patients (ADAP-Shoulder Scale) [53]. The scale includes 15 photographs categorized into 
three domains: free movement (5 items), high effort (7 items), and self-care (3 items), with total and domain scores rang-
ing from 0 (no avoidance) to 100 (extreme avoidance). The scale has demonstrated high internal consistency (α = 0.89–
0.92) and excellent test-retest reliability (ICC = 0.94) [54,55].

Pain hypervigilance: it will be assessed using the Pain Vigilance and Awareness Questionnaire (PVAQ), a validated 
instrument with high internal reliability designed to measure attention to pain [56].

Pain self-efficacy: it will be measured with the Pain Self-Efficacy Questionnaire (PSEQ), which assesses a patient’s 
confidence in performing activities despite pain. The PSEQ has shown excellent reliability and validity in chronic pain 
populations [57].

Pain-related motor and functional deficits: it will be assessed using the 16-item version of the Biopsychosocial Pain and 
Movement Questionnaire (CBioD-MOV), which covers four subscales: physical activity self-efficacy, disability, movement 
avoidance behaviour, and perceived functional capacity. The questionnaire uses a 5-point Likert scale with a total score 
range of 0–62. The Spanish version has demonstrated good to excellent measurement reliability [58].

Implicit motor imagery performance: it will be evaluated through a left/right shoulder judgment task, in which partici-
pants are shown shoulder images in various postures and must identify whether the shoulder is left or right as quickly and 
accurately as possible. The task will be conducted using the Recognise™ software (noigroup.com, Adelaide, Australia), 
involving 30 randomized images. The task has shown adequate reliability [59].

Sleep quality: The participants’ sleep quality will be assessed using the Pittsburgh Sleep Quality Index (PSQI), a self-reported 
questionnaire designed to evaluate various aspects of sleep [60,61]. It comprises 19 items, which are organized into seven 
components: subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleep 
medication, and daytime dysfunction. The total PSQI score is calculated by summing the scores of these seven components.

Treatment adherence will be measured by quantifying the number of sessions attended by each participant. Satisfac-
tion and enjoyment regarding received interventions will also be measured by using a 0–10 Numeric Rating Scale at 1 
month- and 3 months- follow ups.

Intervention timeline and study organization

The intervention period will span three months, following the baseline assessments of clinical, clinimetric, and biomarker 
variables (Figs 1 and 3).

Due to anticipated challenges in participant recruitment, the study is planned to be conducted in two separate phases, 
each involving approximately half of the total sample. These phases are scheduled for September to December 2025 
(Chile) and January to April 2026 (Spain), respectively.

Sample size

The sample size has been previously calculated through the G-Power program, assuming an effect size of 0.35 for the pri-
mary outcome, a statistical power of 80% and an alpha error probability of 0.05. This showed that at least 22 participants 
per group are needed. Assuming a dropout rate of 10–15%, a total of 50 participants is intended. This analysis is based 
on a previous study on this topic [62].

Allocation and randomization

Individuals meeting the inclusion criteria will be randomly allocated to one of two treatment arms: (1) IVR plus exercise or 
(2) exercise alone.
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Each patient will be assigned an alphanumeric code for identification, thus respecting their anonymity. To carry out the 
simple randomization procedure, the principal investigator will receive a list of the alphanumeric codes of the participants 
and will carry out a random assignment of the subjects in the 2 intervention groups using the SPSS statistical program. 
Allocation concealment will be ensured using opaque, sealed envelopes. A designated research assistant, independent of 
the assessment team, will open each envelope to assign participants to their respective intervention or control groups.

Participants will be randomized into intervention and control groups using a predefined randomization scheme, follow-
ing the provision of informed consent and confirmation of clinical eligibility.

Blinding

Due to the nature of the interventions, blinding of participants and treating physiotherapists is not feasible. However, the 
investigators responsible for delivering the interventions will be different from those conducting the outcome assessments, 
ensuring a single blind design. An independent biostatistician will also conduct the statistical analysis of the results without 
prior knowledge of participant group allocation.

Data retention

To support participant adherence and ensure completion of all trial phases, a structured retention plan will be imple-
mented. Participants will be provided with comprehensive yet accessible information outlining the trial’s objectives, 
interventions, potential risks, and benefits. Transparent communication will be prioritized through open channels between 
research staff and participants, encouraging trust and engagement. Regular reminders via phone or email will be used to 
maintain contact and address any concerns. In-person visits will be scheduled with flexibility to minimize inconvenience 
and maximize follow-through.

Data management

All study data will be securely stored in a password-protected, encrypted database with access limited to authorized personnel. 
To ensure accuracy, data entry will follow a double-entry process and built-in validity checks will be applied. Regular data back-
ups and secure file transfer protocols will be implemented in compliance with institutional and legal data protection standards.

Statistics

Data analysis will be performed using SPSS version 30.0 (SPSS Inc., Chicago, IL, USA). Descriptive statistics will be 
used to summarize the demographic characteristics and baseline clinical, clinimetric and biomarker measurements of 
the sample. Continuous variables will be reported as mean ± standard deviation (SD), while categorical variables will be 
presented as frequencies (n) and percentages (%). For quantitative variables that do not follow a normal distribution, the 
median and interquartile range (IQR) will be used to describe the data.

For the primary analysis, a linear mixed-effects model will be used to compare changes in the dependent variables 
across the three time points between the two groups. The model will include fixed effects for site (Spain vs Chile) and 
baseline pain scores, along with group, time, and their interaction, as well as random intercepts for participants to account 
for within-subject correlations.

In addition to the primary analysis, bivariate correlation analyses (Pearson or Spearman, depending on the distribution 
of the variables) will be performed to examine the associations between the key variables at each time point.

To explore potential confounding variables, a series of covariate analyses will be performed, adjusting for baseline val-
ues of the dependent variables, age, gender, and other relevant demographic or clinical characteristics.

Statistical significance will be set at a p-value of <0.05 for all tests. Effect sizes (Cohen’s d) will be calculated for the 
main effects of the intervention to assess the magnitude of the group differences, and results will be presented with 95% 
confidence intervals.
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Statistical population and handling of missing data

Primary analyses will follow the intention-to-treat principle, including all randomized participants as allocated, regardless 
of adherence or dropout. To handle missing outcome data, we will use linear mixed-effects models, which provide valid 
inference under the assumption that data are missing at random (MAR). However, we recognize that MAR may not always 
hold. If data exploration or external information suggests a missing not at random (MNAR) mechanism, we will conduct 
sensitivity analyses using pattern-mixture models or selection models to assess the robustness of our findings.

Biomarkers will be analyzed exclusively within the Spanish cohort, as these measures are not collected in Chile. All 
biomarker-related analyses will therefore be site-specific and reported separately. For these outcomes, linear mixed-
effects models will be applied with time (baseline, 1-month, and 3-month) as a repeated factor and group (IVR + exercise 
vs exercise alone) as a fixed factor, including random intercepts for participants. Effect sizes and 95% confidence intervals 
will be presented. Missing biomarker data will be handled within the same mixed-model framework under MAR assump-
tions, with sensitivity analyses for MNAR scenarios as described above.

Data monitoring: Formal committee and interim evaluation

Due to the low-risk nature of the intervention, an independent data monitoring committee will not be established. Instead, 
oversight responsibilities will be assumed by the principal investigator and designated study staff. Continuous data 
monitoring will be performed to ensure participant safety and adherence to the study protocol. In the case of unexpected 
adverse effects or ethical concerns, consultation with an independent expert will be initiated. No formal interim analyses 
are planned; however, exploratory analyses of trends in biological markers, such as C-reactive protein and CGRP levels, 
may be conducted to provide descriptive insights into potential physiological changes during the intervention. These anal-
yses will not impact trial progression or design.

Participant consent

Prior to enrolment, all individuals will be asked to sign a written consent form. This process will be conducted by trained 
study personnel and will ensure participants fully understand the research objectives, procedures, potential risks and ben-
efits, and their rights, including the ability to withdraw at any stage without penalty. Adequate time and opportunity will be 
provided for participants to ask questions and receive answers before they decide to participate.

Consent for future research use

Participants will also have the opportunity to provide additional consent for their anonymized data and biological samples 
to be retained for use in future, ethically approved research. This consent is entirely optional and will be clearly distin-
guished from the primary trial agreement. Any secondary use of data or samples will comply with ethical and legal stan-
dards and undergo independent review.

Data confidentiality

All personal information collected during the study will be handled with strict confidentiality. Only data essential to the 
study’s objectives will be gathered. Identifiable information will be stored securely and separately from research data, with 
each participant assigned a coded identifier to protect anonymity. After the study concludes, any identifying details will 
be destroyed or irreversibly anonymized. The remaining data will be stored in secure, access-controlled systems for the 
legally required duration, after which it will be responsibly disposed of.

Data sharing and access

As of now, no data have been generated. Upon completion of the trial, anonymized datasets, the study protocol, and the 
statistical analysis plan will be made available through public repositories aligned with open science practices. Requests 
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for further access to data or supporting materials will be reviewed by the study leadership, subject to ethical constraints 
and participants’ consent.

Research ethics approval

The study has received formal approval from the ethics review committees of the two collaborating institutions. Any 
proposed changes to the protocol will undergo additional ethical review and will be communicated to investigators, study 
registries, and relevant publication outlets. All research activities will be conducted in accordance with national legal 
frameworks and internationally recognized ethical principles, including those outlined in the Declaration of Helsinki.

Adverse events and safety reporting

Participants will be actively monitored for any health-related issues throughout the course of the trial. All health events 
will be thoroughly documented, evaluated for intensity, and examined to determine any potential connection to the inter-
vention. In the case of serious health events, these will be promptly reported to the appropriate ethics review boards and 
regulatory institutions in line with applicable policies. A complete account of both non-serious and serious health-related 
events will be included in final publications and official trial documentation.

In this regard, we will check some screening criteria prior to immersive virtual reality exposure: participants will be 
screened for conditions that may predispose them to adverse reactions during VR use, including history of epilepsy or 
photosensitive seizures, severe cibersickness when using the virtual reality hardware, or vestibular disorders. Also, anxi-
ety disorders, claustrophobia, uncorrected visual impairments or balance instability will be considered.

Regarding thresholds for discontinuation, participants will be dropped out from the study if they experience cybersick-
ness (measured by the Fast Motion Sickness Scale), dizziness, musculoskeletal injury, or a persistent increase in pain 
above 7/10 for more than 2 consecutive sessions, the subject will be excluded from the study. Algo, acute symptoms 
including moderate to severe nausea, dizziness, disorientation, headache or eye strain persisting beyond 15 minutes 
post-session, and emotional distress or panic symptoms during exposure are considered for stopping the intervention.

Similarly, and with respect to monitoring procedures, each participant will be supervised by a trained physiotherapist. 
Also, participants will complete a brief adverse event checklist with the previously mentioned items before and after each 
session. All adverse events will be documented and reported according to CONSORT guidelines for non-pharmacological 
interventions.

Care and follow-up for study-related harm

Should any participant experience adverse effects linked to the study, appropriate clinical management—including med-
ical evaluation, treatment, and follow-up—will be provided. Information about available support systems and procedures 
for managing risks will be communicated during the consent process.

Dissemination policy: Communication of results

The findings from this research will be communicated through publication in academic journals and presentation at sci-
entific forums. Participants will receive lay summaries explaining the results in accessible language. All study outcomes, 
whether statistically significant or not, will be disclosed to ensure scientific transparency.

Dissemination policy: Publication authorship

Eligibility for authorship will be determined in accordance with internationally recognized criteria. Individuals who meet 
these criteria through substantial contributions to the study’s conception, design, execution, analysis, or interpretation 
will be listed as authors. The specific roles and contributions of all authors will be transparently disclosed in resulting 
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publications. Other contributors will only be acknowledged as authors if their involvement satisfies these authorship stan-
dards; otherwise, they will be appropriately recognized in the acknowledgments section.

Dissemination policy: Open research and reproducibility

To advance open and reproducible science, all essential research outputs—including the final protocol, anonymized data-
sets, and statistical scripts—will be made publicly available following primary analysis, in the Open Science Framework 
repository. Additional documentation, including methodology guides and technical appendices, will be provided to support 
replication efforts by other researchers.

Discussion

The IVR-RCRSP-Rehab study aims to examine the clinical impact of novel IVR program in people suffering with RCRSP, 
who often demonstrate significant interference on daily functioning and quality of life. The current multicentre RCT seeks 
to assess significant outcomes of an IVR exercise-based intervention that encompasses both clinical and clinimetric 
variables, as well as pain-related biomarkers such as CRP and CGRP. Besides its impact on clinical outcomes, this study 
may be useful for the possible implementation of digital technology such as IVR on daily clinical practice of public and 
private healthcare systems, improving adherence, accessibility and cost-effectiveness in shoulder rehabilitation.

RCRSP is now considered a complex biopsychosocial phenomenon in which different factors interact with each other, 
influencing both the onset of symptoms and the prognostic course of the patient’s condition [63]. This is reflected in the 
study by Powell et al. (2022), with 91% of physiotherapists believing that psychosocial constructs are important mecha-
nisms underpinning the potential efficacy of exercise for RCRSP [8]. Within this biopsychosocial perspective on rotator 
cuff -related pain, a recent study by Delen et al. (2025) showed that higher physical activity levels and health status were 
associated with a better recovery in patients with RCRSP [64]. However, therapeutic exercise modalities for RCRSP have 
traditionally been tissue-targeted, and furthermore, the low reproducibility of programmes reported in studies poses a sig-
nificant challenge to clinical cost-effectiveness [65,13]. The paradigm shift from a tissue-based approach to a personalised 
multimodal intervention for RCRSP has been encouraged [66], due to high rate of recurrent symptoms, variability in pain 
trajectories, and uncertainty surrounding the RCRSP management [67,68]. Despite the limited evidence about efficacy of 
IVR in the treatment of RCRSP, the importance of task-oriented exercise for rotator cuff disorders has been underscored 
in recent research [69]. IVR may be used to offer a personalised motor learning experience to patients with chronic pain, 
including task-oriented exercise that may enhance meaningful and challenging daily living activities [70].

First-line treatment recommended by current guidelines for RCRSP includes education, symptom modification strate-
gies and clinician-led exercise within a multimodal physiotherapy programme [71]. Multimodal physiotherapy intervention 
aims not only to reduce pain, but also to improve neuroplasticity and physical functioning, pain-related psychological 
factors and ultimately reduce disability and interference from chronic pain [72]. To this end, IVR provides an enriched envi-
ronment to incorporate a function-focused approach within a multimodal physiotherapy programme, harnessing motivation 
through IVR-based exercises may enhance outcomes and increase engagement, enjoyment and overall satisfaction. 
Given that RCRSP is a multidimensional condition, it is critical when considering exercise-based intervention, in which the 
patient’s engagement and positive expectations within the treatment are extremely important variables. In this context, our 
study aimed to improve the adherence and satisfaction of RCRSP patients using a tool that, although increasingly used, is 
still novel for the general population, and the management of shoulder-related disorders.

This study has several strengths that highlight the potential impact of these findings on the management of patients 
with RCRSP. One of the main assets of this research is its technological innovation, which employs IVR to create safe 
and gamified experience for rehabilitation. Such motivating experience have shown potential to adapt exercises to the 
individual needs of patients, thereby improving the treatment efficacy. Our approach does not only facilitate rehabilitation, 
but also addresses biopsychosocial dimensions of chronic pain, targeting key factors such fear of movement, avoidance 
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behaviour, pain self-efficacy, pain-related biomarkers, strength, disability and quality of life. Moreover, our study includes 
multiple outcomes based on a conceptual framework, thus providing a multidimensional assessment of the competing IVR 
interventions. Recently, these potential multidimensional effects have been reported in a study by Ceko et al. (2022), who 
found that an IVR program in patients with chronic low back pain revealed brain neuroplasticity changes, reduced pain 
intensity and pain interference, as well as improvements in disability, fear of movement, and pain-related worries [73].

Whereas most IVR research has been focused on acute pain or short time interventions, this study is focused on 
a prevalent form of chronic pain with a longer time horizon to test for evidence of additional benefits within a first line 
treatment recommendation. Given the current paucity of rigorous randomized controlled trials evaluating the efficacy of 
IVR compared to standard care or a wait-and-see approach, there is a pressing need for high-quality evidence to inform 
clinical decision-making. Encouraging such studies is essential to guide stakeholders in the effective implementation of 
IVR-based interventions in daily clinical practice. Likewise, establishing adequate dosimetry and reporting user experience 
factors has been recommended to guide IRV-based exercises in evidence-based clinical practice. The present study fol-
lows international recommendations for reporting RCTs, including those of CONSORT and TIDieR, which guarantees the 
reproducibility of the study, and the interventions performed.

Although the study design and methods have been meticulously considered, several limitations and practical consider-
ations need to be addressed. One potential limitation of the study is the possibility of adverse events such as “cybersick-
ness”, particularly in older adults or those unfamiliar with digital technology. To address this, we have designed a training 
session with gradual introduction to familiarize participants with the IVR system and will provide ongoing technical support 
throughout the study. Moreover, participants will be actively monitored for any health-related issues or adverse event 
throughout the course of the trial.

Although randomization is expected to balance baseline characteristics across groups, residual confounding may still 
occur, particularly in moderate sample sizes like the one in the present study. Several baseline variables—such as age, 
sex, duration of symptoms, number of comorbidities, baseline pain intensity, and psychosocial factors are measured 
and will be included in the analysis to account for their potential influence on outcomes. While these variables are not 
confounders in the strict sense due to their measurement and planned inclusion in the statistical models, they may still 
introduce bias if imbalances arise post-randomization. Therefore, we will assess baseline comparability and, if necessary, 
adjust for relevant covariates using multivariable linear mixed-effects models. All covariates considered for adjustment will 
be prespecified in the statistical analysis plan.

In this context, another anticipated limitation of the study is the exclusive collection of biomarker data within the Span-
ish arm. Although this decision was based on logistical and budgetary constraints, it will inherently restrict the generaliz-
ability of biomarker-related findings to the broader international sample. To address this, all analyses involving biomarkers 
will be conducted in a stratified manner and interpreted solely within the context of the Spanish population, and no extrap-
olation of biomarker findings to the Chilean cohort will be performed. Nevertheless, the shared clinical and psychosocial 
framework across both cohorts will allow for the exploration of broader associations that may inform future research. 
Findings related to biomarkers will be considered preliminary and context-specific, serving as a foundation for subsequent 
studies aiming to validate and expand upon these results in other settings, including the Chilean population.

Additionally, other aspects such as medication use and co-interventions will be monitored and restricted during the 
study period to minimize external influences. To address this issue, participants will be strongly advised to maintain their 
regular medication regimen (if applicable) but will not be permitted to initiate any new kind of treatments during the pro-
gram and follow-up period. Also, sensitivity analyses will be conducted to evaluate the robustness of the findings under 
different modelling assumptions. The study team shall thoroughly select and monitor participants to ensure compliance 
with this requirement. Participant dropout during the follow-up period has the potential to limit the study and might affect 
the validity and generalisability of the results. To mitigate this, we have outlined several adherence strategies, including 
personalised follow-up, scheduling flexibility, and incentives to maintain participant engagement throughout the trial.
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Conclusions

In conclusion, this RCT serves as a significant milestone to explore whether an immersive virtual reality programme works 
for people with rotator cuff pain. Our study investigates the multidimensional changes occurring in RCRSP by measuring 
biomarkers, such as CGRP and CRP, clinical and clinimetrics outcomes. This provides valuable insights into the underly-
ing mechanisms of IVR in chronic pain and the impact of this novel non-pharmacological intervention. This research can 
pave the way for novel and targeted strategies to enhance clinical efficacy and improve the quality of life for individuals 
suffering from RCRSP. If such results are obtained, inclusion of this intervention program in the clinical practice and health 
policies should be considered.

Supporting information

S1 File. Protocol. 
(PDF)

S2 File. SPIRIT checklist. 
(DOCX)

S3 File. Checklist. 
(DOCX)

Author contributions

Conceptualization: Alberto Roldán-Ruiz, Claudio Villagrán-Soto, Gabriele Bertotti, Miguel López-Moreno, Sandra 
Sánchez-Jorge, Vicente Fernández-Ruiz, Manuel Rodríguez-Aragón, Javier Guerra-Armas.

Funding acquisition: Alberto Roldán-Ruiz, Sandra Sánchez-Jorge, Manuel Rodríguez-Aragón.

Investigation: Alberto Roldán-Ruiz, Javier Guerra-Armas.

Methodology: Alberto Roldán-Ruiz, Claudio Villagrán-Soto, Gabriele Bertotti, Miguel López-Moreno, Sandra Sánchez-
Jorge, Vicente Fernández-Ruiz, Manuel Rodríguez-Aragón, Javier Guerra-Armas.

Resources: Manuel Rodríguez-Aragón.

Supervision: Claudio Villagrán-Soto, Gabriele Bertotti, Sandra Sánchez-Jorge, Vicente Fernández-Ruiz, Javier 
Guerra-Armas.

Writing – original draft: Alberto Roldán-Ruiz, Gabriele Bertotti, Javier Guerra-Armas.

Writing – review & editing: Gabriele Bertotti, Miguel López-Moreno, Javier Guerra-Armas.

References
	1.	 Urwin M, Symmons D, Allison T, Brammah T, Busby H, Roxby M, et al. Estimating the burden of musculoskeletal disorders in the community: The 

comparative prevalence of symptoms at different anatomical sites, and the relation to social deprivation. Ann Rheum Dis. 1998;57(11):649–55. 
https://doi.org/10.1136/ard.57.11.649 PMID: 9924205

	2.	 Lewis J. Rotator cuff related shoulder pain: Assessment, management and uncertainties. Man Ther. 2016;23:57–68. https://doi.org/10.1016/j.
math.2016.03.009 PMID: 27083390

	3.	 Roldán-Ruiz A, Bailón-Cerezo J, Torres-Lacomba M. The prevalence of subclassification-based diagnoses when considering cervical contribution in 
shoulder pain patients: A secondary analysis from a previous research. J Man Manip Ther. 2025;33(3):253–61. https://doi.org/10.1080/10669817.20
24.2443134 PMID: 39706149

	4.	 Lowry V, Lavigne P, Zidarov D, Matifat E, Cormier A-A, Desmeules F. A systematic review of clinical practice guidelines on the diagnosis and man-
agement of various shoulder disorders. Arch Phys Med Rehabil. 2024;105(2):411–26. https://doi.org/10.1016/j.apmr.2023.09.022 PMID: 37832814

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0341215.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0341215.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0341215.s003
https://doi.org/10.1136/ard.57.11.649
http://www.ncbi.nlm.nih.gov/pubmed/9924205
https://doi.org/10.1016/j.math.2016.03.009
https://doi.org/10.1016/j.math.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27083390
https://doi.org/10.1080/10669817.2024.2443134
https://doi.org/10.1080/10669817.2024.2443134
http://www.ncbi.nlm.nih.gov/pubmed/39706149
https://doi.org/10.1016/j.apmr.2023.09.022
http://www.ncbi.nlm.nih.gov/pubmed/37832814


PLOS One | https://doi.org/10.1371/journal.pone.0341215  January 27, 2026 15 / 18

	 5.	 Doiron-Cadrin P, Lafrance S, Saulnier M, Cournoyer É, Roy J-S, Dyer J-O, et al. Shoulder rotator cuff disorders: A systematic review of clini-
cal practice guidelines and semantic analyses of recommendations. Arch Phys Med Rehabil. 2020;101(7):1233–42. https://doi.org/10.1016/j.
apmr.2019.12.017 PMID: 32007452

	 6.	 Pieters L, Lewis J, Kuppens K, Jochems J, Bruijstens T, Joossens L, et al. An update of systematic reviews examining the effectiveness of con-
servative physical therapy interventions for subacromial shoulder pain. J Orthop Sports Phys Ther. 2020;50(3):131–41. https://doi.org/10.2519/
jospt.2020.8498 PMID: 31726927

	 7.	 Silveira A, Lima C, Beaupre L, Chepeha J, Jones A. Shoulder specific exercise therapy is effective in reducing chronic shoulder pain: A network 
meta-analysis. PLoS One. 2024;19(4):e0294014. https://doi.org/10.1371/journal.pone.0294014 PMID: 38683828

	 8.	 Powell JK, Schram B, Lewis J, Hing W. Physiotherapists nearly always prescribe exercise for rotator cuff-related shoulder pain; but why? A 
cross-sectional international survey of physiotherapists. Musculoskeletal Care. 2023;21(1):253–63. https://doi.org/10.1002/msc.1699 PMID: 
36089802

	 9.	 Vila-Dieguez O, Heindel MD, Awokuse D, Kulig K, Michener LA. Exercise for rotator cuff tendinopathy: Proposed mechanisms of recovery. Shoul-
der Elbow. 2023;15(3):233–49. https://doi.org/10.1177/17585732231172166 PMID: 37325389

	10.	 Naunton J, Street G, Littlewood C, Haines T, Malliaras P. Effectiveness of progressive and resisted and non-progressive or non-resisted exercise 
in rotator cuff related shoulder pain: A systematic review and meta-analysis of randomized controlled trials. Clin Rehabil. 2020;34(9):1198–216. 
https://doi.org/10.1177/0269215520934147 PMID: 32571081

	11.	 Malliaras P, Johnston R, Street G, Littlewood C, Bennell K, Haines T, et al. The efficacy of higher versus lower dose exercise in rotator cuff 
tendinopathy: A systematic review of randomized controlled trials. Arch Phys Med Rehabil. 2020;101(10):1822–34. https://doi.org/10.1016/j.
apmr.2020.06.013 PMID: 32682937

	12.	 Powell JK, Lewis JS. Rotator cuff-related shoulder pain: Is it time to reframe the advice, “You Need to Strengthen Your Shoulder”?. J Orthop Sports 
Phys Ther. 2021;51(4):156–8. https://doi.org/10.2519/jospt.2021.10199 PMID: 33789431

	13.	 Dubé M-O, Lafrance S, Charron M, Mekouar M, Desmeules F, McCreesh K, et al. FITT odyssey: A scoping review of exercise programs for manag-
ing rotator cuff-related shoulder pain. J Orthop Sports Phys Ther. 2024;54(8):513–29. https://doi.org/10.2519/jospt.2024.12452 PMID: 38832666

	14.	 McConnell R, Klopper M, Rhon DI, Young JL. The influence of exercise therapy dosing on pain and functional outcomes in patients with subacro-
mial pain syndrome: A systematic review. Shoulder Elbow. 2024;16(1 Suppl):42–58. https://doi.org/10.1177/17585732221124303 PMID: 38425738

	15.	 Kenny M, Ranabahu T, Vallance P, Zhang Y, Gurr J, Färnqvist K, et al. Exercise adherence in trials of therapeutic exercise interventions for com-
mon musculoskeletal conditions: A scoping review. Musculoskelet Sci Pract. 2023;65:102748. https://doi.org/10.1016/j.msksp.2023.102748 PMID: 
37030090

	16.	 Francisco IM, Tozzo MC, Martins J, de Oliveira AS. Adherence of individuals with shoulder pain to home exercise booklets: Barriers, facilita-
tors, and the impact of disability, self-efficacy, and treatment expectations. Musculoskelet Sci Pract. 2024;72:102956. https://doi.org/10.1016/j.
msksp.2024.102956 PMID: 38691980

	17.	 Tang P, Cao Y, Vithran DTAV, Xiao W, Wen T, Liu S, et al. The efficacy of virtual reality on the rehabilitation of musculoskeletal diseases: Umbrella 
review. J Med Internet Res. 2025;27:e64576. https://doi.org/10.2196/64576 PMID: 40279163

	18.	 Baker NA, Polhemus AH, Haan Ospina E, Feller H, Zenni M, Deacon M, et al. The state of science in the use of virtual reality in the treatment 
of acute and chronic pain: A systematic scoping review. Clin J Pain. 2022;38(6):424–41. https://doi.org/10.1097/AJP.0000000000001029 PMID: 
35537072

	19.	 Goudman L, Jansen J, Billot M, Vets N, De Smedt A, Roulaud M, et al. Virtual reality applications in chronic pain management: Systematic review 
and meta-analysis. JMIR Serious Games. 2022;10(2):e34402. https://doi.org/10.2196/34402 PMID: 35536641

	20.	 Giacomelli L, Martin Sölch C, Ledermann K. The effect of virtual reality interventions on reducing pain intensity in chronic pain patients: A system-
atic review. Virtual Reality. 2024;28(3). https://doi.org/10.1007/s10055-024-00994-1

	21.	 Zhang T, Li X, Zhou X, Zhan L, Wu F, Huang Z, et al. Virtual reality therapy for the management of chronic spinal pain: Systematic review and 
meta-Analysis. JMIR Serious Games. 2024;12:e50089. https://doi.org/10.2196/50089 PMID: 38345832

	22.	 Álvarez de la Campa Crespo M, Donegan T, Amestoy-Alonso B, Just A, Combalía A, Sanchez-Vives MV. Virtual embodiment for improving range 
of motion in patients with movement-related shoulder pain: An experimental study. J Orthop Surg Res. 2023;18(1):729. https://doi.org/10.1186/
s13018-023-04158-w PMID: 37752613

	23.	 Brady N, Dejaco B, Lewis J, McCreesh K, McVeigh JG. Physiotherapist beliefs and perspectives on virtual reality supported rehabilitation for 
the management of musculoskeletal shoulder pain: A focus group study. PLoS One. 2023;18(4):e0284445. https://doi.org/10.1371/journal.
pone.0284445 PMID: 37058507

	24.	 Özlü A, Üstündağ S, Bulut Özkaya D, Menekşeoğlu AK. Effect of exergame on pain, function, and quality of life in shoulder impingement syndrome: 
A prospective randomized controlled study. Games Health J. 2024;13(2):109–19. https://doi.org/10.1089/g4h.2023.0108 PMID: 38394299

	25.	 Micheluzzi V, Casu G, Sanna GD, Canu A, Iovino P, Caggianelli G, et al. Improving adherence to rehabilitation for heart failure patients through 
immersive virtual reality (VIRTUAL-HF): A protocol for a randomized controlled trial. Contemporary Clinical Trials. 2024;138:107463. https://doi.
org/10.1016/j.cct.2024.107463

	26.	 Dejaco B, Brady N, Tankink A, Lewis J, van Goor H, Staal JB, et al. Experiences of physiotherapists considering virtual reality for shoulder rehabili-
tation: A focus group study. Digit Health. 2024;10:20552076241234738. https://doi.org/10.1177/20552076241234738 PMID: 38414562

https://doi.org/10.1016/j.apmr.2019.12.017
https://doi.org/10.1016/j.apmr.2019.12.017
http://www.ncbi.nlm.nih.gov/pubmed/32007452
https://doi.org/10.2519/jospt.2020.8498
https://doi.org/10.2519/jospt.2020.8498
http://www.ncbi.nlm.nih.gov/pubmed/31726927
https://doi.org/10.1371/journal.pone.0294014
http://www.ncbi.nlm.nih.gov/pubmed/38683828
https://doi.org/10.1002/msc.1699
http://www.ncbi.nlm.nih.gov/pubmed/36089802
https://doi.org/10.1177/17585732231172166
http://www.ncbi.nlm.nih.gov/pubmed/37325389
https://doi.org/10.1177/0269215520934147
http://www.ncbi.nlm.nih.gov/pubmed/32571081
https://doi.org/10.1016/j.apmr.2020.06.013
https://doi.org/10.1016/j.apmr.2020.06.013
http://www.ncbi.nlm.nih.gov/pubmed/32682937
https://doi.org/10.2519/jospt.2021.10199
http://www.ncbi.nlm.nih.gov/pubmed/33789431
https://doi.org/10.2519/jospt.2024.12452
http://www.ncbi.nlm.nih.gov/pubmed/38832666
https://doi.org/10.1177/17585732221124303
http://www.ncbi.nlm.nih.gov/pubmed/38425738
https://doi.org/10.1016/j.msksp.2023.102748
http://www.ncbi.nlm.nih.gov/pubmed/37030090
https://doi.org/10.1016/j.msksp.2024.102956
https://doi.org/10.1016/j.msksp.2024.102956
http://www.ncbi.nlm.nih.gov/pubmed/38691980
https://doi.org/10.2196/64576
http://www.ncbi.nlm.nih.gov/pubmed/40279163
https://doi.org/10.1097/AJP.0000000000001029
http://www.ncbi.nlm.nih.gov/pubmed/35537072
https://doi.org/10.2196/34402
http://www.ncbi.nlm.nih.gov/pubmed/35536641
https://doi.org/10.1007/s10055-024-00994-1
https://doi.org/10.2196/50089
http://www.ncbi.nlm.nih.gov/pubmed/38345832
https://doi.org/10.1186/s13018-023-04158-w
https://doi.org/10.1186/s13018-023-04158-w
http://www.ncbi.nlm.nih.gov/pubmed/37752613
https://doi.org/10.1371/journal.pone.0284445
https://doi.org/10.1371/journal.pone.0284445
http://www.ncbi.nlm.nih.gov/pubmed/37058507
https://doi.org/10.1089/g4h.2023.0108
http://www.ncbi.nlm.nih.gov/pubmed/38394299
https://doi.org/10.1016/j.cct.2024.107463
https://doi.org/10.1016/j.cct.2024.107463
https://doi.org/10.1177/20552076241234738
http://www.ncbi.nlm.nih.gov/pubmed/38414562


PLOS One | https://doi.org/10.1371/journal.pone.0341215  January 27, 2026 16 / 18

	27.	 Levin MF, Weiss PL, Keshner EA. Emergence of virtual reality as a tool for upper limb rehabilitation: Incorporation of motor control and motor learn-
ing principles. Phys Ther. 2015;95(3):415–25. https://doi.org/10.2522/ptj.20130579 PMID: 25212522

	28.	 Fatoye F, Gebrye T, Mbada CE, Fatoye CT, Makinde MO, Ayomide S, et al. Cost effectiveness of virtual reality game compared to clinic based 
McKenzie extension therapy for chronic non-specific low back pain. Br J Pain. 2022;16(6):601–9. https://doi.org/10.1177/20494637221109108 
PMID: 36452130

	29.	 Bilika P, Karampatsou N, Stavrakakis G, Paliouras A, Theodorakis Y, Strimpakos N, et al. Virtual reality-based exercise therapy for patients 
with chronic musculoskeletal pain: A scoping review. Healthcare (Basel). 2023;11(17):2412. https://doi.org/10.3390/healthcare11172412 PMID: 
37685446

	30.	 Prinja A, Sabharwal S, Moshtael S, Dey P, Monga P. Measuring outcomes in rotator cuff disorders. J Clin Orthop Trauma. 2021;19:187–91. https://
doi.org/10.1016/j.jcot.2021.05.018 PMID: 34141572

	31.	 Chester R, Jerosch-Herold C, Lewis J, Shepstone L. Psychological factors are associated with the outcome of physiotherapy for people with 
shoulder pain: A multicentre longitudinal cohort study. Br J Sports Med. 2018;52(4):269–75. https://doi.org/10.1136/bjsports-2016-096084 PMID: 
27445360

	32.	 Rosa DP, Dubé M-O, Beaulieu-Bonneau S, Scott A, Masse-Alarie H, Roy J-S. Do psychological factors explain the persistence of symp-
toms in individuals with rotator cuff-related shoulder pain? A prospective cohort study. Clin J Pain. 2025;41(5):e1280. https://doi.org/10.1097/
AJP.0000000000001280 PMID: 40232880

	33.	 Gwark J-Y, Park HB. Association of high sensitivity C-reactive protein with tearing of the long head of the biceps tendon. BMC Musculoskelet Dis-
ord. 2019;20(1):518. https://doi.org/10.1186/s12891-019-2908-2 PMID: 31699076

	34.	 Sachinis NP, Yiannakopoulos CK, Chalidis B, Kitridis D, Givissis P. Biomolecules related to rotator cuff pain: A scoping review. Biomolecules. 
2022;12(8):1016. https://doi.org/10.3390/biom12081016 PMID: 35892325

	35.	 Farrell SF, Armfield NR, Cabot PJ, Elphinston RA, Gray P, Minhas G, et al. C-Reactive protein (CRP) is associated with chronic pain independently 
of biopsychosocial factors. J Pain. 2024;25(2):476–96. https://doi.org/10.1016/j.jpain.2023.09.008 PMID: 37741522

	36.	 Walsh DA, Mapp PI, Kelly S. Calcitonin gene-related peptide in the joint: Contributions to pain and inflammation. Br J Clin Pharmacol. 
2015;80(5):965–78. https://doi.org/10.1111/bcp.12669 PMID: 25923821

	37.	 Schou WS, Ashina S, Amin FM, Goadsby PJ, Ashina M. Calcitonin gene-related peptide and pain: A systematic review. J Headache Pain. 
2017;18(1):34. https://doi.org/10.1186/s10194-017-0741-2 PMID: 28303458

	38.	 Requejo-Salinas N, Lewis J, Michener LA, La Touche R, Fernández-Matías R, Tercero-Lucas J, et al. International physical therapists consen-
sus on clinical descriptors for diagnosing rotator cuff related shoulder pain: A Delphi study. Braz J Phys Ther. 2022;26(2):100395. https://doi.
org/10.1016/j.bjpt.2022.100395 PMID: 35366589

	39.	 Requejo-Salinas N, Fernández-Matías R, Cadogan A, Chester R, Roy J-S, Struyf F, et al. Neck or Shoulder? establishing consensus for spine 
screening in patients with shoulder pain: An international modified delphi study. Phys Ther. 2025;105(2):pzae133. https://doi.org/10.1093/ptj/
pzae133 PMID: 39239842

	40.	 Kjær BH, Cools AM, Johannsen FE, Trøstrup J, Bieler T, Siersma V, et al. To allow or avoid pain during shoulder rehabilitation exercises for 
patients with chronic rotator cuff tendinopathy-Study protocol for a randomized controlled trial (the PASE trial). Trials. 2024;25(1):135. https://doi.
org/10.1186/s13063-024-07973-6 PMID: 38383459

	41.	 Dworkin RH, Turk DC, McDermott MP, Peirce-Sandner S, Burke LB, Cowan P, et al. Interpreting the clinical importance of group differences in 
chronic pain clinical trials: IMMPACT recommendations. Pain. 2009;146(3):238–44. https://doi.org/10.1016/j.pain.2009.08.019 PMID: 19836888

	42.	 Ramiro S, Page MJ, Whittle SL, Huang H, Verhagen AP, Beaton DE, et al. The OMERACT core domain set for clinical trials of shoulder disorders. 
J Rheumatol. 2019;46(8):969–75. https://doi.org/10.3899/jrheum.181070 PMID: 30709947

	43.	 Jensen MP, Karoly P, Braver S. The measurement of clinical pain intensity: A comparison of six methods. Pain. 1986;27(1):117–26. https://doi.
org/10.1016/0304-3959(86)90228-9 PMID: 3785962

	44.	 Jensen MP, McFarland CA. Increasing the reliability and validity of pain intensity measurement in chronic pain patients. Pain. 1993;55(2):195–203. 
https://doi.org/10.1016/0304-3959(93)90148-I PMID: 8309709

	45.	 McLaine SJ, Ginn KA, Kitic CM, Fell JW, Bird M-L. The reliability of strength tests performed in elevated shoulder positions using a handheld dyna-
mometer. J Sport Rehabil. 2016;25(2):2015–0034. https://doi.org/10.1123/jsr.2015-0034 PMID: 26355715

	46.	 Holt KL, Raper DP, Boettcher CE, Waddington GS, Drew MK. Hand-held dynamometry strength measures for internal and external rotation demon-
strate superior reliability, lower minimal detectable change and higher correlation to isokinetic dynamometry than externally-fixed dynamometry of 
the shoulder. Phys Ther Sport. 2016;21:75–81. https://doi.org/10.1016/j.ptsp.2016.07.001 PMID: 27500450

	47.	 Roberts HC, Denison HJ, Martin HJ, Patel HP, Syddall H, Cooper C, et al. A review of the measurement of grip strength in clinical and epidemiolog-
ical studies: Towards a standardised approach. Age Ageing. 2011;40(4):423–9. https://doi.org/10.1093/ageing/afr051 PMID: 21624928

	48.	 Werner BC, Holzgrefe RE, Griffin JW, Lyons ML, Cosgrove CT, Hart JM, et al. Validation of an innovative method of shoulder range-of-motion 
measurement using a smartphone clinometer application. J Shoulder Elbow Surg. 2014;23(11):e275-82. https://doi.org/10.1016/j.jse.2014.02.030 
PMID: 24925699

	49.	 Williams JW, Holleman DR, Simel DL. Measuring shoulder function with the shoulder pain and disability index. J Rheumatol. 1995;22(4):727–32. 
PMID: 7791172

https://doi.org/10.2522/ptj.20130579
http://www.ncbi.nlm.nih.gov/pubmed/25212522
https://doi.org/10.1177/20494637221109108
http://www.ncbi.nlm.nih.gov/pubmed/36452130
https://doi.org/10.3390/healthcare11172412
http://www.ncbi.nlm.nih.gov/pubmed/37685446
https://doi.org/10.1016/j.jcot.2021.05.018
https://doi.org/10.1016/j.jcot.2021.05.018
http://www.ncbi.nlm.nih.gov/pubmed/34141572
https://doi.org/10.1136/bjsports-2016-096084
http://www.ncbi.nlm.nih.gov/pubmed/27445360
https://doi.org/10.1097/AJP.0000000000001280
https://doi.org/10.1097/AJP.0000000000001280
http://www.ncbi.nlm.nih.gov/pubmed/40232880
https://doi.org/10.1186/s12891-019-2908-2
http://www.ncbi.nlm.nih.gov/pubmed/31699076
https://doi.org/10.3390/biom12081016
http://www.ncbi.nlm.nih.gov/pubmed/35892325
https://doi.org/10.1016/j.jpain.2023.09.008
http://www.ncbi.nlm.nih.gov/pubmed/37741522
https://doi.org/10.1111/bcp.12669
http://www.ncbi.nlm.nih.gov/pubmed/25923821
https://doi.org/10.1186/s10194-017-0741-2
http://www.ncbi.nlm.nih.gov/pubmed/28303458
https://doi.org/10.1016/j.bjpt.2022.100395
https://doi.org/10.1016/j.bjpt.2022.100395
http://www.ncbi.nlm.nih.gov/pubmed/35366589
https://doi.org/10.1093/ptj/pzae133
https://doi.org/10.1093/ptj/pzae133
http://www.ncbi.nlm.nih.gov/pubmed/39239842
https://doi.org/10.1186/s13063-024-07973-6
https://doi.org/10.1186/s13063-024-07973-6
http://www.ncbi.nlm.nih.gov/pubmed/38383459
https://doi.org/10.1016/j.pain.2009.08.019
http://www.ncbi.nlm.nih.gov/pubmed/19836888
https://doi.org/10.3899/jrheum.181070
http://www.ncbi.nlm.nih.gov/pubmed/30709947
https://doi.org/10.1016/0304-3959(86)90228-9
https://doi.org/10.1016/0304-3959(86)90228-9
http://www.ncbi.nlm.nih.gov/pubmed/3785962
https://doi.org/10.1016/0304-3959(93)90148-I
http://www.ncbi.nlm.nih.gov/pubmed/8309709
https://doi.org/10.1123/jsr.2015-0034
http://www.ncbi.nlm.nih.gov/pubmed/26355715
https://doi.org/10.1016/j.ptsp.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27500450
https://doi.org/10.1093/ageing/afr051
http://www.ncbi.nlm.nih.gov/pubmed/21624928
https://doi.org/10.1016/j.jse.2014.02.030
http://www.ncbi.nlm.nih.gov/pubmed/24925699
http://www.ncbi.nlm.nih.gov/pubmed/7791172


PLOS One | https://doi.org/10.1371/journal.pone.0341215  January 27, 2026 17 / 18

	50.	 Membrilla-Mesa MD, Cuesta-Vargas AI, Pozuelo-Calvo R, Tejero-Fernández V, Martín-Martín L, Arroyo-Morales M. Shoulder pain and disability 
index: Cross cultural validation and evaluation of psychometric properties of the Spanish version. Health Qual Life Outcomes. 2015;13:200. https://
doi.org/10.1186/s12955-015-0397-z PMID: 26690943

	51.	 Gandek B, Ware JE, Aaronson NK, Apolone G, Bjorner JB, Brazier JE, et al. Cross-validation of item selection and scoring for the SF-12 Health 
Survey in nine countries: results from the IQOLA Project. International Quality of Life Assessment. J Clin Epidemiol. 1998;51(11):1171–8. https://
doi.org/10.1016/s0895-4356(98)00109-7 PMID: 9817135

	52.	 Vlaeyen JWS, Kole-Snijders AMJ, Boeren RGB, van Eek H. Fear of movement/(re)injury in chronic low back pain and its relation to behavioral 
performance. Pain. 1995;62(3):363–72. https://doi.org/10.1016/0304-3959(94)00279-N PMID: 8657437

	53.	 Ansanello W, Dos Reis FJJ, Tozzo MC, Zatiti SCA, Meulders A, Vlaeyen JWS, et al. Development of the avoidance daily activities photo scale for 
patients with shoulder pain. Phys Ther. 2022;102(2):pzab268. https://doi.org/10.1093/ptj/pzab268 PMID: 34935976

	54.	 Ansanello W, Dos Reis FJJ, Tozzo MC, Zatiti SCA, Meulders A, Vlaeyen JWS, et al. Reliability and validity of the avoidance of daily activities 
photo scale for patients with shoulder pain (ADAP shoulder scale). Phys Ther. 2023;103(12):pzad101. https://doi.org/10.1093/ptj/pzad101 PMID: 
37690060

	55.	 Scaglione GD, Rossi DM, Tozzo MC, Vendramim ACC, Sampaio MC, de Oliveira AS. Shoulder muscle strength and avoidance behavior in people 
with chronic shoulder pAIN. Braz J Phys Ther. 2024;28:100747. https://doi.org/10.1016/j.bjpt.2024.100747

	56.	 McCracken LM. “Attention” to pain in persons with chronic pain: A behavioral approach. Behav Ther. 1997;28(2):271–84. https://doi.org/10.1016/
s0005-7894(97)80047-0

	57.	 Nicholas MK. The pain self-efficacy questionnaire: Taking pain into account. Eur J Pain. 2007;11(2):153–63. https://doi.org/10.1016/j.
ejpain.2005.12.008 PMID: 16446108

	58.	 La Touche R, Paris-Alemany A, Pardo-Montero J, Miñambres-Martín D, Mercado-Romero F, de la Rosa-Díaz I, et al. The biobehavioural 
pain and movement questionnaire (BioPMovQ): Development and psychometric validation of a new questionnaire. Front Med (Lausanne). 
2024;11:1358829. https://doi.org/10.3389/fmed.2024.1358829 PMID: 38784228

	59.	 Breckenridge JD, McAuley JH, Butler DS, Stewart H, Moseley GL, Ginn KA. The development of a shoulder specific left/right judgement task: 
Validity & reliability. Musculoskelet Sci Pract. 2017;28:39–45. https://doi.org/10.1016/j.msksp.2017.01.009 PMID: 28171777

	60.	 Hita-Contreras F, Martínez-López E, Latorre-Román PA, Garrido F, Santos MA, Martínez-Amat A. Reliability and validity of the Spanish version of 
the Pittsburgh Sleep Quality Index (PSQI) in patients with fibromyalgia. Rheumatol Int. 2014;34(7):929–36. https://doi.org/10.1007/s00296-014-
2960-z PMID: 24509897

	61.	 Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The pittsburgh sleep quality index: A new instrument for psychiatric practice and 
research. Psychiatry Res. 1989;28(2):193–213. https://doi.org/10.1016/0165-1781(89)90047-4 PMID: 2748771

	62.	 Araya-Quintanilla F, Gutiérrez-Espinoza H, Jesús Muñoz-Yanez M, Rubio-Oyarzún D, Cavero-Redondo I, Martínez-Vizcaino V, et al. The short-
term effect of graded motor imagery on the affective components of pain in subjects with chronic shoulder pain syndrome: Open-label single-arm 
prospective study. Pain Med. 2020;21(10):2496–501. https://doi.org/10.1093/pm/pnz364 PMID: 32003812

	63.	 Maestroni L, Marelli M, Gritti M, Civera F, Rabey M. Is rotator cuff related shoulder pain a multidimensional disorder? An exploratory study. Scand J 
Pain. 2020;20(2):297–305. https://doi.org/10.1515/sjpain-2019-0108 PMID: 31927526

	64.	 Delen M, Tayfur A, Gulle H, Birn-Jeffery A, Morrissey D. Which self-reported bio-psychosocial variables predict recovery in rotator cuff tendinopa-
thy? An international prospective cohort study. Physiother Theory Pract. 2025;41(10):2153–66. https://doi.org/10.1080/09593985.2025.2502509 
PMID: 40378170

	65.	 Kucksdorf JJ, Bartley J, Rhon DI, Young JL. Reproducibility of exercise interventions in randomized controlled trials for the treatment of rotator 
cuff-related shoulder pain: A systematic review. Arch Phys Med Rehabil. 2024;105(4):770–80. https://doi.org/10.1016/j.apmr.2023.09.007 PMID: 
37741486

	66.	 Nijs J, Malfliet A, Roose E, Lahousse A, Van Bogaert W, Johansson E, et al. Personalized multimodal lifestyle intervention as the best-evidenced 
treatment for chronic pain: State-of-the-art clinical perspective. J Clin Med. 2024;13(3):644. https://doi.org/10.3390/jcm13030644 PMID: 38337338

	67.	 Bilika P, Nijs J, Fandridis E, Dimitriadis Z, Strimpakos N, Kapreli E. In the shoulder or in the brain? Behavioral, psychosocial and cognitive char-
acteristics of unilateral chronic shoulder pain with symptoms of central sensitization. Healthcare (Basel). 2022;10(9):1658. https://doi.org/10.3390/
healthcare10091658 PMID: 36141270

	68.	 Maxwell C, Robinson K, McCreesh K. Managing shoulder pain: A meta-ethnography exploring healthcare providers’ experiences. Disabil Rehabil. 
2022;44(15):3772–84. https://doi.org/10.1080/09638288.2021.1897886 PMID: 33847548

	69.	 Lafrance S, Charron M, Roy J-S, Dyer J-O, Frémont P, Dionne CE, et al. Diagnosing, managing, and supporting return to work of adults with 
rotator cuff disorders: A clinical practice guideline. J Orthop Sports Phys Ther. 2022;52(10):647–64. https://doi.org/10.2519/jospt.2022.11306 PMID: 
35881707

	70.	 Guerra-Armas J, Flores-Cortes M, Pineda-Galan C, Luque-Suarez A, La Touche R. Role of immersive virtual reality in motor behaviour 
decision-making in chronic pain patients. Brain Sci. 2023;13(4):617. https://doi.org/10.3390/brainsci13040617 PMID: 37190582

	71.	 Desmeules F, Roy J-S, Lafrance S, Charron M, Dubé M-O, Dupuis F, et al. Rotator cuff tendinopathy diagnosis, nonsurgical medical care, and 
rehabilitation: A clinical practice guideline. J Orthop Sports Phys Ther. 2025;55(4):235–74. https://doi.org/10.2519/jospt.2025.13182 PMID: 
40165544

https://doi.org/10.1186/s12955-015-0397-z
https://doi.org/10.1186/s12955-015-0397-z
http://www.ncbi.nlm.nih.gov/pubmed/26690943
https://doi.org/10.1016/s0895-4356(98)00109-7
https://doi.org/10.1016/s0895-4356(98)00109-7
http://www.ncbi.nlm.nih.gov/pubmed/9817135
https://doi.org/10.1016/0304-3959(94)00279-N
http://www.ncbi.nlm.nih.gov/pubmed/8657437
https://doi.org/10.1093/ptj/pzab268
http://www.ncbi.nlm.nih.gov/pubmed/34935976
https://doi.org/10.1093/ptj/pzad101
http://www.ncbi.nlm.nih.gov/pubmed/37690060
https://doi.org/10.1016/j.bjpt.2024.100747
https://doi.org/10.1016/s0005-7894(97)80047-0
https://doi.org/10.1016/s0005-7894(97)80047-0
https://doi.org/10.1016/j.ejpain.2005.12.008
https://doi.org/10.1016/j.ejpain.2005.12.008
http://www.ncbi.nlm.nih.gov/pubmed/16446108
https://doi.org/10.3389/fmed.2024.1358829
http://www.ncbi.nlm.nih.gov/pubmed/38784228
https://doi.org/10.1016/j.msksp.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28171777
https://doi.org/10.1007/s00296-014-2960-z
https://doi.org/10.1007/s00296-014-2960-z
http://www.ncbi.nlm.nih.gov/pubmed/24509897
https://doi.org/10.1016/0165-1781(89)90047-4
http://www.ncbi.nlm.nih.gov/pubmed/2748771
https://doi.org/10.1093/pm/pnz364
http://www.ncbi.nlm.nih.gov/pubmed/32003812
https://doi.org/10.1515/sjpain-2019-0108
http://www.ncbi.nlm.nih.gov/pubmed/31927526
https://doi.org/10.1080/09593985.2025.2502509
http://www.ncbi.nlm.nih.gov/pubmed/40378170
https://doi.org/10.1016/j.apmr.2023.09.007
http://www.ncbi.nlm.nih.gov/pubmed/37741486
https://doi.org/10.3390/jcm13030644
http://www.ncbi.nlm.nih.gov/pubmed/38337338
https://doi.org/10.3390/healthcare10091658
https://doi.org/10.3390/healthcare10091658
http://www.ncbi.nlm.nih.gov/pubmed/36141270
https://doi.org/10.1080/09638288.2021.1897886
http://www.ncbi.nlm.nih.gov/pubmed/33847548
https://doi.org/10.2519/jospt.2022.11306
http://www.ncbi.nlm.nih.gov/pubmed/35881707
https://doi.org/10.3390/brainsci13040617
http://www.ncbi.nlm.nih.gov/pubmed/37190582
https://doi.org/10.2519/jospt.2025.13182
http://www.ncbi.nlm.nih.gov/pubmed/40165544


PLOS One | https://doi.org/10.1371/journal.pone.0341215  January 27, 2026 18 / 18

	72.	 Ceniza-Bordallo G, Guerra-Armas J, Flores-Cortes M, Bermúdez-Ramirez S. Multimodal physiotherapist intervention program for physical and psy-
chological functioning in children with chronic pain: Guiding physiotherapy intervention with the pediatric pain screening tool with recommendations 
for clinical practice. J Clin Med. 2025;14(11):3629. https://doi.org/10.3390/jcm14113629 PMID: 40507390

	73.	 Čeko M, Baeuerle T, Webster L, Wager TD, Lumley MA. The effects of virtual reality neuroscience-based therapy on clinical and neuroimaging out-
comes in patients with chronic back pain: A randomized clinical trial. Pain. 2024;165(8):1860–74. https://doi.org/10.1097/j.pain.0000000000003198 
PMID: 38466872

https://doi.org/10.3390/jcm14113629
http://www.ncbi.nlm.nih.gov/pubmed/40507390
https://doi.org/10.1097/j.pain.0000000000003198
http://www.ncbi.nlm.nih.gov/pubmed/38466872

